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1 OVERVIEW

This manual provides detailed information about power system component models
available on theReal−TimeDigital Simulator ( RTDSt). TheRTDSPowerSystem
User’sManual represents one part of the overallManual Set providedwith all RTDS
Simulator installations.

The full set of RTDSSimulator documentation includes the followingmanuals avail-
able on−line, through the Manuals icon in the Filemanager Task Bar.

RTDS Manual Set

RTDS Hardware Manual

Power System Users Manual

Control System Users manual

Simulator Interfacing Manual

Tutorial Manual

In addition, module specific help is available through the HELP icon in the Task bar
of each of the following RSCAD Modules;

RSCAD/FileManager

RSCAD/Draft

RSCAD/Tlines and Cable

RSCAD/RunTime

RSCAD/MultiPlot

In the Power System User’s Manual, the general use, capabilities and limitations
of the individual power system component models are presented, as well as how to
interconnect the individual components to form power system simulation cases.

Although some of the rudimentary features available from the various RSCADmod-
ules are discussed here, detailed information regarding RSCAD software is pres-
ented with the HELP documentation.

TheRTDSTutorialManualmaybe referenced for fully documented example cases
illustrating the use of the RTDS. One of the ways in which the user can gain confi-
dencewith a specific componentmodel is to apply simulations to that element, in iso-
lation, and observe its response. It is especially useful to perform tests where the
component’s observed response is directly proportional to its user specified parame-
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ters. For example, by simulating the open and short circuit tests on a transformer
model, the user can calculate the transformer’s leakage and magnetizing branch in-
ductances fromobserved quantities and verify that theymatch those entered from the
RSCAD/Draft module.

Before introducing the individual power system componentmodels available for use
on the RTDS, some fundamental concepts pertaining to the RTDS technology as a
whole will be presented. The remainder of this chapter is dedicated to a brief discus-
sion of RTDS hardware and software. This discussion is intended to give the user a
general overview of the technology and to introduce some of the terminology which
is commonly used when referring to the RTDS. For more detailed information, it is
recommended that the user reference other parts of the Manual Set

1.1 INTRODUCING THE REAL−TIMEDIGITAL SIMULATOR ( RTDS )

TheReal−Time Digital Simulator ( RTDS ) is a special purpose computer designed
to study Electromagnetic Transient Phenomena in real−time. The RTDS is com-
prised of both specially designed hardware and software. RTDS hardware isDigital
Signal Processor ( DSP ) and Reduced Instruction Set Computer ( RISC ) based,
andutilizes advancedparallel processing techniques in order to achieve the computa-
tion speeds required to maintain continuous real−time operation.

RTDS software includes accurate power system component models required to rep-
resent many of the complex elements which make up physical power systems. The
overall network solution technique employed in theRTDS is basedon nodal analysis.
The underlying solution algorithms are those introduced in the now classic paper
Digital Computer Solution of Electromagnetic Transients in Single and Multiphase
Networks by H.W. Dommel. Dommel’s solution algorithm is used in virtually all
digital simulation programs designed for the study of electromagnetic transients.

RTDS software also includes a powerful and user friendlyGraphicalUser Interface
( GUI ), referred to as RSCAD, through which the user is able to construct, run and
analyze simulation cases.

1.2 RTDS HARDWARE

Unlike analogue simulators, which output continuous signals with respect to time,
digital simulators compute the state of the power system model only at discrete in-
stants in time. The time between these discrete instants is referred to as the simula-
tion time−step( ∆t ). Manyhundreds of thousands of calculationsmust beperformed
during each time−step in order to compute the state of the system at that instant. The
temporary transients class of studies for which the RTDS is most often used requires
∆t to be in the order of 50 to 60 µsec ( frequency response accurate to approximately
3000 Hz. ). By definition, in order to operate in real−timea 50 µsec time−stepwould
require that all computations for the system solution be complete in less than 50µsec
of actual time.
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In order to realize and maintain the required computation rates for real−time opera-
tion, many high speed processors operating in parallel are utilized by the RTDS. Two
types of processor cards may be installed in each RTDS rack.

The Triple Processor Card ( 3PC ) contains three Analogue Devices ADSP 21062
digital signal processors. The ADSP21062 DSP clock speed is 40 MHz.

TheRISC Processor Card ( RPC ) contains two PowerPC 750CXeRISC processors.
operating at a clock speed of 600 MHz. The specific PowerPC supplied with your
RTDS simulator may not be a 750CXe, as more powerful versions are used as they
become available.

The RTDS Simulator can be configured as 3PC only or as a combination of 3PC and
RPC.

A rackofRTDShardware is defined as one 19” housing consisting of up to 20 printed
circuit boards. Typical configurations include the following number of processor
cards:

12 * 3PC,

8 * 3PC, 1 * RPC

In addition to processing cards, an RTDS rack always contains aWorkstation Inter-
Face Card and in the case of multi−rack systems, an Inter−RackCommunications
Card.

The RISC Processor Card ( RPC )

Asmentioned, theRPC card contains 2PowerPC750CXeProcessors, eachmounted
on a daughter card subassembly. The cards communicate through a local high speed
ring bus that also includes the back plane. The RPC has no indpendent I/O facilities
in the current version, and is used primarily for the rack network solution.

The Triple Processor Card ( 3PC )

Each Triple Processor Card contains three independent ADSP 21064 processors and
their associated memory, backplane interface and input/output ports.

Each 3PC contains the following I/O ports −

24 x analogue output channels ( 12 bit +/− 10 volt range )
2 x digital input port ( 16 bit each )
2 x digital output port ( 16 bit each )

The I/O capabilities of the three processors ( A, B & C ) are summarized follows.

Each of the three processors ( A, B and C ) has access to eight analogue output chan-
nels. In addition, processors ‘A’ and ‘B’ each have access to one digital input port
and one digital output port. No digital ports are associated with processor ‘C’. Proc-
essor C is used for optionally available analogue I/O channels. Application of the I/O
ports varies depending upon the type of power system component model which has
been assigned to run on the 3PC processors.
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In order to import analogue signals to a 3PC card, optional auxiliary hardware is re-
quired. The optional OADC is used together with a 3PC card to achieve analogue
input. Six independent input channels are available on each OADC ( +/− 10 volts
peak, optically isolated, differential inputs ). When included, OADC boards are rail
mounted in the rear of the RTDS cubicle and connected to a 3PC card using fibre op-
tic cable. Processor ‘C’ of the 3PC card can be optionally fitted with the fibre optic
signal receiver when analogue input capability is required. For each OADC board
installed in theRTDS, one 3PC is equippedwith the fiber optic connection hardware.

WorkStation Interface Card ( WIF )

OneWIF card is installed per RTDS rack. EachWIF performs four main functions:

1) Rack Diagnostics

2) RTDS−to−ComputerWorkstation Communications

3) Multi−rack case synchronization

4) Backplane Communications

Rack diagnostics are runwhenever the rack power is turned on orwhen theWIF front
panel RST button is pushed. Results from the diagnostics can be accessed using
RSCAD/RunTime.

Communication between the RTDS and the host computer workstation is done using
a 10/100 baseT ethernet link. TheWIFmay be directly connected to a host worksta-
tion using a ‘swap’ type cable, or theWIFmay be connected to the local area network
using an ethernet hub.

TheWIF is responsible formaintaining synchronization between individual racks in
a multi−rack simulation case. Simulators which include 3 or more racks require a
Global Bus Hub ( GBH ). The GBH is installed in the rear of one of the RTDS cu-
bicles and is used to facilitate direct communication of certain signals betweenRTDS
racks during a simulation. RTDS simulators which consist of only one rack do not
require aGBH. TheWIF cards in a two rackRTDS are directly connected using fiber
optic cable and do not need a GBH. The RTDS Hardware Manual contains a com-
plete explanation of the WIF and the GBH.

Within a single rack many signals are exchanged between 3PC, WIF and IRC cards
along a common communication backplane. Each card is directly connected to the
communication backplane. TheWIF card is responsible for coordinating backplane
communication.

InterRack Communications Card ( IRC )

One InterRack Communication card is installed in each rack of a multi−rackRTDS
simulator. The IRC is used to communicate data between interconnected racks. High
speed parallel to serial and serial to parallel data converters allow connections to be
made between racks. Each IRC includes six bidirectional data communication paths.
An RTDS simulator consisting of seven racks can thus have direct communication
between all racks.
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A pair of front panel LEDs exists for each of the six communication channels on the
IRC. The green LED, when on, indicates that the associated channel is active for the
simulation case. The LEDwill only come on when a simulation case is running and
if the RTDS software has determined that direct communication between the two
racks connected by the channel is needed. The red LED, when on, indicates that an
invalid data packet was received. The serial communication protocol between the
sending and receiving includes extra bits for error detection ( not correction ). A
single transmission error will cause the red LED to stay on until the simulation case
is stopped.

1.3 RTDS SOFTWARE

Software for the RTDS is organized into a hierarchy containing three separate levels:
high level graphical user interface, mid level compiler and communications and the
low level WIF multi−tasking operating system. The RTDS user is exposed only to
the high level software with the lower levels being automatically accessed through
higher level software.

RSCAD Graphical User Interface

The high level RTDS software comprises the RSCAD family of tools. RSCAD is
a software package developed to provide a fully graphical interface to the RTDS.
Prior to the development of RSCAD, another software suite: PSCAD served as the
graphical user interface to the RTDS hardware.

RSCAD/FileManager ( Fileman ) represents the entry point to the RSCAD interface
software. Fileman is used for project and case management and facilitates informa-
tion exchange between RTDS users. All other RSCAD programs are launched from
the Fileman module.
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RSCAD/Draft is used for circuit assembly and parameter entry. The Draft screen is
divided into two sections: the library section and the circuit assembly section. Indi-
vidual component icons are selected from the library and placed in the circuit assem-
bly section. Interconnection of individual component icons and parameter entry fol-
lows through a series of menus.

RSCAD/T−Line and RSCAD/Cable are used to define the properties of overhead
transmission lines and underground cables respectively. Data is generally entered in
terms of physical geometry and configuration. Line and Cable constants and equa-
tions are solved, resulting in ready to use data for the RSCAD/Draft program. Draft
cross−references line and cable output files by name.

RSCAD/RunTime is used to control the simulation case(s) being performed on the
RTDS hardware. Simulation control, including start / stop commands, sequence ini-
tiation, set point adjustment, fault application, breaker operation, etc. are performed
through the RunTime Operator’s Console. Additionally, on line metering and data
acquisition / disturbance recording functions are available in RunTime.

RSCAD/MultiPlot is used for post processing and analysis of results captured and
stored during a simulation study. Report ready plots can be generated by MultiPlot.

RTDS Compiler / Linker & Operating System

RTDSmid level software is divided into two separate areas, the operating system and
the compiler. Although neither of these elements of the RTDS software are directly
accessedby the user, somemention of their role in the overall software structuremust
be given in order to provide a better understanding of RTDS operating principles.

The RTDS operating system performs many functions. Part of the O/S runs on the
host computer workstation while part runs on the workstation interface cards. The
major function of the WIF based portion of the O/S is to handle I/O requests which
are usually initiated by the user. Diagnostic tests performed by the system adminis-
trator are also handled through the operating system level of software residing on the
WIF. Finally, cross−rack communication errors, if they occur, will be detected by
the WIF based operating system software which will in turn cause the simulation to
be stopped and the appropriate LED indicators to be illuminated.

Generation of executable code required for each new simulation case is done through
a specially developed set of software programs collectively termed the RTDS com-
piler. The compiler takes as input the power system data entered by the user through
RSCAD/DRAFT along with a hardware configuration file ( RSCAD\HDWR\con-
fig_file ) which defines the hardware making up the user’s RTDS installation. As
output, the compiler produces all of the parallel processing code required by the digi-
tal signal processors, as well as memory allocation and data communication transfer
schedules.
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In order to generate the executable code, the compiler accesses the lowest level of
RTDS software, the component library. The library contains code modules for all
available power and control system componentmodels. The codemodules generally
consist of low levelmachine language code for the individual componentmodels and
also for the overall system solution. Based on the user defined circuit, processor allo-
cation and required library accesswill be performed by the RTDS compiler in aman-
ner transparent to the user. Processor assignment can be either automatic ( i.e. de-
cided by the compiler ) or can be manually specified by the user during the
RSCAD/DRAFT session. The final product of the compiling process is a file ( or set
of files ) containing DSP code which is transferred to the RTDS over the ethernet us-
ing the RSCAD/RunTime Start Command.

The compiler also produces a .MAP file. The .MAP file is a user readable file which
provides information on processor allocation ( ie : cross reference listing for compo-
nent / processormatch−up ), input / output channel allocation, analogue output chan-
nel scaling and system initial conditions. The .MAP file is particularly useful and im-
portant when physical connections are to be made between the RTDS and external
equipment.

RTDS Simulator Power System Component Library

As explained in the RSCAD/Draft Manual, icons representing all available RTDS
simulator models are stored in one or more libraries. Several libraries have been in-
cluded in theRSCADSoftware installation. These libraries are stored at the “Master”
level within RSCAD/Draft.

In general the libraries supplied byRTDSTechnologies are separated into the follow-
ing categories:
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3PC Power System Components

3PC Control System Components

3PC IEEE Generator Control Components

3PC Complex Control Components

Load Flow Components / Single Line Diagrams ( LF_SLD )

The User can select any one of these libraries during a RSCAD/Draft session. The
3PC based power system component models can, for example be accessed from
RSCAD/Draft by using;

File−>Open−>Library, selectingMaster, and then choosing the 3PC_Power_System
tab near the top of the Library window.

In addition to the supplied libraries, theUser is able to create and customize addition-
al libraries and store them in the “User” level of RSCAD/Draft by clicking on the
New Tab button on the library button bar. This creates a new library, which appears
as a blank tab in the library window. The blank library tab may then be saved by
right−clicking it, and choosing Save Tab As from the popup menu that appears. The
User will then be prompted to provide a name for the library.

Thegraphical depiction of aMaster librarydoes not display all of its possible con-
tents!

Components may be added to a library by right−clicking on the library canvas and
choosing Add Component. The component to be added can then be located by first
choosing the library type that contains it ( User or Master ), and then navigating to
that folder. Once located, the component may be added by double clicking on it, or
clicking Open with the component’s file selected. Alternatively, components may
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be copied ( or moved ) into a library from another library by right clicking the com-
ponent and choosing copy ( ormove ) from the pop upwindow. The componentmay
then be placed into the desired library by clicking on the desired library canvas. Note
that the copy operation results in a duplicate of the component being placed, while
the move operation results in the relocation of the component ( it is removed from
its original location ).

A complete listing of available 3PC based power system component models is in-
cluded in Appendix 1Awhich follows. The tables also include a brief description of
each component, the number of 3PC processors required for each component, the
component type and a cross reference to more detailed documentation.
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APPENDIX 1A) POWER SYSTEM COMPONENT LIBRARY

Two basic types of power system componentmodels are available for use on the 3PC
card:

1) Standard

2) Stackable

In addition, several models have been listed as Type Special. These models do not
fall into the two main categories and are used for more specialized purposes ( eg.
UDC model development ).

Component Type 1 represents the standard component type. These components can-
not be stacked and must be assigned to their own processor.

Component Type 2 includes all stackable models. One processor can be used to per-
form the computations of one or more stackable components. Stackable component
icons are distinguished from others in the library using the following “3−bar” sym-
bol:

SHARC

In order to stack component models, the rtds_sharc_MUPROC icon ( see Table 9 )
must be used. The names of the components being stackedmust be specified accord-
ingly. Currently a maximum of 5 stackable components can be assigned to a single
processor, however, most models can only be stacked 2 or 3 deep.

Component Type 2 includes all UDC ( User Defined Component − see Chapter 6 of
the Control SystemComponentsManual ). One processor can be used to perform the
computations of one or more UDC components. UDC component icons are distin-
guished from others in the library using the following “UDC” symbol:

SHARC
UDC
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Table 1a: Network Solution and Filter Models

Component
Name

Component
Description

Component
Reference

Component
Type

rtds_sharc_

_NET1da

− SHARC Network Solution

− Requires Six Processors (ganged)

Chapter 2 Standard

rtds_sharc_

_node

− Electrical Node Component

− Requires No Additional Processors *

Chapter 2 Standard

rtds_sharc_

_imonda

− Branch Current Monitoring Component

− Requires No Additional Processors *

Chapter 2 Standard

Chapter 2 Standard

Chapter 2 Standard

Chapter 2 Standard

Chapter 2 Standard

rtds_sharc_

_rlcda

− RLC Filter Branch Component

− Requires No Additional Processors *

Chapter 2 Standard

rtds_sharc_

_cfiltda

− C−Type Filter Branch Component

− Requires No Additional Processors *

rtds_sharc_

_hpfiltda

− High Pass Filter Branch Component

− Requires No Additional Processors *

rtds_sharc_

_rrlda

− RRL Type Filter Branch Component

− Requires No Additional Processors *

rtds_sharc_

_ddampda

− Double Damped Filter Branch Component

− Requires No Additional Processors *

NOTES : For Table 1a:
* Component Code is run in NETWORK SOLUTION Processors
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Table 1b: Network Switches and Event Sequencing

Component
Name

Component
Description

Component
Reference

Component
Type

rtds_sharc_

_fault

− Fault Branch Model

− Requires No Additional Processors *

Chapter 2 Stackable

rtds_sharc_

_1phbkr

− Circuit Breaker Model

− Requires No Additional Processors *r

Chapter 2 Stackable

rtds_sharc_

_SEQUENCER

− Single Phase Controlled Current Source

− Requires One Processor

Contact **

RTDS Tech.
Standard

Table 2: Source and Equivalent System Models

Component
Name

Component
Description

Component
Reference

Component
Type

rtds_sharc_

SRC3

−Main 3−⇒ Voltage Source with Eq. Imp.

− Requires One Processor

Chapter 3 Stackable

rtds_sharc_

brnch
− Single Phase Controlled Current Source

− Requires One Processor

Chapter 2 Standard

rtds_sharc_

brnch3
− Single Phase Controlled Current Source
− Requires One Processor

Chapter 2 Standard

NOTES : For Table 1b:
* Component Code is run in NETWORK SOLUTION Processors
** Specific Documentation Unavailable at Time of Release

rtds_sharcu_

SRC1PH2

−Main 1−⇒ Voltage Source with Eq. Imp.

− Requires One Processor
Chapter 3

Stackable

rtds_sharcu_

SRC4

− Special 3−⇒ Voltage Source with Eq. Imp.

− Requires One Processor

Contact RTDS
Tech

Special

rtds_sharcu_

SRC1PH2

−Main 1−⇒ Voltage Source with Eq. Imp.

− Requires One Processor

Chapter 3 Stackable

rtds_sharcu_

VARFLT

− Fault Branch Model Variable Resistance

− Requires 1 Processor

Contact **

RTDS Tech.
Stackable

rtds_sharc_

FLTARC

− Fault Branch Model Variable Resistance

− Requires 1 Processor

Contact **

RTDS Tech.
Stackable
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Table 3a: Transformer Component Models

Component
Name

Component
Description

Component
Reference

Component
Type

rtds_sharc_

_TRF3P2W

−Main 2−Winding 3−⇒ Transformer

− Requires One Processor

Chapter 4 Stackable

rtds_sharc_node

_TRF3P2Wa
− 2−Winding 3−⇒ Transformer

− Includes Selectable Phase Shift

− Requires One Processor

Contact **

RTDS_Tech

Stackable

rtds_sharc_

_TRF3P2Wauto

− 2−Winding 3−⇒ Auto−Transformer

− Requires One Processor

Contact **

RTDS_Tech

Stackable

rtds_sharc_

_TRF2W3TAP

− Obsolete 2−Winding 3−⇒ Transformer

− Original Model With Adjustable Taps

− Requires One Processor

Contact **

RTDS_Tech

Stackable

rtds_sharc_

_TRFG3

− 2−Winding 3−⇒ Transformer

− Neutral Node on Y Side Collapsed

− Requires One Processor

Contact **

RTDS Tech

Standard

rtds_sharc_

_TRF3P3W

−Main 3−Winding 3−⇒ Transformer

− Requires One Processor

Chapter 4 Stackable

rtds_sharc_

_TRF3P3Wauto

− 3−Winding 3−⇒ Auto Transformer

− Requires One Processor

Contact **

RTDS_Tech

Stackable

rtds_sharc_sharc_

_TRF2WTAP

− 2−Winding 1−⇒ Transformer

− Includes Adjustable Tap

− Requires One Processor

Contact **

RTDS_Tech

Stackable

rtds_sharc_sharc_

_TRF1P2Wauto

− 2−Winding 1−⇒ Auto Transformer

− Requires One Processor

Contact **

RTDS_Tech

Stackable

rtds_sharc_sharc_

_TRF1Pflt

− 2−Winding 1−⇒ Transformer

− Includes Fault Branch

− Requires One Processor

Contact **

RTDS_Tech

Stackable

rtds_sharc_sharc_

_TRF1P3W

− 3−Winding 1−⇒ Transformer

− Requires One Processor

Contact **

RTDS_Tech

Stackable

rtds_sharc_sharc_

_grtrf

− 2−Winding 3−⇒ Grounding Transformer

− Requires One Processor

Contact **

RTDS_Tech

Standard

rtds_sharc_sharc_

_TRF1P3Wauto

− 3−Winding 1−⇒ Auto Transformer

− Requires One Processor

Contact **

RTDS_Tech

Standard

NOTES : For Table 3: ** Specific Documentation Unavailable at Time of Release
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Table 3b: Transformer Component Models

Component
Name

Component
Description

Component
Reference

Component
Type

rtds_sharcu_

_TRF1P2Wflt2

− 2−Winding faulted 1−⇒ Transformer

− Requires One Processor

Stackable

rtds_sharc_u

_TRF1P3WAflt
− 2−Winding 1−⇒ faulted Transformer

− Requires One Processor

Contact **

RTDS_Tech

Stackable

rtds_sharcu

_TRF1P3Wflt

− 2−Winding 1−⇒ faulted Transformer

− Requires One Processor

Contact **

RTDS_Tech

Stackable

rtds_sharcu_

TRF1P3Wflt2

− Obsolete 2−Winding 1−⇒ Transformer

− Requires One Processor

Contact **

RTDS_Tech

Stackable

rtds_sharc_

TRF1P4W

− 4−Winding 1−⇒ Transformer

− Requires One Processor

Contact **

RTDS Tech
Standard

rtds_sharcu_

TRF3P2Wfilter

− 2−Winding 3−⇒ Transformer

− Requires One Processor
Stackable

rtds_sharcu_

TRF3P2Wf_dev

− 2−Winding 3−⇒ Transformer

− Requires One Processor

Contact **

RTDS_Tech
Stackable

rtds_sharcu_

TRF3P3W2BUS

− 2−Winding 3−⇒ Transformer

− Requires One Processor

Contact **

RTDS_Tech

Stackable

rtds_sharcu_

_TRF3PSAT
− 2−Winding 1−⇒ Auto Transformer

− Requires One Processor

Contact **

RTDS_Tech
Stackable

rtds_sharcu_

_TRF3ZIGZAG

− 3−⇒ ZIGZAG Transformer

− Requires One Processor

Contact **

RTDS_Tech
Stackable

NOTES : For Table 3: ** Specific Documentation Unavailable at Time of Release

Contact **

RTDS_Tech

Contact **

RTDS Tech

rtds_sharc_

_TRFG4

− 2−Winding 3−⇒ Transformer

− Requires One Processor

Contact **

RTDS Tech

Standard
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Table 4a: Transmission Line Component Models

Component
Name

Component
Description

Component
Reference

Component
Type

rtds_sharc_

_TLINE1

− 1−Conductor Travelling Wave Line

− Requires One Processor

Chapter 5 Stackable

rtds_sharc_node

_TLINE2

− 2−Conductor Travelling Wave Line

− Requires One Processor

Chapter 5 Stackable

rtds_sharc_

_TLINE3

− 3−Conductor Travelling Wave Line

− Requires One Processor

Chapter 5 Stackable

rtds_sharc_

_TLINE6

− 6−Conductor Travelling Wave Line

− Requires One Processor

Chapter 5 Stackable

rtds_sharc_

_TLINE9

− 9−Conductor Travelling Wave Line

− Requires Two Processors

Chapter 5 Standard

rtds_sharc_

_TLINE12

− 12−Conductor Travelling Wave Line

− Requires Two Processors

Chapter 5 Standard

rtds_sharc_

_CTLINE9

− Same as TLINE9 − Common Bus Icon

− Requires Two Processors

Chapter 5 Stackable

rtds_sharc_

_sline9

− Common Bus Short Line (9−Conductor)

− Requires Two Processors

Contact **

RTDS_Tech

Standard

rtds_sharc_

_CTLINE12

− Same as TLINE12 − Common Bus Icon

− Requires Two Processors

Contact **

RTDS_Tech

Standard

rtds_sharc_

_PI3

− 3−Conductor PI Section Line

− Requires One Processor

Chapter 5 Stackable

rtds_sharc_

_PI6

− 6−Conductor PI Section Line

− Requires One Processor

Chapter 5 Stackable

rtds_sharc_

_MUTRL

− 6−Conductor Mutually Coupled RL Line

− Requires One Processor

Contact **

RTDS_Tech

Stackable

NOTES : For Table 4a: ** Specific Documentation Unavailable at Time of Release
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Table 4b: Transmission Line Component Models (continued)

Component
Name

Component
Description

Component
Reference

Component
Type

rtds_sharc_

_TL16TRM

− Unified Transmission Line Model

− Requires One−Two Processors

− Requires Simultaneous Use of TL16CAL

Chapter 5 Standard

rtds_sharc_

_TL16TRMC

− Unified Transmission Cable Model

− Requires One−Two Processors

− Requires Simultaneous Use of TL16CAL

Chapter 5 Standard

rtds_sharc_node

_TL16CAL

− For Use With TL16TRM / TL16TRMC

− No Additional Processors

Chapter 5 Standard

rtds_sharc_

_TLINE3IFACE

− Transmission Line Interface Component

− For Interfacing to Analogue Simulator

− Requires One Processor

Chapter 20 Stackable

NOTES : For Table 4b: ** Specific Documentation Unavailable at Time of Release
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Table 5: Machine Models

Component
Name

Component
Description

Component
Reference

Component
Type

rtds_sharc_

_MACM2

− Synchronous Machine Model (ver.2)

− Requires One Processor
Chapter 6 Standard

rtds_sharc_

_mm

−Multi−Mass Model for Synchronous Machine

− Requires One Processor
Chapter 6 Standard

rtds_sharc_

_INDM

−Main Induction Machine Model

− Requires One Processor
Chapter 6 Stackable

Table 6: Measurement Transducer Models

Component
Name

Component
Description

Component
Reference

Component
Type

rtds_sharc_

_CT2

−Main Current Transformer (CT) Model

− Requires One Processor

Chapter 7 Standard

rtds_sharc_

_CVT2

−Main CVT Model

− Requires One Processor

Chapter 7 Standard

rtds_sharc_

_1CT

− Single CT with Alternate Magnetizing Code

− Requires One Processor

StandardContact **

RTDS_Tech

rtds_sharc_

_3CTd

− Three CT Model With Common Secondary

− Requires One Processor

StandardContact **

RTDS_Tech

rtds_sharc_

_3CTdlt

− Three CT Model With ∆ Connected Sec.

− Requires One Processor

StandardContact **

RTDS_Tech
rtds_sharc_

_4CT

− Four CT Model With Common Secondary

− Requires One Processor

StandardContact **

RTDS_Tech

NOTES : For Table 6: ** Specific Documentation Unavailable at Time of Release

rtds_sharc_

_MAC_V3

−Main Synchronous Machine Model (ver.3)

− Requires One Processor
Chapter 6 Standard

rtds_sharc_

_CVT1

− Single Phase CVT Model

− Requires One Processor

Chapter 7 Standard

rtds_sharc_

_CVT3

− Three Phase CVT Model

− Requires One Processor

Chapter 7 Standard
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Table 7a: Models for Advanced Power System Components

Component
Name

Component
Description

Component
Reference

Component
Type

rtds_sharc_

_VGP6V4

− 6−Pulse Valve Group Model for HVDC

− Requires 1 Processor Per 6−Pulse Group

Chapter 8 Standard

rtds_sharc_

_SA−SAT

− Converter Transformer Saturation Model

− Requires One Processor for 6 or 12−pulse
Chapter 8 ** Standard

rtds_sharc_

_SWBRC

− Special Switched Branch / Filter Model

− Requires One Processor Per Phase

Chapter 9 Standard

rtds_sharc_

_1phrectifier

− 1−Phase Rectifier Model (Embedded Type)

− Requires One Processor

Contact **

RTDS_Tech

Stackable

rtds_sharc_

_1phrct_intf

− Interfaced Type 1−Phase Rectifier Model

− Requires One Processor

Contact **

RTDS_Tech

Stackable

rtds_sharc_

_GTOB4

−Main Voltage Type Converter Model

− Requires One Processor

Chapter 14 Standard

rtds_sharc_

_SCAP

− Series Compensation Model for T−Lines

− Requires One Processor

Chapter 10 Standard

rtds_sharc_

_TCSC

− Thyristor Controlled Series Compensation

− Requires One Processor Per Phase

Chapter 11 Standard

rtds_sharc_

_LARR1

− Line Arrester Model

− Requires One Processor

Chapter 15 Standard

rtds_sharc_

_SVC3

−Main Interfaced Version of SVC Model

− Requires One−Three Processors

Chapter 12 Standard

rtds_sharc_

_SVC4

−Main Embedded Version of SVC Model

− Requires One Processor TSC or TCR Bank

Chapter 13 Standard

NOTES : For Table 7a: ** Specific Documentation Unavailable at Time of Release

rtds_sharc_

_NLinductor3

− Non Linear Inductor

− Requires One Processor

Chapter 16 Stackable

rtds_sharc_

_NLinductor

− Non Linear Inductor

− Requires One Processor
Chapter 16 Stackable

rtds_sharcu_

VARL

− Variable Inductor

− Requires One Processor

Contact **

RTDS_Tech
Stackable

rtds_sharcu_

VSC1PH

− Voltage Source Converter − 1 ph

− Requires One Processor

Contact **

RTDS_Tech
Stackable

rtds_sharcu_

ARCFURN

− Arc Furnace − 3 ph

− Requires One Processor

Contact **

RTDS_Tech
Standard
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Table 7b: Models for Advanced Power System Components

Component
Name

Component
Description

Component
Reference

Component
Type

rtds_sharcu_

DYLOAD

− Dynamic Load Model 3 ph

− Requires 1 Processor Per 6−Pulse Group

Stackable

rtds_sharcu_

RLDload

rtds_sharcu_

SPARST

− Single Phase Arrestor

− Requires One Processor Per Phase

NOTES : For Table 7b: ** Specific Documentation Unavailable at Time of Release

− Dynamic Load Model 3 ph

− Requires 1 Processor Per 6−Pulse Group
Stackable

Stackable

Contact **

RTDS_Tech

Contact **

RTDS_Tech

Contact **

RTDS_Tech

rtds_sharc_

VARRES

− Variable Resistor

− Requires One Processor
StackableContact **

RTDS_Tech

rtds_sharc_

zrlc

− Zero Sequence Load

− Requires One Processor
StackableContact **

RTDS_Tech
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Table 8: ANALOG INPUT / OUTPUT Components

Component
Name

Component
Description

Component
Reference

Component
Type

rtds_sharc_

_DAC16

− Basic ODAC16 Output Component

− Requires One Processor for Each ODAC16

Chapter 19 Stackable

rtds_sharc_

_DAOVR2

−Main ODAC16 Output Component

− Includes Oversampling Feature

− Requires One Processor for Each ODAC16

Chapter 19 Standard

NOTES : For Table 8: * Special Type of Component That Cannot Be Simultaneously Run on a
Rack With Any Other Type of Component
** Specific Documentation Unavailable at Time of Release

rtds_sharc_

_DAOVR1

− Obsolete ODAC16 Output Component

− Includes Oversampling Feature

− Requires One Processor for Each ODAC16

Chapter 19 Standard

rtds_sharc_

_OADC3

−Main OADC Input Component

−Must Run On Processor “C” of the 3PC Card

− Requires One Processor for Each OADC

Chapter 19 Standard

rtds_sharc_

_OADCINJ

− Special Current Injection Input Component

−Must be Used Together with OADC3

− Requires No Additional Processors

Chapter 19 Standard

rtds_sharc_

_FDAOVR1

− FDAC Output Component

− Includes Oversampling Feature

− Requires One Processor for Each FDAC

Chapter 19 Standard

rtds_sharc_

_FDAOVR2

−Main FDAC Output Component

− Includes Oversampling Feature

− Requires One Processor for Each FDAC

Chapter 19 Standard

rtds_sharcu_

DDAC

− Basic DDAC Output Component

− Requires One Processor for Each DDAC

Chapter 19 Stackable

rtds_sharcu_

FDAC

− Basic FDAC Output Component

− Requires One Processor for Each FDAC

Chapter 19 Stackable

rtds_sharcu_

OADC

− Basic OADC Output Component

− Requires One Processor for Each OADC

Chapter 19 Stackable
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Table 9: Additional Special Purpose Components

Component
Name

Component
Description

Component
Reference

Component
Type

rtds_sharc_

_MPROC

−Model Stacking Component

− Used for Stackable Type Components

− Requires No Additional Processors

Chapter 1 Special

NOTES : For Table 9: ** Specific Documentation Unavailable at Time of Release

rtds_sharc_

_STINJ

− Component for Combining Current Injections

− Requires No Additional Processors

SpecialContact **

RTDS_Tech

rtds_sharc_

_PLOT

− Global Variable RunTime Plotting Component

− Used for UDC Development/Debugging

− Requires No Additional Processors

SpecialContact **

RTDS_Tech

rtds_sharc_

_dmplot

− Data Memory Plotting Component

− Used for UDC Development/Debugging

− Requires No Additional Processors

SpecialContact **

RTDS_Tech

rtds_sharc_

_stk_AOUT

− Component for Analogue Output Assignment

− Used for UDC Development/Debugging

− Requires No Additional Processors

SpecialContact **

RTDS_Tech

rtds_sharc_

_CALCULATOR

− Component to Perform Calculator Functions

− Used for UDC Development/Debugging

− Requires No Additional Processors

SpecialContact **

RTDS_Tech

rtds_sharc_

_diagnostic6

− Internal Variable RunTime Plotting Component

− Used for UDC Development/Debugging

− Requires No Additional Processors

SpecialContact **

RTDS_Tech

rtds_sharc_

_SLIDER

− Input Slider for Power System Components

− Requires No Additional Processors
Special

Chapter 2

Ctrl. Manual

rtds_sharc_

_PLAYBACK

− COMTRADE Playback Component

− Requires One−Nine Processors

− No Other Components Models Can Run On
a Rack Being Used for COMTRADE Playback

Chapter 17 Standalone *

rtds_sharc_

FIROUT1

− Firng Pulse Output to Digital Port

− Requires 1 Processor
Special

Contact **

RTDS_Tech
rtds_sharc_

ZCPDIG

− Zero Crossings to Digital Output Port

− Requires 1 Processor

Contact **

RTDS_Tech
Special
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Table 10: Pre−Processor Components

Component
Name

Component
Description

Component
Reference

Component
Type

rtds_sharc_

_pp_fault

− Fault Branch Model − Pre−Processor Type

− Requires No Additional Processors *

Chapter 2 Standard

rtds_pp_sharc_

_split_TLINE3

− 3−Conductor Travelling Wave Line

− Pre−Processor Component

− Requires One Processor

Chapter 5 Stackable

rtds_pp_sharc_

_split_TLINE6

− 6−Conductor Travelling Wave Line

− Pre−Processor Component

− Requires One Processor

Chapter 5 Stackable

rtds_sharc_

_PI3_pp

− 3−Conductor PI Section Line

− Pre−Processor Component

− Requires One Processor

Chapter 5 Stackable

rtds_sharc_

_PI6_pp

− 6−Conductor PI Section Line

− Pre−Processor Component

− Requires One Processor

Chapter 5 Stackable

rtds_

_pp_var

− Pre−Processor Slider Component

− Requires No Additional Processors
SpecialChapter 18

rtds_sharc

_pp_capfilt

− Pre−Processor Slider Component

− Requires No Additional Processors
Standard

rtds_sharc

_pp_rlcda

− Pre−Processor Slider Component

− Requires No Additional Processors

StandardContact **

RTDS_Tech

Contact **

RTDS_Tech
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2 RTDS GENERAL OPERATION

This section presents most of the important concepts and terms regarding the opera-
tion of the RTDS. The application of networks and subsystems to the RTDS hard-
ware are described together with the network solution.

The following basic steps are required for the preparation of a new case for simula-
tion using the RTDS.

1) Create new Project & Case directories from RSCAD/Fileman ( optional )
2) Using RSCAD/Draft, layout the new power system model and define the

starting rack number
3) Compile the newly created system model from RSCAD/Draft
4) Run the simulation using the RSCAD/RunTime software
5) Plot and analyse simulation results using RSCAD/MultiPlot

The best way for a novice user to become familiar with RSCAD and the RTDS is to
follow the step by step instructions provided in the RTDS Tutorial Manual. The
TutorialManual directs the user through the entire procedure required to perform the
simulation of a new circuit using the RTDS.

2.1 THE DEFINITION OF NODES & BRANCHES

A node is defined as the interconnection point between power system component
models. A branch is defined as a passive circuit element such as resistor, inductor
or capacitor, or certain combinations thereof which are placed between two nodes,
or between a node and ground. Ground is not considered to be a node and is defined
as an absolute reference of zero volts. The usermay define a node to represent a com-
mon neutral separate from ground. Note that a node is a single phase entity.

Wheremore than one passive component is connected in series, the connecting node
does not have to be explicitly placed unless the user needs to monitor the voltage at
that point. Nodes are often a scarce resource in theRTDS, and they aremathematical-
ly absorbed where ever possible.
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1 2

RSCAD/Draft Node Icon
1

Two Resistive Branches
between nodes 1 & 2

1

Resistive Branch
between node 1 and

ground

2.2 THE CONCEPT OF SUBSYSTEMS

The concept of a subsystem is an extremely important one in relation to the RTDS.
Subsystems are also applied extensively in the EMTDC Electromagnetic Tran-
sients Software. A subsystem is defined as a portion of a power systemmodel which
is mathematically isolated from other portions of the system, and is usually linked
only by travelling wave transmission lines to other subsystems. These specific por-
tions of the network are said to be decoupled and may be solved independently and
hence in parallel. Subsystems are important because the time required to solve a net-
work grows exponentially with the number of nodes. By splitting one system into
two, the total number of calculations is usually reduced by much more than half. In
addition, the two subsystems may be solved in parallel.

It is not an absolute requirement to split a systemmodel into subsystems if the user’s
model fits onto a single rack of RTDS hardware and sufficient nodes are available.
A single subsystem may not span more than one rack, but more than one subsystem
may exist on a single rack.

The user defines a subsystem with a network solution icon and the power system
components attached to its nodes. For 3PC only racks, 2 network solutions ( subsys-
tems ) are permitted per rack and each network solution can solve 21 nodes. Each
rack corresponds to one RSCAD/Draft page, therefore 2 network solutions may be
placed on each page.When the network is too large to fit on a rack, transmission line
models are normally used to span racks.More than one transmission line can be used
to connect the same two racks, as shown below. If an RPC is present in the rack, then
54 nodes are possible, with only one network solution.
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Subsystem #1

Subsystem #2

Subsystem #3

transmission line model

The number of direct interconnections between racks is limited

The inter−rack communication card ( IRC ) is used to communicate data between
racks. The number of racks to which a single rack can communicate is limited by
the capability of the IRC. IRC’s permit direct communication from one rack to six
others.

Since power system networks are in general radial, the maximum number of inter−
rack connections is not usually exceeded. Furthermore, often more than one subsys-
tem can be modelled on a single rack hence further relaxing the limitation implied
here. If necessary, the user may place a short transmission line in order to create an
artificial subsystem, thus circumventing the limitation by allocating more hardware
to model the network.

For RTDS simulators consisting of a very large number of racks it is possible to
install two IRC’s, thereby doubling the number of interconnections between racks.

Many transmission linemodels also support wheeling of transmission line data. This
means that if a line needs to connect 2 racks that are connected only through an inter-
mediate rack, the T−Linemodel can be run on the intermediate rack, gather data from
one end, say the sending end, and send it to the destination rack, the receiving end.
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Subsystem #6
(rack #6)

Here subsystem #1 is directly interconnected
to seven other subsystems and so exceeds the
rack interconnection limitation.

Subsystem
#1

(rack #1)

Subsystem #5
(rack #5)

Subsystem #4
(rack #4)

Subsystem #3
(rack #3)

Subsystem
#2

(rack #2)

Subsystem #7
(rack #7)

Subsystem #8
(rack #8)

Subsystem #2
(rack #2)

By creating an additional subsystem,
the interconnection limitation is no
longer violated.

Subsystem
#1

(rack #1)

Subsystem #6
(rack #6)

Subsystem #5
(rack #5)

Subsystem #4
(rack #4)

Subsystem #7
(rack #7)

Subsystem #8
(rack #8)

Subsystem #9
(rack #9)
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Here rack #6 is eliminated by combining the
components of subsystem #1 and #6 onto
rack #1.

Subsystem
#1

(rack #1) Subsystem
#5

(rack #5)

Subsystem
#4

(rack #4)

Subsystem
#3

(rack #3)

Subsystem
#2

(rack #2)

Although it is convenient to use transmission linemodels to split a network into sepa-
rate subsystems, it is not always necessary. The user may define the sending and re-
ceiving ends of a transmission line within the same subsystem simply by placing the
two portions of the transmission line icon on the same canvas page within the
RSCAD/Draft software.

2.3 MAPPING POWER SYSTEM COMPONENTS TO PROCESSORS

With some background knowledge of how the individual processorswithin anRTDS
rack are allocated to specific power system components, the user canmore effective-
ly use theRTDS to perform power system simulations. Allocation of processor cards
can be done either automatically by the RTDS compiler or manually by the user. The
compiler software essentially converts the graphical representation of a power sys-
tem entered by the user from the RSCAD/Draft module into machine level code
which is directly executed when the case is run. The .MAP file, generated by the
RTDScompiler, provides the userwith information as towhich processors have been
allocated to which part of the user’s circuit.

When a new power systemmodel is to be constructed, or an existing one is to bemo-
dified, the user can easily determine whether enough RTDS hardware is available to
simulate that particular system by understanding how the RTDS compiler allocates
processors. The following simple rules are used by the compiler when automatically
assigning hardware to the user specified power system model.

 DRAFT pages are allocated to racks sequentially; that is page #1 is
allocated to Rack #1, page #2 to Rack #2 and so on.
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 In the case of an all 3PC rack, each network solution is assigned to
DUAL 3PC pair of cards, starting from the lowest numbered pair of
cards. In the case of an RPC or GPC card, one RISC processor is
allocated.

 3PC Processors required to model power system components such as
transformers, machines etc. are allocated as needed beginningwith the
first available processor after the network solutions. Some power
system components require more than a single processor.

 Many models are stackable; that is they can be combined to run on a
single processor.

 A number of components can be executed on one RISC processor.
The number of components that can be executed on a processor is de−
termined by the load units. An RPC/GPC processor can be assigned
a maximum of 100 units. A PB5 processor can be assigned a maxi−
mum of 120 units. The components are allocated units as follows.

Model Units

Generator Model 20

1−3 Conductor Bergeron Line/Cable Model 10

4−5 Conductor Bergeron Line/Cable Model 20

6−8 Conductor Bergeron Line/Cable Model 30

6 Conductor Bergeron Line/Cable Model with
breaker included

40

9−12 Conductor Bergeron Line/Cable Model 40

1−2 Conductor Frequency Dependant Phase
Domain Line/Cable Model

20

3 Conductor Frequency Dependant Phase Do-
main Line/Cable Model

30

4 Conductor Frequency Dependant Phase Do-
main Line/Cable Model

50

5 Conductor Frequency Dependant Phase Do-
main Line/Cable Model

70

6 Conductor Frequency Dependant Phase Do-
main Line/Cable Model

100

Pi−SectionModel 10

Switched Filter Model (single phase) 10

UMEC Transformer Model 30
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3Phase 2Winding Transformer Model (Ideal,
Linear)

10

3Phase 2Winding Transformer Model (Satura-
tion)

20

3Phase 3Winding Transformer Model (Ideal,
Linear)

10

3Phase 3Winding Transformer Model (Satura-
tion)

20

3Phase 3Winding Auto Transformer Model
(Ideal)

10

3 Phase Source Model 10

SVC4 Model 20

TCSC Model (single phase) 20

Valve Group Model 20

CVT Model (three phase) 10

CT Model (three phase) 10

PT Model (three phase) 10

SCAP with MOV Model 20

Induction Machine Model 20

Single Phase Arrestor Model 10

Three Phase Arrestor Model 20

ARC Furnace Model 20

Dynamic Load Model 10

12 Pulse Valve Group Model 50

12 Pulse Valve Group Model (with optional
fourther winding)

70

For example, two generator models and six 3 conductor bergeron line models could
be allocated to one GPC RISC processor. By default, the stacking of RISC compo-
nents is done automatically by the compiler. Alternatively, allocation of RISC com-
ponents can be done manually. If required a RISC component can request exclusive
use of the processor.

2.4 THE SIMULATION TIME STEP ( t )

Selection of the simulation time step is important in the preparation of a new simula-
tion case. The state of the power systemnetwork is only computed at integral instants
of time. The network node voltages and branch currents for a particular instant are
based entirely on the voltages and currents from the previous time−steps. It should
be quite clear that selection of an exceptionally large time step in relation to system
frequency will result in simulation results which will not accurately represent those
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of the physical circuit. In fact, the user must select a time step which is smaller than
the highest frequency of interest. A time step on the order of 50.0 to 60.0 s is com-
mon for studies being performed on the RTDS.

In order to achieve real−time operation, the RTDS must be able to solve all of the
equations representing the user’s defined power system within the selected time−
step. Since an RTDS consisting of a given number of racks and processors has a lim-
ited processing capability, the time−step cannot be made arbitrarily small without
losing the capability of operating in real−time. Although it is possible to operate the
RTDS at less than real−time ( i.e. non−real time or off−line ) the quantities observed
on the analogue output channels no longer represent the true response of the system.

The .MAP file contains theminimum time−stepwithwhich the power systemmodel
could be simulated in real−time. If the user sowishes, the time step can be re−entered
in the RSCAD/Draft module based on that suggested in the .MAP file by the compil-
er. The casecan then be re−compiledin order to achieve operationwith theminimum
allowable time−step.

2.5 COMMUNICATIONS AND COMPUTATIONS WITHIN RTDS RACKS

T1 −Communications Interval

T0 −Communications Interval

T2 −Communications Interval

Processor Number

1 2 3 4 5 ....

1st Computation Interval

2nd Computation Interval

3rd Computation Interval

T

I

M

E

T

Processors in an RTDS rack perform computations in parallel and must exchange
data from one to four times during a time step. Time steps are divided into commu-
nication intervals and computation intervals, referred to as T0 to T4. The above il-
lustration shows only 3 communication intervals, as T4 is normally not used.

In a typical simulation, most processors performing power system calculations will
read node voltages from the previous time step and begin calculating injection cur-
rents. Once the last processor has completed its calculations, the T0 transfer takes
place, ( processor 2 in the above example ).At this time, the injections are transferred
to the network solution processors. Variables from processors performing control
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functions can also be transferred at this time. Processors which need information
passed inT0mustwait until the transfer is complete before they can read the newdata
in their local memories and resume calculations. Processors which do not need to
read or write new data passed in T0 continue processing uninterrupted, ( processor
1, 3 and 5 in the above example ). Any time a processor completes it calculations,
it stops and enters an idle state, waiting for the next communication interval inwhich
it is to participate.

Most models do not require communications during the T1 interval so they continue
until T2. The last communication interval, usually T2, iswhen newnode voltages are
transferred as well as most control type variables. Generally all processors partici-
pate in this communication interval and this is usually the end of the time step.

Variables which are passed on the backplane formonitoring purposes only, are trans-
ferred outside of the usual communication intervals. These variables can be moni-
tored without impacting the size of the time step.

2.6 MONITORING OF SYSTEM QUANTITIES

There are twodistinctmethods of observing systemquantities when using theRTDS.
First, the user is able tomonitor quantities such as node voltages and branch currents
by connecting an oscilloscope or other measurement device to the analogue output
ports located on the front panel of each 3PC. Second, the user is able tomonitor quan-
tities on the host workstation via icons created using theRSCAD/RunTime software.
Display on the workstation monitor can be continuous by way of meter icons or can
involve plots which capture quantities from the system over a pre−definedperiod of
simulation time. The user can initiate both steady−state and transient data captures
from the RSCAD/RunTime software module.

The system quantities which are available for observation during a simulation de-
pend on what particular power system component models are included in the user’s
circuit and which variables the user has requested for monitoring from the RSCAD/
Draft software. The .MAP file produced by the RTDS compiler should be consulted
to determine the monitoring points for specific variables.

D/A output may adversely effect equipment interfaced to the RTDS.

If the RTDS is interfaced to external equipment via the analogue channels, the user
should ensure that the signals present on the D/A’s do not unduly stress the external
equipment. Particular caution should be exercised when the RTDS is interfaced via
power amplifiers. Certain power system component models generate and display dc
signals on the analogue output channels. These dc signals can range anywhere be-
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tween the d/a output limits of +/− 10 volts. Inadvertently running a case which pro-
vides the wrong signal to the amplifiers may in turn cause damage to the amplifiers
or any external equipment being supplied at their outputs.

It should be noted that whenever a simulation case is stopped, the output values of
all analogue channels are reset to zero volts. Thus, if the user finds that an unexpected
or incorrect signal is being passed to the interfaced equipment the casemay be halted
by pressing the STOP icon on the RSCAD/RunTime window. Such action will stop
the simulation case and all analogue output channels will be set to 0 volts.

In addition to the on−board12−bitDigital toAnalogue converters described here, the
RTDS simulator can also be equipped with optional high precision 16−bitD/A con-
verter units ( the FDAC and the DDAC ). Chapter 18 in this Manual presents details
about these cards and their use.

2.6.1 ANALOGUE OUTPUT CHANNELS

Each 3PC contains 24 analogue output channels which are accessible from the card’s
front panel. Eight channels are allocated to each processor. Details concerning the
D/A converters can be found in the RTDS Hardware Manual.

Use of a particular processor’s analogue channels varies depending upon the power
system component assigned to run on that processor. The most common use of the
analogue channels, however, is for the monitoring of node voltages and branch cur-
rents. The user selects which currents and voltages are to be monitored through the
RSCAD/Draft software as explained in Section 2.7.

Processors other than those assigned to the network solution use the analogue output
channels as necessary. For example, a processor assigned tomodel transformer satu-
ration andhysteresis assigns one analogue channel tomagnetizing current and anoth-
er to flux. It is thus possible to observe the hysteresis loop by using the X−Yplotting
function available on most oscilloscopes.



RTDS GENERAL OPERATION

−2.11−

Each3PC includes a total of 24analogue output chan-
nels which can be used to monitor power system sig-
nals such as bus voltages, line currents, as well as, a
wide variety of other signals associated with power
system or control system component models.

A B
T1

T2
T3

3PC

1

T4

C
DAC 8412 DAC−8412DIGITAL −ANALOGUE CONVERTER

Number of Channels per processor: 8 (2 x quad DACs)
Resolution: 12 bit
Analogue Output Voltage range: +/− 10 volts

Maximum Output Current: +/−5 mA
Slew Rate: 2.2 V/s
Settling Time: 6 sPROC A

GND

PROC B

GND

2

4

6

8

PROC C

GND

1

3

4

5

2

4

6

8

1

3

4

5

2

4

6

8

1

3

4

5



RTDS GENERAL OPERATION

−2.12−

2.6.2 DIGITAL INPUT / OUTPUT PORTS

Sixteen bit digital input and output ports are located at the rear of each 3PC ( accessi-
ble from the rear of the RTDS cubicle ). These are directly connected to the A and
B processors. No direct digital I/O is available to the C processor. Allocation of the
digital ports depends on the power system model assigned to a particular 3PC. For
example, the 3PC processor pair processor assigned to the network solution uses the
digital input port to read switch ( i.e. circuit breaker or fault ) open/close commands
issued from physical equipment interfaced to the RTDS. The digital output port dis-
plays the status ( opened or closed ) of the switches.

3PC Digital Input/Output Port ( View from rear of Cubicle )

LSB (pin 2)

MSB (pin 17)

‘B’ Processor Digital Input Port
‘B’ Processor Digital Output Port

‘A’ Processor Digital Input Port
‘A’ Processor Digital Output Port

A B

If no connection is made to a pin of the digital input port, the processor reads a logic
‘1’. For a logic ‘0’ the user should connect the digital input port pin to signal ground.
The digital output port provides 5 volts as logic ‘1’.

2.6.3 ON−SCREENMONITORING USING THE HOST WORKSTATION

Data computed by the RTDS can be sent back and viewed on the host workstation.
Information is communicated between the workstation and the RTDS using the
ethernet local area network. The RSCAD/RunTime module allows the user to dis-
play the incoming data using various types of meter and plot icons.



RTDS GENERAL OPERATION

−2.13−

As in the case of analogue channel monitoring, node voltages are always available
for on−screenmonitoring on the computer workstation.

The user is referred to theRSCAD/RunTimeUser’sManual for extensive informa-
tion regarding the creation and use of meter and plot icons. Individual power system
component models offer a variety of monitoring options and hence the user is di-
rected to the particular sections of this manual which deal with the specific models
for further details on what variables can be monitored and howmonitoring is speci-
fied.

2.7 THE 3PC REAL TIME NETWORK SOLUTION ( rtds_sharc_NET1da )

This section on the Real Time Network Solution ( rtds_sharc_net1da ) refers to op-
eration on dual 3PC cards. A Real Time Network Solution for the RPC is available,
if an RPC card exists in the rack. See section 2.8.

SHARC ( TYPE 1 ) NETWORK SOLUTION: Man

RESERVATION OF
NODE NAMES

LIST OF
NAMES FOR
EMBEDDED
NODE SET No. 1

CARD # 1

N10
N11
N12
N13
N14
N15

LIST OF NAMES FOR
CONNECTOR NODE SET

N1
N2
N3
N4
N5
N6
N7
N8
N9

LIST OF
NAMES FOR
EMBEDDED
NODE SET No. 2

N16
N17
N18
N19
N20
N21

CARD # 2CARD # 1 AND # 2

MAX NODES = 6
MAX SWITCHES = 7

MAX NODES = 6
MAX SWITCHES = 7

MAX NODES = 9

One or two Real Time Network Solutions are allowed on a rack of RTDS hardware.
Each of the possible two Real Time Network Solutions can provide up to 21 nodes
and up to 28 single−phase breakers. This gives the possibility of 42 nodes on a rack
with up to 56 single−phase breakers. However, nodes belonging to separate Real
TimeNetwork Solutionsmust be treated as nodes in separate subsystems. In particu-
lar, the two Network Solutions may only be connected together using travelling−
wave transmission line models.



RTDS GENERAL OPERATION

−2.14−

The approach taken in the Real Time Network Solution is to pre−invert for two
6−nodeportions of the network ( Embedded Node Sets No. 1 and No. 2 in the above
icon ) and to performLUdecomposition in each simulation time−stepfor the remain-
ing 9−nodeportion of the network ( the Connector Node Set in the above icon ). The
Embedded and Connector node sets shown in the above icon are interconnected by
further mathematically rigorous matrix operations during each time−step.

The TPCNEC−basednetwork solution is not available on a rack when a 3PC−based
Real Time Network Solution is used. However, in one simulation a NEC−basednet-
work solution can be used on some racks while Real Time Network Solutions are
used on other racks.

Each Real Time Network Solution is solved on two 3PC processor cards which have
been physically connected together to form a set of Dual 3PC cards. A set of Dual
3PCcards has three electrical link−portconnectionswhich connect processors on the
two cards. This gives a connected set of 6 processors for accomplishing the Sharc
Network Solution.

The Dual 3PC cards must be identified as such in the RTDS racks configuration file
( “config_file” ). Please see Section 2.4 of the RTDS Hardware Manual for details
regarding 3PC entries in the “config_file”.

2.7.1 HOW TO USE THE REAL TIME NETWORK SOLUTION

The Real Time Network Solution model is invoked by copying the above icon from
the Sharc components library and placing it on a canvas in DRAFT. The PARAME-
TERS menu of the icon may be accessed by choosing Edit −> Parameters from the
popup menu that appears upon right−clicking its icon.

The primary function of the PARAMETERSmenu is to specify which nodes will be
treated by the model as belonging to the Connector Node set and which nodes will
be treated as belonging to each Embedded Node set. The CONFIGURATIONmenu
appears as follows:
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The Network Name specified in the CONFIGURATION menu will appear on the
icon in DRAFT. The name of each Network Solution component must be unique.

Asmay be noted in the CONFIGURATIONmenu, the User must reserve at least one
name which will be recognized by the model as a Connector type node. Up to 9 node
names may be reserved, although it is not necessary to use them immediately. Con-
nector nodes are the most powerful type of node. All 28 single−phasebreakers could
be connected between Connector nodes. These nodes are related to the portion of
the G ( conductance ) matrix which is constructed and decomposed in every time−
step.

Between 0 and 6 node names may be reserved for each Embedded Node set. These
Nodes can have a maximum of 7 single−phasebreakers incident on them and are re-
lated to a portion of the matrix which is pre−inverted.

The RTDS compiler will give an error message if the same name is reserved twice
in any one simulation case.

The “ReqP” line of the CONFIGURATION menu ( it may be necessary to scroll
down to this item; alternatively, the menu window may be resized ) allows the User
to specify whether the Network Solution model will be automatically ( Automatic )
or manually ( Manual ) assigned to a DUAL 3PC card set. If automatic assignment
is requested, then the subsequent menu item ( ShrC ) is ignored. If manual assign-
ment is chosen, then the desired DUAL 3PC card set can be identified by specifying
the Sharc card number of the first card in theDUAL3PCcard set in the “ShrC” menu
item. If the specified card is not the beginning of a DUAL 3PC card set ( according
to the config_file ), then an appropriate ERRORmessagewill be given. If theDUAL
3PC card set is already assigned to another model, then there will also be a suitable
ERROR message.

TheUseof theReal TimeNetworkSolution requires some special Sharc components
for creating the network. A special Sharc node icon ( rtds_sharc_node ) which can
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be found in the Sharc components librarymust be used on any rackwhich has a Sharc
Network solution. A special Sharc ammeter icon ( rtds_sharc_imonda ) must be
used. As well, there are special Sharc icons for the tuned RLC filter
( rtds_sharc_rlcda ); the high−pass filter ( rtds_sharc_hpfiltda ); the C−type filter
( rtds_sharc_cfiltda ); the R−R//L filter ( rtds_sharc_rrlda ) and the double−damped
filter ( rtds_sharc_ddampda ).

2.7.2 RULES FOR USE OF THE 3PC REAL TIME NETWORK SOLUTION

The CONFIGURATION menu, discussed above, asks if the icon should “Show
Rules for Use on Icon”. If “Yes” is selected, then certain key rules will be displayed
at the bottom of the icon in DRAFT. The full set of rules is as follows:

1. Any branch, breaker, or model may connect nodes in one Embedded Node Set
to: ( 1 ) other nodes in that EmbeddedNode Set; ( 2 ) nodes in the Connector No-
de Set; or ( 3 ) to Ground.

2. No branch, breaker, or model ( except travelling−wave transmission line mod-
els ) may connect a node in one Embedded Node Set with a node in another Em-
bedded Node Set. Travelling−wave transmission line models may span between
different Embedded Node Sets because such models do not create connections
in the G matrix between the node sets.

3. All nodes in DRAFT must be named with unique names which exist in the lists
of reserved names. This enables the Network Solution model to classify the no-
des used in DRAFT as Connector, Embedded 1, or Embedded 2. It is not neces-
sary to use all reserved names in a DRAFT circuit. The names used in a network
simulation can be a subset of the reserved names in the lists.

4. There must be at least 1 node in a Network simulation which is recognized by
name as a Connector type node. There can be a maximum of 9.

5. There can be between 0 and 6 nodes in a Network simulation which are recogni-
zed as being in each Embedded Node Set as shown in the icon.

6. The maximum total number of single−phase breakers or faults is 28 in a Sharc
Network Solution. Of the 28 possible single−phase switches, a maximum of 7
switches may be incident on nodes in a given Embedded Node Set.

2.8 THE RPC REAL TIME NETWORK SOLUTION

The RPC network solution supports 54 connector type nodes, 56 single phase break-
ers and runs on the RPC card. Unlike the 3PC solution, it has no direct access to D/A
outputs or digital I/O. Node voltages and branch currents are all available to be
plotted inRuntime and are all available to be sent toD/A’s for display on controls 3PC
processors.
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No icon is needed to run the RPC Network solution. If a 3PC Network Icon has not
been specified, and an RPC card is installed in the rack, the RPC Network solution
will be performed by default.

The RPC network solution uses the same node, branch and breaker icons as the 3PC.
In the case of the breaker, there is no direct access to a digital input port for control.
Breaker control signals can be produced and/or accessed through the controls com-
piler.

2.9 NETWORK SOLUTION NODES

Sharc Network Nodes

The Sharc Network branch, breaker, and node icons can be found in the Sharc com-
ponents library. The icons can be used to assign voltage and current output quantities
to D/A output channels on the front of the Dual Sharc cards.

In DRAFT, the NODE PARAMETERS menu appears as follows:

If it is specified that the node voltage should be provided through aD/A output chan-
nel, ( “Send Voltage to D/A output” set to “Yes” ), then a new tab will appear beside
the “NODE PARAMETERS ( Sharc )” tab labeled “ANALOG OUTPUT D/A AS-
SIGNMENT”, which will appear as follows:

The above menu contains the item “prc”. Clicking on the entry for Value ( which is
set at “No...” by default, as well as in the above graphic ) pulls open a selection box
which contains Network Processors 1A, 1B, 1C, 2A, 2B and 2C. The 1 and 2 refer
to the first and second cards in the Dual 3PC card set. Facing the front of the Dual
3PC cards, the card on the left is card No. 1 and the card on the right is card No. 2.
The processors on each card are numbered A, B and C on the faceplate of the card.
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Likewise, the D/A channels for each processor are also numbered 1 to 8 on the face-
plate.

There is a D/A registry in every 3PC Real Time Network Solution. When the case
is compiled, an ERRORmessage will be given if the same D/A output channel is se-
lected for two different signals.

Therewill be a switch available by signal name in theRunTimeCREATE−>Subsys-
tem # −> 3PC D/A −> SWITCH menus for each D/A signal specified. When this
switch is turned ON for a named signal, then an LED will light immediately above
the D/A output channel which carries the named signal. Such switches will also be
available for branch current and other D/A signals produced in the 3PC Real Time
Network Solution. Offset and Unity Gain sliders will also be available in the Run-
Timemenus by signal name for adjusting the offset and gain of D/A signals dynami-
cally from RunTime.

In the Dommel algorithm, network node voltages must be calculated before branch
currents. In the RTDS simulator, the last items calculated in the network solution be-
fore the end of the time−step are the node voltages. Branch currents are calculated
in the first part of the next time−step.

The node voltages can be selected for D/A output as soon as they become available
near the end of the time−step, by selecting “early” in the ANALOG OUTPUT D/A
ASSIGNMENT menu. This approach has the disadvantage of extending the time−
step for the 1/2 microsecond that it takes to output each node voltage through D/A
output channels on aprocessor. Alternatively, if “align” is specified in themenu, then
theD/A output for the node voltagewill be provided in the next time−stepalongwith
the currents.

If an Embedded Node voltage is passed to a D/A channel using the “early” option,
then a D/A channel on card 1 must be selected if the node is in Embedded Node set
1. If the Node is in Embedded Node set 2, then D/A channel on card 2 must be se-
lected. An ERROR message will be given if this rule is not followed.

Node voltages are always available for monitoring in RunTime.

RPC Network Nodes

Asmentioned in Section 2.8, directD/Aassignment of node voltages and branch cur-
rents is not possible. Although all the same menues are used as shown for the 3PC
network solution, none of the description related to D/A’s applies.
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2.10 SINGLE ELEMENT ANDMULTI−ELEMENTPASSIVE BRANCHES

Single Element Branches

Passive branches consist of simple resistive, inductive, and capacitive elements.
Component names in the Draft Library are;

R − resistor

L − inductor

C− capacitor

In their most basic form, they can be placed as individual components between two
nodes or between a node and ground as shown below.

R L C. . . . . .

Component values are entered in the RSCAD/Draft software. It should be noted that
the capacitance value is entered in F ( i.e. entering 1.0e−6 is interpreted as a 1.0 pF
capacitor ). The menus for specifying R, L and C values appear as shown below:

Multi−Element Branches

Multi−element series branches can be formed from individual resistors, inductors,
and capacitors as shown below:
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R L. . R C. .

L C. . R L C. .

If a node between the individual R, L, andC elements is not named using a node icon,
then theDRAFTprogramwill automatically make a RL, RC, LC, or RLCmulti−ele-
ment branch. The voltages of unnamed internal nodes between individual R, L and
C elements are not calculated. This saves the limited number of available nodes for
other purposes. If the voltage of the intermediate node is required, then it must be
marked for calculation by using a node icon as discussed in a preceding section.

Monitoring Currents in Single Element and Multi−Element Branches

The current through a single element or multi−elementbranchmay bemonitored us-
ing the current monitoring icon illustrated as follows:

Ia
RSCAD/Draft branch current monitor icon

The name of this component is rtds_sharc_imonda. In use, the icon is placed in se-
ries with a single element or multi−element branch as shown below:
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R. .
R C. .

R L C. .

Ia

Ia

Ia

R

.
Ia

It should be noted that DRAFTwill not permit the branch current monitor icon to be
placed at the ground end of a ground connected branch. The arrangement of current
monitor icons for ground connected branches must have the icon at the node end of
the branch as shown above.

The PARAMETERS menu for the branch current monitor icon contains, as shown,
a SHARC AMMETER CONFIGURATION tab as shown below:

In the CONFIGURATIONmenu, choosing “yes” in the “imon” entry line makes the
current available for monitoring in RunTime. Similarly, specifying that the current
should be passed out through a D/A conversion channel on the front of the Dual 3PC
card set can be selected by responding “yes” to the “daout” entry. Choosing “no” in
either of these entries removes the corresponding tab from the PARAMETERS
menu.

The RUNTIME CURRENT PLOTTING menu tab appears as follows:
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In general, it is not necessary to change the Default Maximum andMinimum Limits
because these can be changed in RunTime at a later time. However, the ability to set
default limits in advance is available.

The ANALOGOUTPUT D/A ASSIGNMENTmenu appears as shown below. The
same icon is used for both the 3PC and RPC network solution, but selections related
to D/A output do not apply in the case of the RPC.

The abovemenu is similar in form and function to the menu describing node voltage
D/A output described earlier in this chapter. The first line in the above menu refers
to the six processors ( 1A, 1B, 1C, 2A, 2B and 2C ) in the DUAL 3PC card set used
to calculate theReal TimeNetwork Solution. The 1 and 2 refer to the first and second
cards in the Dual 3PC card set. Facing the front of the Dual 3PC cards, the card on
the left is card No. 1 and the card on the right is card No. 2. The processors on each
card are numbered A, B and C on the faceplate of the card. In accordance with the
permitted selections in line 2 of the abovemenu, theD/A channels for each processor
are numbered 1 to 8 on the card faceplate.

There is a D/A registry in every 3PC Real Time Network Solution. When the case
is compiled, an ERROR message will be given if the same D/A output channel for
two different signals is selected.

Therewill be a switch available by signal name in theRunTimeCREATE−>Subsys-
tem # −> 3PC D/A −> SWITCH menus for each D/A signal specified. When this
switch is turned ON for a named signal, then an LED will light immediately above
the D/A output channel which carries the named signal. Such switches will also be
available for node voltages and other D/A signals produced in the 3PC Real Time
Network Solution. Offset and Unity Gain sliders will also be available in the Run-
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Timemenus by signal name for adjusting the offset and gain of D/A signals dynami-
cally from RunTime.

In some cases an extremely large dynamic range will be required for monitoring of
branch currents. Aparticular example is in the casewhen a fault is applied to a lightly
loaded transmission line. The fault current may be many hundreds of times higher
than the load current. In order to prevent clipping of the analogue output voltage rep-
resenting current during the fault, the scale factor ( “scl” )will have to be set to a very
large value. Prior to the fault, however, the analogue output channel representing
current may only be a fewmilli−volts. With 12−bitdigital −analogue converters the
signal may appear noisy under such conditions. A larger dynamic range can be ac-
commodated using optional RTDS optical D/A converter ( FDAC / DDAC ) hard-
ware which includes 16−bit D/A converters.

2.11 FILTER TYPE BRANCHES

The 3PC and RPC Real Time Network Solutions provide filters such as tuned RLC,
high−pass, double−damped, C−type, and RRL ( R series R//L ).

Do not use the branch current monitor icon with the Filter Type branches.

If a filter branch current is monitored in RunTime or in the case of the 3PC, the cur-
rent is output through a D/A channel, then a reference direction arrowwill appear on
the icon for the branch in DRAFT.

For the 3PC, if the output of a filter or branch quantity is assigned to a D/A output
port on a specified processor in the DUAL 3PC card set, then the filter or branchwill
be calculated on that processor. Therefore, if possible, distribute D/A output quanti-
ties fairly evenly among the six processors in the DUAL 3PC set in order to evenly
distribute the computation load. However, this is not a critical requirement. The
computation time for each processor is shown in theMAP file and indicates the even-
ness of the distribution of branch and filter calculations.

Tuned Filter Branch ( Series RLC ) ( rtds_sharc_rlcda )

The tuned filter branch consists of a series resistance, inductance and capacitance.
This RLC filter branch contains options not available in the RLC branch assembled
from individual R, L, andC elements as described in the previous section. In particu-
lar, the parameters of the branch can be entered in terms of the capacitive MVAR of
the filter branch; the fundamental frequency, the tuned frequency, the quality factor
Q; and the rated RMSbranch voltage. TheUsermay alsomonitor the capacitor volt-
age under limited circumstances.

The first menu tab of the PARAMETERS menu is the SHARC RLC CONFIGU-
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RATION menu which appears as follows:

This menu prompts for the branch current name and the name of the voltage on the
capacitor. Only one of branch current or capacitor voltagemay bemonitored inRun-
Time at a given time. A similar constraint exists with respect to sending out only one
signal to D/A output at a given time. The selections are made in the third and fourth
line in the menu.

If the User selects to monitor current in RunTime, then the following RUNTIME
CURRENT MONITORING, a new menu tab RUNTIME CURRENT PLOTTING
appears:

It is not necessary to change the default plot limits because they can be changed later
in RunTime. A similar menu appears if the User selects tomonitor capacitor voltage
in RunTime.

If theUser selects tomonitor current through aD/A output channel, then a newmenu
tab ANALOG OUTPUT D/A ASSIGNMENT appears:

This menu is essentially the same as the menu for D/A output explained in the pre-
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vious section for the single element and multi−element branch models. Please refer
to that explanation. A similar menu appears if the capacitor voltage is passed to a
D/A output channel.

The RLC component values may be entered directly, or alternatively, the filter pa-
rameters may be entered uponwhich RSCAD/Draft software will compute the asso-
ciated component values. The selection is made in the last line of the SHARCRLC
CONFIGURATION menu.

The RLC VALUES menu tab appears as follows and is self−explanatory:

All parameters must be greater than zero. The capacitance is expressed in microfa-
rads.

Alternatively, if parameters are to entered in the form “MVAR, Fn, & Q”, then the
“RESONANTFREQ&Q”menu tab becomes available as shown below. The equa-
tions for converting to RLC values are also shown.
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R L C

MVAr
C =

V2  o

Conversion to RLC values −

o= 2*Fo r = 2*Fr

1
L =

r2 * C

*L

Q
R =

+−

High Pass Filter Branch ( HP ) ( rtds_sharc_hpfiltda )

The main PARAMETERS menu tab of the High Pass ( HP ) Filter Branch appears
as follows.

If RunTime Monitoring of current is requested, then the RUNTIME CURRENT
PLOTTING menu tab appears as follows:
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The above menu has the same form and function as the similar menu described for
the Tuned RLC Filter branch. Please refer to that description if further explanation
is required.

If the current is to be sent to a D/A output channel using the 3PC Network Solution,
then the ANALOG OUTPUT D/A ASSIGNMENT menu tab appears as follows:

The above menu has the same form and function as the similar menu described for
the Tuned RLC Filter branch. Refer to that description if further explanation is re-
quired.

Either theRLCcomponent values or the filter parametersmay be entered directly for
the HP filter. In the latter case, the RSCAD/Draft software will compute the asso-
ciated component values. The selection is made in the last line of the SHARC HP
CONFIGURATION menu.

The RLC VALUES menu appears as follows and is self−explanatory:

All parameters must be greater than zero. The capacitance is expressed in microFa-



RTDS GENERAL OPERATION

−2.28−

rads.

Alternatively, if parameters for the HP filter in the form “MVAR, Fn, & Q” are se-
lected, then the “RESONANTFREQ&Q”menubecomes available as shownbelow.
The equations for converting to RLC values are also shown. Note that the definition
of Q is different for a HP filter as compared to the series RLC filter.

MVAr
C =

V2  o

R

L

C

Conversion to RLC values −

o= 2*Fo c= 2*Fc

1
L =

c2 * C
R = *L*Q

C−Type Filter Branch ( C−Type ) ( rtds_sharc_cfiltda )

The C−type filter is configured as shown below:
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R1

C2

C1

L

The main PARAMETERS menu of the C−Type ( HP ) Filter Branch appears as fol-
lows. The number of menu tabs depends on selections in the SHARC HP CON-
FIGURATION menu.

If RunTime Monitoring of current is requested, then the RUNTIME CURRENT
PLOTTING menu appears as follows:

The above menu has the same form and function as the similar menu described for
the Tuned RLC Filter branch. Please refer to that description if further explanation
is required.

In the case of the 3PC Network Soltion, if the the current is requested to be sent to
a D/A output channel, then the ANALOGOUTPUTD/AASSIGNMENTmenu ap-
pears ( as usual ) as follows:
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The above menu has the same form and function as the similar menu described for
the Tuned RLC Filter branch. Please refer to that description if further explanation
is required.

Either the RLC component values or the filter parameters may be entered directly
for the C−Type filter. In the latter case, RSCAD/Draft software will compute the as-
sociated component values. The selection is made in the last line of the SHARCC−
TYPE CONFIGURATION shown above menu.

The RLC VALUES menu appears as follows and is self−explanatory:

All parameters must be greater than zero. The capacitance is expressed in microFa-
rads.

Alternatively, if parameters for the C−Type filter are to be entered in the form “Filter
Parameters”, then the “FILTERPARAMETERS”menu becomes available as shown
below. The equations for converting to componentRLCvalues are also shown. Note
that the User must manually calculate the required R1 resistance value and supply
it as R2 in the menu.
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MVAr
C2 =

V2  o

Conversion to RLC values −

o = 2*Fo r = 2*Fr

1
L =

o2* C1

R1

C2

C1

L

C1 = C2 [ (r / o )2 − 1 ]

The C1 and L tuned LC arm passes the fundamental frequency current and therefore
essentially no fundamental frequency current will pass through the resistance ele-
ment. Therefore, the “Resistance” item in the menu can be used to choose R1 opti-
mally to damp harmonics without concern for fundamental frequency losses in the
resistance R1.

Double Damped Filter Branch ( rtds_sharc_ddampda )

The Double Damped filter is configured as shown below. The current reference
direction arrow appearswhen the current value ismonitored inRunTime or provided
to a D/A channel.
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R1

C1

L1

L2 R2C2

Themain PARAMETERSmenu of theDoubleDampedFilter Branch appears as fol-
lows. The number of menu tabs depends on selections in the SHARC DOUBLE
DAMPED CONFIGURATION menu.

If RunTime Monitoring of current is requested, then the RUNTIME CURRENT
PLOTTING menu tab appears. For a 3PC Network solution, ff the current is to be
sent to a D/A output channel, then the ANALOG OUTPUT D/A ASSIGNMENT
menu tab appears. These menus are exactly the same in form and function as these
menus used for the C−Type filter described above. Please refer to that explanation
if more information is required.

The COMPONENT VALUES menu appears as follows and is self−explanatory:

All parametersmust be greater than zero. The capacitances are expressed inmicroFa-
rads.

In general, the L1C1 parameters are chosen to be resonant at a value between the two
resonant frequencies of the filter. For example, if the filter is to be resonant at the
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5th and 7th harmonic, then the L1 C1 circuit might be tuned to the 6th harmonic. The
parallel L2 C2 circuit would then be chosen to be inductive at the 5th harmonic and
capacitive at the 7th harmonic in order to provide the correct zeroes of impedance at
the 5th and 7th harmonic for the total filter.

RRL Filter Branch ( rtds_sharc_rrlda )

The RRL filter is configured as shown below. Note that the current reference direc-
tion arrow appears onlywhen the current value ismonitored in RunTime or provided
to a D/A channel.

Rs

LpRp

The main PARAMETERS menu of the RRL Filter branch appears as follows. Of
course, the number of menu tabs depends on selections in the SHARC RRL CON-
FIGURATIONmenu. The values used for the resistor and inductor elements are en-
tered in the SHARC RRL CONFIGURATION menu, which appears as follows:

If RunTime Monitoring of current is requested, then the RUNTIME CURRENT
PLOTTING menu tab appears. In the case of a 3PC network solution, if the current
is to be sent to a D/A output channel, then the ANALOG OUTPUT D/A ASSIGN-
MENT menu tab appears. These menus are exactly the same in form and function
as these menus used for the C−Type filter described above. Please refer to that ex-
planation if more information is required.
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2.12 BREAKERS and FAULT SWITCHES ( rtds_sharc_1phbkr ) ( rtds_sharc_fault )

Asingle−phasebreaker model and a fault switchmodel are available for the 3PC and
RPC Real Time Network Solution. The two models are exactly the same except for
their appearance in DRAFT. The CONFIGURATION menu appears as follows:

The RUNTIME CURRENT PLOTTING menu tab appears because by default it is
specified in the CONFIGURATION menu that current is to be plotted in RunTime.

The last entry in the CONFIGURATION menu only has the effect of changing the
appearance of the icon. The function of the model is not affected. This appearance
is useful where it is desired to switch a resistive load. In that case, the ON resistance
of the breaker can be specified to be equal to the resistance of the load and the ON
resistor can be specified to be shown.

Breakers are controlled bySwitchWords. The source of the Switchword is specified
in the “srcsw” line of the CONFIGURATIONmenu. The SwitchWord can be speci-
fied to come from a bit selected from an integer word passed on the backplane
( “Name” ) or in the case of the 3PC Network Solution, from a digital input port on
the Dual Sharc card set ( “DigPort ” ).

The breaker can be controlled by a word passed on the backplane by selecting
“Name” instead of “DigPort” in theCONFIGURATIONmenu. The backplaneword
containing appropriate bits may be created in the Controls Compiler. When “Name”
is selected the CONTROL FROM TRANSFERRED NAME menu is available. It
appears as follows:
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When the breaker is controlled from a switch word ( integer number ) passed
on the backplane, “0” for the selected bit causes the breaker to be physically
OPEN and a “1” bit causes the breaker to be physically CLOSED.

Any bit in the word between 1 and 21 ( 1 being the least significant bit ) can be se-
lected.

If an open command is given to the breakerwhile current is flowing, the absolute val-
ue of currentwill be compared to the level indicated in the last itemof theBREAKER
MAIN DATAmenu, “Extinguish Arc for abs( I ) at or below”. If the absolute value
of the current is below this threshold, current will be interrupted. This threshold is
normally set to 0.0, as interrupting current in an inductive circuit will result in a vol-
tage spike. AC system breakers open at at current zeros, largely created by the exter-
nal circuit.

A voltage spike or numerical instability resulting in a voltage of 10,000 kV on
any node will cause the simulation to stop and an error message to be issued.

Only on the 3PCNetwork processors, breaker control can come directly from a digi-
tal input port by selecting “DigPort” in the CONFIGURATIONmenu. In that case,
the DIGITAL INPUT PORT CONTROL menu becomes available and the CON-
TROL FROM TRANSFERRED NAME menu disappears. The DIGITAL INPUT
PORT CONTROL menu appears as follows:

There is no digital input port on processors 1C and 2C in a Dual 3PC card set and
therefore, 1C and 2C do not appear in the pull downmenu for the value of the “prtd”
menu item. A breaker control can be connected through any of the four digital input
ports in a Dual Sharc cards set.

There are two digital I/O connectors side−by−sideon the back of each Sharc card.
Looking into the rear of the cubicle.
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The connector on the left on a Sharc card is for processor A and the connector
on the right is for processor B, ( See Sec. 2.6.2 ).

Therefore, looking into the back of the cubicle, the connectors on the back on the
Dual Sharc cards are, from left to right, connector 2A 2B 1A and 1B. Within a con-
nector, the column of pins on the left are the input pins and the column of pins on the
right are the output pins. The pins are numbered from 1 to 17 starting at the bottom.
The bottom pin ( pin 1 ) in the left hand column of pins in each connector is a ground
pin. Digital input can be passed into pins 2 to 16 on the left hand side on each connec-
tor.

Each digital input pin has an internal pull−up resistor which will pull the voltage of
the pin to 5 Volts ( logic 1 ) if it is left unconnected. Connecting the digital input pin
( 2 to 16 ) to the ground pin ( pin 1 )will cause the voltage of the input pin to be pulled
to 0 Volts ( logic 0 ).

The physical position of the breaker is selectable to be Open on “Logic 0” or Open
on “Logic 1” when control is provided through the digital input port. This selection
can be made in the DIGITAL INPUT PORT CONTROL menu as shown above.

Any breaker current can bemonitored in RunTime bymaking appropriate selections
in the RUNTIMECURRENT PLOTTINGmenu. This menu allows pre−set default
plot minimum and maximum values. The menu also allows specification of a name
for the current that is different from the breaker name.

Breaker current can be specified to be output through a D/A channel. In that case,
the D/A output channel selection is made in a manner similar to selecting a D/A out-
put channel for a node voltage as discussed above.

2.12a Variable FAULT and BREAKER SWITCHES (rtds_sharcu_VARFLT and _rtds_varBRK)

The variable fault and breaker switches are the same in function but differ in
graphical appearance only. The variable breaker is only supported on GPC.

The component icons are shown below:

rtds_sharcu_VARFLT _rtds_varBRK

These two models are switches with a gradual transition period during the
fault/breaker operation. Instead of a sudden change from the ON state to the OFF
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state the resistance of the switch changes gradually to avoid numerical oscillations
when a inductive current is suddenly cut off.

When the switch is opened (fault is cleared or the breaker is opened), the switch
resistance R(t) changes from Ron (a very small value) to Roff (a very large value)
according to the following equation:

R(t) = dR*R(t−delt)

where delt is the simulation time step and dR is a constant (dR>1.0).

When the switch is closed (fault is applied or the breaker is closed), the switch
resistance R(t) changes from Roff to Ron according to the following equation:

R(t) =(1/dR)*R(t−delt)

By controlling the value of the parameter dR, users can control the rate of change of
the switch resistance to avoid numerical oscillations. The component is especially
useful as a fault switch on a faulted transformer winding.
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2.12a.1 PARAMETERMENU

PARAMETERS:

This menu defines the main parameters of the model.

Ron: − resistance when the switch is ON;

Roff: − resistance when the switch if OFF;

holdi: − if a command is given to the switch to turn OFF while current is flowing,
the absolute value of current will be compared to the level entered here. If the
absolute value of the current is below this threshold, current will be interrupted. This
parameter is normally set to 0.0 as interrupting current in an inductive circuit will
result in a voltage spike.

mode: −mode of change:

Rate: the switch resistance changes at a fixed rate specified by the parameter dR.

Time: the switch resistance changes at a fixed rate computed based on the
parameter dt so that the transition is complete by the end of the time specified
by the parameter dt.

dR −the fixed rate of change for the switch resistance;

dt − the fixed duration of change for the switch resistance;

nFset − the name of the switch word;

bit − bit number of the switch word.

When the specified bit in the switch word is 1, the switch is ON. When the bit is 0,
the switch is OFF.
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INTERNAL PLOT SELECTIONS:

pIB −whether or not to plot switch current;

pVB −whether or not to plot voltage across the switch;

pR −whether or not to plot switch resistance;

INTERNAL PLOT SIGNAL NAMES:

nIB − signal name for switch current;

nVB − signal name for voltage across the switch;

nR − signal name for switch resistance;
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2.13 EMBEDDEDMODELS

The 3PCReal Time Network Solution allows models to place varying G values onto
the Connector Node portion of the G matrix before that portion of the G matrix is
decomposed in each time−step.This approach allowsmodels to be createdwhich be-
come an extension of the main network solution. This total elimination of interfaces
is very helpful in cases where there may be no suitable inductance for stabilizing an
interface. This approach has been taken with the TCSC model, the 6−pulse Valve
Group model, the Switched Branch model, and SVC4 model described in Chapter
8 through Chapter 13.

APPENDIX 2A USER −DEFINED BRANCHES USING THE CONTROLS COMPILER

Thematerial in this section is an advanced topic and is not required for general RTDS
operation.

A component “rtds_sharc_brnch” is available to permit the creation of a custom
branch model with the aid of calculations which can be carried out in the Controls
Compiler. Note that this component is not included in any of the shipping libraries,
and so will need to be added to library, as was discussed in the previous chapter. Us-
ing the “rtds_sharc_brnch” component is perhapsmost useful from the point of view
of providing a tutorial facility. For continued use of a newbranch type, theUsermay
be better advised to use the User Defined Component facility.

The component “rtds_sharc_brnch” is configured as shown below. The current ref-
erence direction arrow appears when the current value is monitored in RunTime or
provided to a D/A channel.

Rp Signal From CC
during T0 communication
period.

The SHARCNORTONCONFIGURATIONmenu of the branch appears as follows.
The number of menu tabs depends on selections in this menu. The value used for the
resistor element is also entered in this menu.

The SHARC NORTON CONFIGURATION menu appears as follows:
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If RunTime Monitoring of current is requested, then the RUNTIME CURRENT
PLOTTING menu tab appears. If the current is to be sent to a D/A output channel,
then the ANALOGOUTPUTD/AASSIGNMENTmenu tab appears. These menus
are exactly the same in form and function as these menus used for the C−Type filter
described above. Please refer to that explanation if more information is required.

As an example, a typical circuit is shown below which solves the equations for a se-
ries RL branch.

72.734
Ohms

SHARC
NETWORK
SOLUTION

ICON

.N1

IHTOT

Series RL
1 Ohm
45 Degrees
at 60 Hz

N1 +
−

0.0

Ground

Vb

1.37487e−2

GRL

+

IHTOT

+

Ib
++

IHTOT

T0

0.980557

CRL
SET
FLAG 0

( 1 / GRL )

The value of IHTOT ( the history current ) used in the above equations is the history
current produced in the last time−step by the control system. Vb is the branch volt-
age. Ib is the branch current. The control system is configured in the above schematic
to operate in “Priority” mode ( as opposed to “Automatic” mode ). Please see the
Controls Compiler documentation for more information on these alternative modes.
In any case, operation in “Priority” mode means that the User is responsible for as-
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signing “Priority” numbers for the control blocks on a processor in order to specify
the sequence in which calculations will be conducted. In the above control schemat-
ic, the summing junctions, multiplier blocks, and SET FLAG 0 block are numbered
from left to right with ascending Priority numbers ( 1 to 6 in this example ). This as-
sures that the calculations are conducted in the proper sequence before the newhisto-
ry current is passed in the T0 transfer period ( in the middle of the time step ).

The Controls Compiler ( CC ) normally passes variables only in the T2 transfer peri-
od at the end of the time−step. In order to force the transfer of a variable in the T0
transfer period while operating in “Priority” mode, the User must use the
rtds_ctl_SENDT0 and rtds_ctl_SETFLAG which are shown below. The User sets
the priority number of the T0 transfer on a processor using the rtds_ctl_SETFLAG
component. The User identifies signals which should be transferred in the T0 trans-
fer period with the rtds_ctl_SENDT0 component. If the User is operating the CC in
“Automatic” mode, then use of the rtds_ctl_SETFLAG component is not required.

IHTOT

T0

SET
FLAG 0

rtds_ctl_SENDT0

rtds_ctl_SETFLAG

The RL branch equations which are being solved by the CC in the above schematic
are as shown below:

Ib( t−dt ) = GRL * Vb( t−dt ) + IHTOT( t−2dt ) and

IHTOT( t−dt ) = GRL * Vb( t−dt ) + CRL * Ib( t−dt )

where
GRL = delt / ( 2L + delt R ) and

CRL = ( 2L − delt R ) / ( 2L + delt R )

where L is inductance
R is resistance and
delt is the time−step size in seconds

Using the above method, Dommel type equations for any type of Dommel branch
containing many internal nodes can be developed. However, the rtds_sharc_brnch
component does not allow the branch conductance ( GRL in the above example ) to
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be changed dynamically during a simulation.

The techniques described above are best used in a academic or tutorial type environ-
ment for experimentation because they require the User to develop the equations for
the Dommel equivalent branch.
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3 SOURCE MODEL

− +− +

− +

− +

Single and three phase equivalent sourcemodels simulate infinite bus voltage signals
behind user specified system impedances. Both single and three phase sourcemodels
exist. Single phase source models can be used to generate waveforms that are either
purely sinusoidal ac, ac with superimposed harmonics, dc, and ac modulated. Three
phase sourcemodels are normally used to represent a balanced sinusoidal three phase
infinite bus voltage behind the chosen impedance. A maximum of four harmonics
can be specified and superimposed on the balanced fundamental frequency compo-
nent of voltage.

Various equivalent system impedance options exist. Theuser specifies the source im-
pedance through the source’s RSCAD/Draft component. For the three phase source
model, a separate zero sequence circuit can be defined.

Optional Separate
Zero Sequence Circuit

Positive Sequence Impedance

All source models allow dynamic variation of voltage magnitude using sliders
created in the RSCAD/RunTimeOperator’s Console. Depending on the source type,
slidersmay also be created to dynamically alter the source frequency and phase angle
during the simulation run. Anoption exists to define the sourcewaveformusing con-
trols components. It is also possible to cause a sudden, timed reduction of the source
voltage in order to simulate an internal fault behind the source impedance.
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3.1 SOURCEMODEL DESCRIPTION [lf_rtds_sharc_sld_SRC] [rtds_sharc_SRC1PH2N]

3.1.1 COMPONENT DESCRIPTION

The three phase source model described in this chapter is named
lf_rtds_sharc_sld_SRC. The single phase source model described in this chapter is
named rtds_sharc_SRC1PH2N. Each component can be found in the Power System
default library and/or can be added by using the RSCAD/Draft Library AddCompo-
nent feature. Numerous previous iterations of thesemodels exist but are nowconsid-
ered obselete. These models can still be used in a Draft circuit but use of the latest
models is strongly recommended.

3.1.2 INTERNAL IMPEDANCE REPRESENTATION

Separate sourcemodels are available to represent single and three phase units. In the
case of the three phase model, individual positive and zero sequence circuits may be
defined. The source model’s neutral point may be connected either to ground or to
a defined node.

Positive Sequence Impedance

Four different positive sequence source impedance circuit configurations may be
chosen. The same configurations are available for both the single phase and three
phase source components. One of the configurations listed below can be chosen
from the source model configuration menu during the Draft session. The final ap-
pearance of the source model icon will reflect the specified impedance.

Rs
R−R//L

R
R

Lp

Rp
R//L

Source Model Positive Sequence Impedance Options

L
L

Type

Lp

Rp
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R−R//LImpedance Parameter Entry

The R−R//L source’s positive sequence impedance may be specified in absolute
terms by entering the actual Rs, Rp and Lp parameters. Alternatively, the source im-
pedance magnitude, damping angle and harmonic number at which the damping
angle equals that at fundamental frequency may be individually selected. Conver-
sion from the latter to the former is performed by the RSCAD/Draft software.

Given a system impedance | Zp | /  where −

A = | Zp | sin (

E =  A * N(1−N)

| Zp | is the equivalent system short circuit impedance magnitude.
 is the system damping angle at fundamental frequency.
N represents the harmonic number at which the impedance angle

is also equal to .

F = A Tan () * (1−N2)

G = A (3/2) * (N−1)

−F +/−  F2 − 4EG
2E

Lp = B2 + A

Rp = Lp  A

 Lp −A

k = (Lp*N) / (Rp Tan ()) − ((Lp*N) / Rp)2

1 + ((Lp*N) / Rp)2

Rs = k * Rp

Then the R−R//L parameters may be calculated as follows −

Rs

Lp

Rp

[ ]B = pos

R Impedance Parameter Entry

TheR source’s positive sequence impedance data entry is themost direct. It is speci-
fied in ohms regardless of the impedance data format.
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R//L Impedance Parameter Entry

The R//L source’s positive sequence impedance may be specified either in absolute
terms by entering the actual Rp and Lp parameters, or by entering the source imped-
ance magnitude and damping angle. Conversion from the latter to the former is per-
formed by the RSCAD/Draft software.

Given a system impedance | Zp | /  where −

| Zp | is the equivalent system short circuit impedance magnitude.
 is the system damping angle at fundamental frequency.

Rp * jXp = | Zp | / 

Rp + jXp

Then the R//L parameters may be calculated as follows −

Lp

Rp

Lp = Xp / (2  f )

Rp and Xp are solved for using this expression, and then

where f is the base system frequency

L Impedance Parameter Entry

The L source’s positive sequence impedance may be specified in absolute terms by
entering the actual Lp parameters or alternatively by entering the source impedance
magnitude.

NOTE: Series L Source Impedance is not Recommended. Some caution
should be exercised when using the series L source impedance. Since a series L
circuit presents a large impedance to high frequency currents, should such cur-
rents arise during a simulation and be forced to flow through the series L source
impedance numerical instability could occur. A parallel combination of R and
L is recommended.
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Zero Sequence Representation

Zero sequence impedance may be specified separate from the positive sequence to
be used as part of the source model. By specifying in RSCAD/Draft that no separate
zero sequence circuit is to be included, the positive and zero sequence components of the
terminal voltage are applied to the user specified positive sequence impedance.

Positive sequence impedance

Va

Vb

Vc

Whena separate zero sequence impedance is specified, the zero sequence component
of voltage measured at the terminals of the source model will be extracted and
applied to the zero sequence impedance. Only the remaining purely positive se-
quence component of voltage will be applied to the positive sequence impedance. In
this way equivalent systems whose zero sequence impedance is either greater than,
equal to, or less than the positive sequence impedance can be represented.

Zero Sequence Extraction

Vz = 0.33333*(Va + Vb + Vc)
Va’ = Va −Vz
Vb’ = Vb −Vz
Vc’ = Vc −Vz

Va

Vb

Vc

Va’

Vb’

Vc’

Vz

Rs
Lp

Rp

Va’ ( Vb’, Vc’ )

Lz

Rz

Vz

Source model
terminal voltages

Ea ( Eb, Ec)

The optional zero sequence circuit consists of a resistive branch and an inductive
branch connected in either parallel or series. The zero sequence parameters can be
can be entered as either the Rz and Lz values or the Zz and z. In the latter case,
RSCAD/Draft will convert the values to Rz and Lz internally.
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3.1.3 SOURCEMODELWAVEFORM OPTIONS

In most applications source models are used to represent a sinusoidal voltage behind
one of the impedance configurations described in the previous section. However, a
source model may produce voltage waveforms which are not purely sinusoidal. For
example, a signal may be selected with some specified harmonic components super-
imposed on the fundamental ac voltage. In other cases, a dc voltage may be applied
to some component or portion of a circuit.

Thewaveform typemay be selected in themain configurationmenu ( see Section 3.3
of this chapter ) of either the single or three phase sourcemodel, the type ofwaveform
may be specified. The choice is made by choosing from the drop down menu of the
Source Wave Type entry line. The following table summarizes the wave types
associated with the single and three phase models.

− +

− +

− +

Three Phase ac without harmonics

Three Phase ac with frequency and/or magnitude modulation

Three Phase dc

Three Phase Source Model Waveform Options

OR
Three Phase ac with harmonics (up to 4 harmonics)

Three Phase with controls input to define wave type

a b c

Internal
Modulation
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− +

Single Phase ac without harmonics

Single Phase ac with harmonics ( up to 4 harmonics )

Single Phase dc

Single Phase ac with frequency and/or magnitude modulation

Internal
Modulation

Single Phase with controls input to define wave type

OR

cc signal

Single Phase Source Model Waveform Options
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3.2 DYNAMIC CONTROL

A number of quantities associated with the RTDS source models can be modified
while the simulation is running. Generally RSCAD/RunTime slider components are
used to control such quantities.

Depending upon the type of source being represented ( ie: waveform type ) and on
the number of phases, the list of dynamically controllable quantities may include :

− three phase voltage magnitude
− single phase magnitude
− frequency
− relative phase angle

− source impedance

In addition, all source models allow the application of a sudden reduction in voltage
behind the specified impedance in order to represent a fault behind the source imped-
ance. The magnitude and duration of the reduction are specified when the circuit is
created in RSCAD/Draft. Application of the pre−defined internal fault can be re-
peated as many times as required using a RSCAD/RunTime push−button compo-
nent. The table below summarizes the control features for each available type of
source model.

Source Type 3 mag  mag phasefreq Int. Flt

1 ac

 dc

X

X

X

X

X X X

X

X

X

(w/o harm)
1 ac

(c/w mod)
1


(w/o harm)


(c/w harm)

 dc

(c/w harm)

X X

X X XX

X

X

X

X


(c/w mod) X XXX

X X

XX

Dyn. SRC Z

X*

* RPC/GPC/PB5 model only.

With the exception of the internal fault, all dynamically adjustable quantities are con-
trolled through the RunTime Operator’s Console using sliders. The internal fault is
controlled using a push−buttoncomponent. The three phasemodulated sourcemod-
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el and the dynamic source impedance can be controlled either internally via Runtime
sliders or externally via a CC signal.

3 Voltage Magnitude

The source 3 phase voltage magnitude can be changed dynamically by creating a
slider component in RSCAD/RunTime. Select −

Subsystem #N:Sources:Name:ABCmag

The slider requires line to line rms voltage as input. When created, the slider shows
a range of between 0 and two times the rated l−l, rms voltage as entered in RSCAD/
Draft. The initial value upon creation of the slider will correspond to the initial volt-
age specified inRSCAD/Draft.All adjustments are applied through the voltage input
time constant ( see Configuration Menu in section 3.3 ). If no slider is created, the
3 phase source voltage magnitude will remain fixed at the initial voltage value en-
tered in RSCAD/Draft.

1 Voltage Magnitude

For the single phase source model select the

Subsystem #N:Sources:Name:ABCmag

component to modify the source voltage magnitude. The input scale is in l−n, rms
for AC type source and an absolute magnitude for the DC type source.

Frequency

Source frequency may be dynamically modified for the source model. The slider
variable is −

Subsystem #N:Sources:Name:Freq

The slider will have the default value entered as the initial frequency in the RSCAD/
Draft component.

Phase Angle

Source phase angle may be dynamically modified for the source model. The slider
variable is −

Subsystem #N:Sources:Name:Phase



EQUIVALENT SOURCES

−3.10−

The slider will have the default value entered as the initial phase in theRSCAD/Draft
component. The phase angle slider requires input degrees and a change is applied
instantaneously.

Internal Fault Application

An instantaneous, timed reduction in source voltage ( ie: fault behind the source im-
pedance ) may be specified. A RSCAD/RunTime Button component −

Subsystem #N:Sources:Name:Ftrg

must be created to initiate the source fault.

Source Impedance

For the three phase source component, the source impedance valuesmay be dynami-
cally changed during RSCAD/Runtime if the parameter DymImp is set toDynamic.
When this option is enabled the source impedance data format is defaulted to RRL
values. Either CC signals or Draft/Runtime sliders can be used to control each value
indepedently. When the latter approach is used to control the source impedance the
following RSCAD/RunTime sliders will become available.

Subsystem:#N:Sources:Name:L0

Subsystem:#N:Sources:Name:R0

Subsystem:#N:Sources:Name:R1S

Subsystem:#N:Sources:Name:R1P

Subsystem:#N:Sources:Name:L1P

The sliders will have the default values entered in RSCAD/RunTime. All changes
to these RRLvalues are applied through a real−polefilter having a time constant spe-
cificied by the RSCAD/Draft parameter Tcc.

If the ratio of the positive sequence equivalent resistance and the negative sequence
equivalent resistance becomes too large then the the model will tend to become
unstable as a result of precision limitiations. This ratio is continually monitored by
the component and when the ratio exceeds 1e6, parameter adaptation is halted.



EQUIVALENT SOURCES

−3.11−

3.3 REQUIRED INPUT DATA

3.3.1 THREE PHASE SOURCEMODEL INPUT DATA

In this section, the RSCAD/Draft icons for both the single and three phase source
models are presented together with their respective input menus. Each menu is de-
scribed in detail in order to understand what data must be provided for the voltage
source model.

Depending on the options chosen in the CONFIGURATIONmenu, some menu tabs
may or may not be available.

CONFIGURATION MENU

Name−The source name can be any name beginningwith a letter. Following the first
letter, the name can contain up to nine more alpha−numeric characters. This name
is used in all cross-referencing between Draft and RunTime. If an appropriate name
is not assigned to the source in question, an error is issued in the Draft window.

Type −One of the positive sequence impedance options outlined in section 3.1 must
be selected by appropriately choosing the source type. Available configurations are
again, R, L, R//L and R−R//L.

Tc −The voltage input time constant must be defined for the source in question. The
source voltagemagnitude on start−upand any subsequent changes to itmade through
RunTime sliders, are always applied through a real pole function whose time con-
stant is Tc, entered in seconds. For instantaneous changes,Tc must be defined as 0.0.
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Note that RunTime adjustments to frequency, phase angle and internal ( or remote )
faults are not subject to this time constant. Only the single and three phase voltage
magnitudes are passed through the time constant.

ZSeq −As previously mentioned, a zero sequence impedance can be defined which
is separate from that defined for the positive sequence. Choosing Yes for ZSeq will
cause the ’Zero Sequence Options’ and ’Zero Sequence RL’ menu tabs to appear.
The former allows the user to select the configuration of the zero sequence imped-
ance; it may be either an R−L or R//L connection. The ’Zero Sequence RL’ tab is
where the R andL values are entered. IfNo is chosen for ZSeq then no zero sequence
information is entered.

Imp −The option is given of entering the positive ( and zero ) sequence impedances
for the source as either impedancemagnitude and angle or as resistance in Ohms and
inductance in H. Choosing the Impedance option indicates to Draft that information
is in the form of |Z| and  and that it must internally convert this to resistance and
inductance. Conversion for R//L and R−R//L is according to that outlined in section
3.1.1. Note that entering Impedance will cause the available menu tabs to change
from Positive Sequence RRL to Positive Sequence Impedance, and from Zero Se-
quence RL to Zero Sequence Impedance.

DynmImp −This option allows the user to specify whether or not the source imped-
ance can be modified dynamically during RSCAD/Runtime. Seletion of Static im-
plies that the source impedance should remain fixed for the duration of the simula-
tion; selection of Dynamic implies that it can be changed. When a Dynamic source
impedance is enabled the ’DYNAMIC IMPEDANCE’ tab will become visible.

WvTyp − This option selects the type of waveform to be generated by the source
model. For the three phase model, it is possible to toggle between AC, DC, Har ( ie
: acwith superimposed harmonics ),AC_Mod ( ie: acwithmodulated frequency and/
or magnitude ) or CC ( controls component input ). Note that if the Har option is not
chosen then the Number of Harmonics and Harmonics tabs will not appear. In addi-
tion, the text in the Source Initial Values tab will be modified to reflect the type of
source chosen.

Sctrl −This option allows the user to specify how the voltage magnitude, frequency
and phase of the source are controlled. If RunTime is chosen then three sliders will
automatically be available in RUNTIME to control these quantities after the case is
successfully compiled. IfCC is selected then the user can control the voltagemagni-
tude, frequency and phase using any desired control logic. The necessary inputs will
become visible on the icon.

PPVar −This option allows the source impedance to be modified from RunTime us-
ing a preprocessor slider. If Yes is chosen, the preprocessor variable name( s ) should
be entered in the POSITIVE SEQUENCE RRLmenu. A DRAFT preprocessor slider
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will need to be created to define the initial value of the source impedance. Preproces-
sor variables can only be used to define the source impedance if RRL data entry is
used. Formore information regarding preprocessor variables, please refer toChapter
19 of this manual.

NUMBER OF HARMONICS MENU

This menu will appear only if the Har type of source is chosen in the Configuration
Menu.

Nharm − In addition to the fundamental frequency component of source voltage the
user can define up to 4 harmonics for the source in question.

HARMONICS MENU

This menuwill exist only if theHar option is chosen in the Configuration menu. De-
pending on the value of Nharm entered in the Number Of Harmonics Menu, any-
where between 1 and 4 harmonics should be specified. The fundamental component
of frequency is taken as the initial frequency F0 described under the Harmonic
Source Initial Values menu. Harmonics are defined by their harmonic number ( inte-
ger ), harmonic magnitude, and harmonic phase angle.

Hn1−This is the harmonic number of interest, and can be any integer value. A value
of 3 for example,would request the third harmonic component based on fundamental
frequency ie: F0 = 60 Hz, harmonic = 3*60 = 180 Hz.
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Mag1 −The magnitude of the harmonic is entered as a per unit multiplier of the fun-
damental frequency component’s magnitude. Note that since a per unit multiplier is
used, a change in sourcemagnitude through aRunTime sliderwill result in an increa-
se/decrease of both the fundamental and harmonic components in a proportional
manner.

Ph1−This is the relative phase angle of the harmonicwith respect to the fundamental
upon which it is being superimposed.

For each harmonic being defined, the three quantities described above must be sup-
plied.

POSITIVE SEQUENCE RRLMENU

This menuwill appear if RRL Values is selected in the Configuration menu and if the
source impedance is ’Static’. Depending on the source type, the values of R’s and L’s
defining the source ( or equivalent system ) impedance must be specified. The most
complex case is the R−R//L type of source. The following values must be entered

R1s − The series resistance in Ohms.

R1p − The resistance of the parallel R//L branch in Ohms.

L1p − The inductance of the parallel R//L branch in H.

For other source impedance types, one or more of the above lines will be greyed out
and Draft will not allow values for the corresponding quantities to be entered.



EQUIVALENT SOURCES

−3.15−

POSITIVE SEQUENCE IMPEDANCEMENU

Thismenuwill replace the Positive Sequence RRLmenuwhen Impedance is chosen
as the Impedance Data Format and if the source impedance is ’Static’.

F−The systembase frequencymust be provided inHz. This quantity is used to inter-
nally compute the R,R,L component values if the impedance data is entered in terms
of magnitude and angle. Even if the source is a DC type, the frequency to be used
in the conversion equations outlined in section 3.1.1 of this chapter must be entered
for F. In the case of a DC source, the initial and operating frequency is automatically
made 0.0.

The following must be entered:

Z1 − The magnitude of the source impedance in Ohms.

Phi1 − The damping angle of the source impedance in electrical degrees.

RN − The harmonic number for which the impedance angle is also Phi1.

The F parameter is used to compute the R,R1 and L values corresponding to the Z1,
RN and Phi1 entered.

ZERO SEQUENCE OPTIONS MENU
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This menu will appear only if Yes is selected for ZSeq in the Configuration Menu.
The following must be entered;

ZType −The configuration of the zero sequence impedance can be selected as either
a parallel or series RL combination. (R//L or R−L).

ZERO SEQUENCE RL MENU

This menu will appear only if Yes is selected for ZSeq in the Configuration Menu,
the source impedance is ’Static’ and if RRL Values is chosen instead of Imp. The fol-
lowing must be entered;

R0p − The parallel resistance in Ohms.

L0p − The parallel inductance in H.

ZERO SEQUENCE IMPEDANCEMENU
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Thismenuwill appear only if Yes is selected for ZSeq in the Configuration menu, the
source impedance is ’Static’ and and if Impedance is chosen instead of RRL Values.
The following must be entered;

Z0 − The impedance magnitude in Ohms.

Phi0 − The impedance angle in electrical degrees.

SOURCE INITIAL VALUES MENU

Initial conditions are required to define the source. Depending on thewaveform type,
initial values for voltage magnitude, frequency and phase angle should be entered
using thismenu to define the initial settings for sliders created in theRunTimeOpera-
tor’s Console. It should be remembered that a simulation case always starts with
sources at their initial condition settings. If a RunTime slider is created andmodified
before the case is started, a start−up transient may occur as the operating point
changes from its initial condition to that defined bymodified slider settings. The fol-
lowing values should be entered;

Es − The three phase source magnitude on start−up. This magnitude is reached
through the user defined time constant once the simulation run is started.

F0 − The source frequency on start−up. The value can be anything greater than or
equal to 0.0 Hz. Note that for a dc source type F0 is assumed to always be 0.0 and
hence this information is not required.

Ph −The source initial phase angle. When more than one source is being simulated,
this feature allows relative phase angles of the sources to be specified in order to get
desired power flow conditions. Note that for a dc source type Ph has no real meaning
and hence this information is not required.
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REMOTE FAULTS MENU

This menu exists for all types of three phase source models, since this option exists
for all sources. An internal or remote fault can be initiated within the equivalent sys-
tembeing represented by the sourcemodel,while the simulation is in progress. Faults
are applied instantaneously and not through the voltage input time constant. Faults
are always on all three phases. Application of the fault condition can be repeated as
many times and as often as required by successive triggering through the Operator’s
Console. An internal timer prevents initiation of a second fault before removal of a
previously applied fault. The following values must be supplied;

Tf −The fault duration in sec. Each time the fault is initiated during the simulation
run the duration of the fault will be as defined through this parameter.

Rf −The level of voltage during the fault. For example, if the infinite source voltage
behind the impedance is to drop to 20% of it’s pre−fault value, Rf would be entered
as 0.20 pu.

DYNAMIC IMPEDANCEMENU

This menu will appear only if Dynamic is selected for DynmImp parameter in the
Configuration Menu. The following parameters can be specified;

R1s − Initial positive sequence series resistance.

R1p − Initial positive sequence parallel resistance.

L1p − Initial positive sequence parallel inductance.

R0p − Initial zero sequence resistance.

L0p − Initial zero sequence inductance.

ImpCtlSrc−Used to specifywhether reference values for the dynamic source imped-
ances originate from Runtime sliders or from CC signals.
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R2signalCC −CC signal name used to control positive sequence series resistance.

R1signalCC −CC signal name used to control positive sequence parallel resistance.

L1signalCC −CC signal name used to control positive sequence parallel inductance.

R0signalCC −CC signal name used to control zero sequence resistance.

L0signalCC −CC signal name used to control zero sequence inductance.

Tcc −Time constant of the real pole filters used to ensure smooth transition of source
impedance parameter values.

3.3.2 SINGLE PHASE SOURCEMODEL INPUT DATA

The menus associated with single sources are similar to that already explained with
respect to the three phase model. Important differences however, include :

−magnitudes are entered in line−to−ground, rms kV for ac and ac with harmonics,
and entered in dc kV for the case of a dc source.

− separate zero sequence network is not permitted.
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3.3.3 AC MODULATED SOURCE TYPE

A source model which permits modulation of both the source frequency and the
sourcemagnitude exists. The feature is enabled by setting the sourcewave type vari-
able to ‘AC_Mod’ in the RSCAD/Draft component. The modulation signal may be
derived from within the RTDS, or optionally from the RTDS Controls Compiler.
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INTERNALMODULATION SOURCE

Internal Modulation refers to the fact that the frequency modulation signal is gener-
ated internal to the RTDS. When internal modulation is selected, a modulation
source is automatically created. Themodulation source’s magnitude, frequency and
phasemay be changed dynamically by creatingRSCAD/RunTime sliders for the fol-
lowing variables −

Subsystem #N:Sources:Name:MOD_Mag
Subsystem #N:Sources:Name:MOD_Freq
Subsystem #N:Sources:Name:MOD_Phase

The signal produced by the modulation source is used to modulate the frequency of
the main source.

CONTROLS COMPILER MODULATION SOURCE

Controls compiler signals may optionally be created which will permit modulation
of both themain source’s frequency andmagnitude. See theRTDSControlsCompil-
er User’s Manual for further information.

3.4 MONITORING OUTPUT VARIABLES

The single phase source includes an option tomonitor the current flowing. The three
phase source includes more extensive monitoring including the ability to monitor
real and reactive power. If the 3 source’s impedance is Dynamic, then the source
resistances and inductances can also be monitored. Monitoring options are set in the
’MONITORING’ tab for both the 1 and 3 source models.
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The following values should be specified:

Pmon − ‘Yes’ if real power monitoring is required.

Qmon − ‘Yes’ if reactive power monitoring is required.

MLoc − The user can choose to monitor P and Q either at the source ( ie: between
the voltage source and the internal impedance ) or at the terminals of the model ( ie:
the nodes to which the model is connected ).

Tcp − Filtering time constant used to compute P and Q values

Pnam, Qnam − Signal names for the monitored real and reactive power.

IMPmon − ’Yes’ if monitoring of source impedance values is required.

R0nam, L0nam, R1Snam, R1Pnam, L1Pnam −Signal names for the monitored dy-
namic resistances and inductances.

Both of the monitored P and Q values represent three phase quantities and are com-
puted according to equations below.

P = Va*ia + Vb*ib + Vc*ic

Q = (1/3) * ( ia*(Vb−Vc) + ib*(Vc−Va) + ic*(Va−Vb))



Rev. August 2003

−4.1−

TRANSFORMERMODELS
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Different types of transformers for various applications can be represented on the
RTDS. The basic power or voltage transformer ( ie: step−up or step−down ) will be
discussed in this chapter.

Presently, transformer models can represent two or three winding configurations on
a single 2 limb core. Three phase transformersmodels have each winding connected
in either wye−grounded, wye−ungrounded or delta. The user is free to choose the
configuration through appropriate data entry during the DRAFT session. A single
phase two winding transformer and three phase two and three winding auto trans-
formers models are also available.

In general, transformermodels are stackable, meaning that two or more components
may be assigned to one Sharc processor. Computations of all stacked components
will be performedon a single Sharc processor. If stacking is not being used, the trans-
former models are allocated one Sharc processor per component.

On line tap changers are presently available for use with the three phase twowinding
transformer model.

Ideal transformers can be defined and simulated by choosing the Ideal option in the
transformer’s CONFIGURATIONmenu, in the typemenu item. An ideal transform-
er will have no magnetizing inductance and will therefore be represented by the spe-
cified leakage reactance only. Non−ideal transformers will involve a magnetizing
branch ( ie: reactance ) alongwith the specified leakage reactance value. If core satu-
ration effects are not modelled, the magnetizing reactance will be linear. If however
the user chooses to represent non−linear saturation effects, the magnetizing branch
representation changes from that of a simple inductance to amore complicated com-
bination of inductance in parallel with a non−linearcurrent source. Currently, hyster-
esis can only be modelled in the three phase two winding transformer model. Each
transformer modelling option is dealt with and explained in more detail in subse-
quent sections of this chapter.
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4.1 THEORY OF MUTUAL COUPLING

RTDS transformer modelling is based on the theory of mutual coupling. In order to
illustrate the concepts involved, the case of two coupledwindings can be considered.
The same theory can then be extended to cases of three or more windings.

Figure 4.1 represents twomutually coupledwindings. The first winding is connected
between nodes 1 and 2 and has its self inductance designated as L11. The second
winding is connected between nodes 3 and 4 with a self inductance L22. The mutual
inductance between windings is designated as M12.

||
. .. .

. .

1 3

2 4

E1 E2
I1 I2

M12L11 L22

Figure 4.1 Two Mutually Coupled Windings

If the voltage across the first winding is E1 and the voltage across the secondwinding
is E2 then the equation describing the electrical relationship of the circuit can bewrit-
ten in matrix form as :

[ ]E1E2 [= L11
M12

M12
L22] d

dt [ ]i1i2 Eq. 4.1

In order to solve for winding current, the inductance matrix must be inverted :

[ ]E1E2[=
L22
−M12

−M12]d
dt [ ]i1i2 1

∆ L11
Eq. 4.2

where :
D = L11 L22 −M12

= L11 L22 ( 1−K12
2 )

K12 = M12 / √ (L11 L22) ( coupling coefficient )
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For the case of ideally coupled windings, the coupling coefficient K would be one.
Generally however, K is less than one hence resulting in a finite inverse inductance
matrix ( Equation 4.2 ).

For closely coupled coils wound on the same core, the turns ratio is defined as :

E1 / E2 = a = √ (L11 / L22)

Making use of the turns ratio ‘a’, Equation 4.1 can be re−written as :

[ ]E1aE2 [= L11
aM12

aM12
a2L22] d

dt [ ]i1
i2 /a Eq. 4.3

An equivalent circuit, based on Equation 4.3 can then be drawn as shown in Figure
4.2. It should be noted that winding resistances have been ignored in all equations
and equivalent circuits since the RTDS transformer models assume these to be zero.

L1 L2

aM12

I1

Ratio
Changer

I2 /a

E1

+

E2

+

Figure 4.2 Equivalent Circuit for Two Mutually Coupled Windings

In Figure 4.2 the following definitions apply :

L1 = L11 − aM12
= L11 − √ (L11 / L22) K12 √ (L11*L22)
= L11 (1 −K12)

L2 = a2 L22 − a M12
= (L11 / L22) L22 − √ (L11 / L22) K12 √ (L11 L22)
= L11 (1 −K12)

aM12 = / (L11 / L22) K12 / (L11 L22)
= K12 L11
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The parameters of the inductance matrix in Equation 4.1 can be determined from
standard transformer tests assuming sinusoidal currents. The self inductance of any
winding x is determined by applying rated rms voltage VX to that winding and mea-
suring the rms current IX flowing in thewinding with all otherwindings open circuit.
This is the open circuit test and the current IX is the magnetizing current. The self
inductance LXX is given as:

LXX = VX / ( IX) Eq. 4.4

where :  is the rated radian frequency at which the test was performed.

Similarly, the mutual inductance between any two coils x and y can be determined
by shorting coil y and applying an rms voltage Vx to the coil such that rated rms cur-
rent Ix flows in coil x. Then with reference to Figure 4.2, with x = 1 and y = 2:

V1 / I1 =  ( L1 + L2 )
= 2 L11 (1 −K12)
= XL12

for aM12 >> L2

hence

K12 = 1.0 −XL12 / 2L11

or in general

KXY = 1.0 −XLXY / 2LXX Eq. 4.5

with winding y short circuited, and

MXY = KXY / (LXX LYY) Eq. 4.6

Providing the self inductances LXX and LYY are known, the mutual inductanceMXY
between any two windings can be found using Equation 4.6.

4.2 TRANSFORMERWINDING CONFIGURATIONS

As previously mentioned, transformer windings can be connected either between
node and ground ( as would be the case for a WYE−GROUNDEDwinding ) or be-
tween two nodes ( as would be the case for WYE−UNGROUNDED or DELTA
windings ). The desiredwinding configurations is specified bymaking the appropri-
ate choices in the transformer’s CONFIGURATIONmenu of DRAFT. In order to il-
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lustrate the effects of different winding configurations, a 2−winding transformer is
considered in the following discussions. All discussions could however be extended
to the case of 3−winding units.

When both sides of the transformer areWYE connected, the line to neutral voltages
on the secondary will be in phase with the corresponding line to neutral voltages on
the primary. Branch currents and current injection history terms of corresponding
primary and secondary windings will then also be in phase.

If however, one side of the transformer is WYE connected while the other side is
DELTA connected, a 30o phase shift and a SQRT(3) change in magnitude are
introduced between corresponding line to neutral quantities on the primary and sec-
ondary sides. For example, the line to ground voltage on the DELTA side will be 30o

out of phase and will have a magnitude which is SQRT(3) times less than that on the
WYE side ( assuming a 1:1 turns ratio ). The 30o phase shift can be either lagging
or leading, dependingon how thewindings are connected. TheDELTAwindingmust
be specified in DRAFT to lead or lag the WYE winding.

A lagging DELTA phase shift can be explainedwith reference to the vector diagrams
and equations shown in Figure 4.3 ( note here a one−toSQRT(3) turns ratio has been
assumed therefore resulting in line to ground voltages of equal magnitude on both
sides ).

Va

Vb

Vc

Vab

Vbc Vca

Vb = 1.0 / −120o
Va = 1.0 / 0.0o

Vc = 1.0 / +120o

1 : 3

Ia = 1.0 / −90o

Ib = 1.0 / −210o

Ic = 1.0 / +30o

Vbc =

Vab =

Vca =

Iab =

Ibc =

Ica=

3.0

3.0

3.0

3.0

3.0

3.0

/ 0.0o

/ −120o

/ +120o

/ −90o

/ +30o
/ −210o

Figure 4.3 Vectors Representation For Lagging Delta Connection

1

2

3

45

6
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If a leading DELTA is requested then the total current injections into nodes 4, 5 and
6 would require angles of / −60o , / −180o and / +60o respectively.

The RTDS code together with DRAFT ensure that the appropriate coupling between
windings, appropriate node numbering and appropriate injection summations are
performed for the user defined winding configurations.

4.3 TRANSFORMER EQUIVALENT CIRCUIT OPTIONS

Transformers can be modelled in one of three ways :

i) ideal transformer
ii) linear transformer
iii) saturating transformer

Depending on the study application and upon operating conditions, any of the above
modelling options may be chosen.

The ideal transformer option results in the simplified representation depicted in Fig-
ure 4.4.( one phase shown ).Here the transformer is modelled as a simple series reac-
tance ( based on the user specified leakage reactance ) together with a ratio changer.
No magnetizing path is provided.

L
Ratio

ChangerE1

+

E2

+

Figure 4.4 Ideal Transformer Representation

The linear transformer option results in the equivalent representation of Figure 4.5.
In this case the magnetizing branch is included in the model as an inductive branch.

Figure 4.5 Linear Transformer Representation

L1 L2

LMAG
Ratio

ChangerE1

+

E2

+

Themagnetizing branch inductance, LMAG, is automatically computed by the RTDS
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compiler based on information supplied by the user during the DRAFT session. The
desired level ofmagnetizing current at1p.u. voltage alongwith theMVAandvoltage
ratings of the transformer must be specified. Based on this information, the RTDS
compiler determines and inserts the corresponding magnetizing branch inductance.
Since the value of LMAG is fixed, the magnetizing current increases linearly with in-
crease in applied voltage. The effects of core saturation are therefore not represented
when this version of transformer model is chosen.

The linear transformer model provides a more realistic representation than does the
ideal transformer and can in fact be considered sufficiently accurate when winding
voltages are maintained below saturating levels. For a better understanding, the lin-
ear transformer model may be verified by applying the standard open circuit test.
With the secondary windings open circuited, 1 p.u. voltage can be applied to the pri-
marywinding.Measurement of the line current entering the transformer from the pri-
mary side should yield the specified ’magnetizing current at 1 p.u.’ level. In addition,
the applied voltage may now be increased and the increase in current monitored. It
should become clear that the non−linear increase in magnetizing current which re-
sults when winding voltages in a physical transformer unit approach and exceed the
saturation knee point will not be reproduced in this model. Instead, the current will
increase in a linear manner when the applied winding voltage is increased.

Non−linearmagnetizing effects can normally bemodelled in one of twoways, name-
ly bymodifying the conductance ( ie: LMAG ) valuewhich represents the transformer
magnetizing branch, or by introducing an additional, changeable current source in
parallel with a fixed conductance. For application on the RTDS the latter approach
is preferable since it does not require change to, or re−inversion of the sub−system
conductance matrix.

The equivalent representation of the saturating transformermodel is shown in Figure
4.6. An important differencebetween thismodel and the non−saturatinglinearmodel
is the placement of the magnetizing branch. In the linear model the magnetizing in-
ductance can be placed between inductance L1 and L2, where the sum of L1 and L2
represent the leakage reactance. The relative magnitudes of L1 and L2 are user speci-
fied. From Figure 4.6 it can be seen that the magnetizing branch of the saturating
transformer is placed at one end of the leakage reactance. This is an approximation
which must be made in order to facilitate implementation of core saturation.

Figure 4.6 Saturating Transformer Representation

L

LMAG
Ratio

ChangerE1

+

E2

+

IHS
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Remembering that the Dommel solution technique involves replacement of all in-
ductances within a circuit by equivalent resistances and parallel current sources, the
inductance LMAG in Figure 4.6 can be converted to a resistance RL in parallel with
a current source IH. Themagnetizing branch can then be represented as shown in Fig-
ure 4.7.

Figure 4.7 Magnetizing Branch Representation

RMAGIHS IH RMAG IS

In order to simplify implementation, the two current source components shown in
Figure 4.7 have been combined to form a single current injection. The resultant cur-
rent source ( or current injection ) represents both the effects of core saturation and
the effects of core loss.

4.4 SATURATION AND HYSTERESIS MODEL

The algorithm developed for modelling of saturation and core loss is loosely based
on amethod described in the IEEEpaper [REF1] ‘‘HysteresisModel for SystemStu-
dies ”. With this model it is possible to represent minor loop travel within the flux−
current ( ie: ⇒ vs I ) plane, sustained and initial flux remenance and realistic inrush
phenomena.

The model utilizes a look−upand interpolation method. A set of curves representing
the major ( or parent ) loop of the ⇒ vs I characteristic are generated off line and
stored in the DSP’s internal RAM by the RTDS compiler. These curves along with
a second set of curves representing flux differences between the two paths of the par-
ent loop are then used to determine the current to be injected for any given value of
flux.

The the major loop of the ⇒ vs I characteristic is generated by first solving Equation
4.7 for a single valued saturation curve and then shifting it in the horizontal plane to
form the loop.

Equation 4.7 represents a curve which is asymptotic to the specified air core reac-
tance line and to the vertical axis, passing through a point defined by the 1 pu.magne-
tizing current and flux. Figure 4.8 illustrates the curve defined by Eq. 4.7.
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Is =
( S − K) 2 + 4DLA + (S − K) − D

2LA K

where : D = −B − B2 − 4AC

2A

A = LA
K2

Eq. 4.7

B = LA IM − M
K

C = IM ( IMLA − M + K)

2  F
K = K*M

and : S is the winding flux obtained from integration of winding
voltage, LA is the air core reactance, IM is the magnetizing
current @ 1 pu. voltage, K is the pu. knee point value

 = VM

LA

LS
M

IM

S

IS

K

Figure 4.8 Single Valued Characteristic

This equation is solved as part of the off−line preprocessing. It is evaluated for flux
values between plus andminus the specified knee point limits ( ie : between+ /−K ).
This single valued  vs I characteristic is then shifted in the positive current direction
( ie : horizontally ) by an amount consistent with the user defined hysteresis loop
width. The other side of the major loop is then generated as the negative of the nega-
tive function described by the positively offset curve, ie :
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if I1 = F (⇒) then I2 = −F (−⇒)

In this way the two extreme paths of the ⇒ − I characteristic are defined.

Figure 4.9 illustrates a typical ⇒ vs I characteristic with the parent or major loop
shown.

⇒

IM

Figure 4.9 Typical ⇒ − I Parent Loop

UPPER

DOWNER

During saturated operation of the transformer, the normal path of travel in the flux−
current plane would be along the positively offset portion of the curve for increasing
flux ( call this theUPPER curve ) and along the negatively offset portion of the curve
for decreasing flux ( call this the DOWNER curve ).

The points of confluence for the two curves making up the major loop are at the de-
fined saturation knee point values ( ie : + / −⇒sat = + / −⇒K ). Both curves are forced
to have the same value at these points. Beyond the points of confluence the character-
istic is assumed to be single valued. The slope of the single valued curve extensions
is equal to that of the last stored interval of the parent curvewhichmatches the correct
direction of travel towards the confluence point in question.

If a flux turn around point ( ie : voltage zero crossing ) occurs at any point in the non−
saturated region, the path of travel must change along a trajectory which tends to-
wards the confluence point associated with travel along the opposite parent curve.
If a flux turn aroundpoint occurs in the saturated region ( ie : outside the stored loop ),
then no action need be taken since only one path ( ie : a straight line ) exists there.
Upon re−entry to the stored curve, the correct path is automatically chosen based on
whether the flux is increasing or decreasing.
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At a turn around point the trajectory leading from any present point on or within the
stored loop toward the correct new point is defined by two quantities, namely ;

i) The difference in flux between the present point and the point directly abo-
ve/below on the parent curve toward which wemust travel ( call this the turn
around factor TAF ).

ii) The point of confluence toward which we must move.

The quantity TAF is calculated only in the time steps where flux turn around points
are detected and is then used in every sequent time step until a new turn around point
occurs. TAF is multiplied by a function which reduces from 1.0 ( for the time step
in which the turn around point occurs ) to 0.0 ( for the time step in which the point
of confluence is reached ). This is the so called reduction function.

By applying the reduction function to the TAF, a trajectory is formedwhich takes the
operating point from that at the turn around point toward the portion of the parent
loop which represents the new direction of travel. If no new flux turn around point
occurs before the reduction function becomes0.0, the trajectory should take the oper-
ating point through the point of confluence and on to the single valued curve exten-
sions.

This model may be used in conjunction with components that include transformers,
but do not include saturation, such as the HVDC valve group transformers, and the
synchronous machine.

4.5 TRANSFORMERMODEL INPUT DATA

Data for the transformer models is entered through the RSCAD based DRAFT pro-
gram. Required parameters are entered in the usual manner through various menus.

Many of theDRAFT parameters are common throughout all of the transformermod-
els. All of the transformer parameters of the three phase two winding transformer
will be discussed below. The three phase two winding transformer model may be
used to represent an ideal, linear or saturation type transformer model. Hysteresis
can bemodelled and a dynamic tap changer are also available for use with this trans-
former model.

The threewinding transformermodel can be used to represent only ideal and satura-
tion type transformers. A dynamic tap changer and hysteresis currently cannot be
used with this model.

Two and three winding auto transformer models are also available. The data input
is the same as the power transformer models, but the compiler computes the data as
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an auto transformer model. The two winding auto transformermodel may represent
a linear, ideal and saturation type transformer model. Currently hysteresis and a tap
changer are not available. The three winding auto transformer model can be mod-
elled as an ideal or saturation type transformer model. Saturation and hysteresis is
placed across the entire high voltage winding.

The CONFIGURATION menu appears when the EDIT option on the transformer
model is chosen. Note that the SATURATION menu tab appears only if the effects
of core saturation and hysteresis are to bemodeled, in which case the typemenu item
should be set to Saturation. If the desired transformer model is of type Saturation,
another menu tab will appear labelled FLUX&MAGCURRENTMONITORING, as
can be seen above.

Each of themenus is described in detail in the paragraphswhich follow. The descrip-
tions identify and explain the individual parameters which must be entered.

CONFIGURATION Menu:

−Name−The transformernamemust beginwith a letter.DRAFTwill
limit the number of characters to 10. The specified name is then used
in all cross−referencing between DRAFT and the RunTime Opera-
tor’s Console.

−YD1, YD2,YD3−Winding configurations for the respectivewind-
ings are defined using these parameters. YD3 is present only in the
case of a 3−winding transformer.

− Lead − As previously explained in section 4.2 of this chapter, the
30 degree phase shift between the corresponding line quantities on
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the WYE and DELTA sides of a transformer can be either lagging or
leading.

− type −The transformer model type must be selected. Three trans-
former types available are, linear, ideal and saturation. Upon selec-
tion of the transformer type, the graphical representation of the trans-
former icon inDraft will change. If the Linear typemodel is selected,
a letter ’L’ will appear in the transformer icon. Similarly, if an Ideal
type model is chosen, a letter ’I’ will appear in the transformer icon.
If Saturation is selected, the winding that the saturation has been
placed uponwill appear drawnwith a bold black line. Upon selection
of the Saturation type transformer model, two additional menu tabs
will appear: SATURATION and FLUX & MAGN CURRENT
MONITORING.

− tapCh −A dynamic tap changer is available. The tap changer may
only be used for transformer models of type “Ideal” or “Saturation”.
If a tap changer is enabledwith the “Linear” type transformermodel,
an error message will be issued. The recommended tap range is 0.7
to 1.3 p.u. If the tap position is too extreme, it may cause numeric in-
stabilities.

If a tap changer is not required, the tapCh toggle box should be set to
“No”. Two selections are available for setting the tap positions. A
position table “POSTable” or a step table “Step/Limit”. The position
table requires all tap positions to be entered whereas the Step/Limit
table requires an initial position, an increment and an upper limit. Se-
lecting “POSTable” creates twonewmenu tabs, and the graphical ap-
pearance of the transformer model is modified.

2 Winding
Transformer Model
With Tap Changer

− edge − If Falling Edge is selected, the tap position increases or de-
creases by one when the tap position changes from 1 to 0. If Rising
Edge is selected, the tap position increases or decreases by one when
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the tap position changes from 0 to 1.

inps −Tap changer inputs may originate from the controls compiler.
If the tap changer is enabled, and the CC ( controls compiler ) option
is selected to define the tap changer inputs, the transformer icon will
change appearance as shown above. There are three inputs/output
that need to be specified in Draft. These are down, up and position
as shown on the tap changer of the transformer icon. The position
wire is used formonitoring the current position of the tap inRunTime.
The down and up inputs require an integer values such as a controls
library pushbutton.

If the controls compiler is not selected to define tap inputs, the Run-
Time option should be chosen. Thiswill prompt the compiler to auto-
matically includeUP/DOWNpush buttons in the RunTimeCREATE
list. A POS signal is also created which can be selected in RunTime
to monitor the current position of the tap.

−Tmva −The 3−phaseMVA rating of the transformer ( in MVA ) is
used to convert pu quantities to kV, kA and Ω where required.

− f − The base frequency of the system is entered in Hz.

− Xl − The transformer positive sequence leakage reactance is re-
quired in pu.

−NLL −The no−load loss of the transformer is entered in pu. Since
winding resistance is not included as part of the transformer model,
provision has been made to specify and enter transformer no−load
loss. This loss is realized by introducing resistances between the
nodes to which the windings are connected and local ground. The
presence of these resistance also helps eliminate numerical problems
which may exist due to formation of inductive nodes when DELTA
connected windings are involved.
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TAP CHANGER A MENU:

−NoTaps − The total number of tap positions is required. The
maximum number of positions that can be used is 50.

−TR1 −The initial tap position is also required. When the simu-
lation is started in RunTime, the transformer tap position will be
set to the starting position entered.

TAP SETTINGS MENU:

− P* − The number of tap setting parameters required is dependent
upon the number of tap positions specified in the TAPCHANGERA
menu. The tap positions are required as a per unit value. A tap posi-
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tion of 1.1 p.u. means that the rated voltage of the secondary winding
is 1.1 times the value entered in Draft for the secondary base voltage.

If ’Step/Limit’ option is selected for defining the tap changer posi-
tions in the CONFIGURATION menu, a new menu tab TAP-
CHANGERBwill appear. The tap positions are defined using a step
size and an upper and lower limit. This menu is shown below.

− step − The Step size is required as a per unit value. The step
size is the difference between two adjacent tap positions.

−TR2 −A starting tap position is required. When the simulation
is started in RunTime, the transformer tap position will be set to
the starting tap position specified.

− limH−Anupper tap position limit is required. The tap position
cannot exceed the upper limit.

− limL −A lower tap position limit is required. The tap position
cannot be less than the lower limit value.

WINDINGMENUS

Winding menus are identical for all windings. For the case of a
2−windingtransformer twomenuswill exist, while for the 3−winding
transformer three menus will exist.

− V1, V2 or V3 − Line to line rms voltage rating is entered for the
winding in question. Voltage is defined in kV. The voltage entered
here is not the winding voltage, but the line to line rms voltage on the
appropriate side of the transformer.
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−Im1, Im2 or Im3−These entries define the level ofmagnetizing cur-
rent which should flow in a particular winding, under 1 pu voltage
conditions, if all other windings are open circuit. The 1 pu voltage
referred to here is the winding voltage. From the leakage reactance,
unit ratings and this magnetizing current level, the magnetizing
branch inductance LMAG is computed. In the case of the linear trans-
former model, the proportion of magnetizing current levels defines
the proportion of the leakage reactance placed on each side of the
magnetizing branch. For example, entering 1.0 % for Im1 and Im2 in
a 2−winding transformer causes magnetizing branch placement in
such that 50 % of the specified leakage reactance exists on each side
of the magnetizing branch. In the case of the saturating transformer,
the magnetizing branch is always placed at one end of the leakage
reactance. Here the magnetizing current from the side of the trans-
former on which saturation is placed is used to determine the magni-
tude of LMAG, and in addition, to define a point in the ⇒ vs I plane
through which the magnetizing characteristic must pass ( see Eq.
4.7 ). In the case of the ideal transformer this parameter is ignored
since no magnetizing branch if included ( see Figure 4.4 ).

SATURATION MENU

The saturation menu can only be accessed if the type of transformer selected was a
Saturation type.

− Sat −This parameter defines the placement of saturation. With re-
spect to Figure 4.7 it was previously explained that the non−linear
current source associated with the saturation algorithm and the con-
ductance representing LMAG are placed at one end of the leakage
reactance. The parameter Sat is used to define at which winding ( ie
which side of the leakage reactance ) these should be placed.Normal-
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ly saturationwould be placedon the lowest voltagewinding since this
winding is usuallywound closest to the core. The user is however free
to place saturation on any winding.

−Xair −The air core reactance is entered in pu. This quantity is used
in Eq. 4.7 where the single valued flux − current characteristic is for-
mulated. The characteristic is such that it becomes asymptotic to the
air core reactance line in the saturated region. If the parameter is not
readily available, an acceptable rule of thumb is to make Xair two
times the leakage reactance value.

−Tdc−This is the so−calledinrushdecay time constant. This quantity
is used in a feedback loop associated with flux calculation ( ie: volt-
age integration ). It’s primary purpose is to remove numerical errors
in the integration results which may be introduced when generated
sine waves are not exactly symmetrical. The value should normally
be chosen large ( typically 50 to 100 sec. ) so as to provide long term
drift elimination but at the same time not cause unwanted removal or
accelerated decay of sustained remnant flux phenomena. The param-
eters or properties of the connected power system, as well we the
point on wave of initiation of the disturbance, will normally dictate
the rate of decay of transformer inrush current. If the user wishes to
accelerate the decay of inrush, this time constant could bemade small
to accomplish this.

−Xknee −The knee point voltage is entered in pu.. Xknee represents
the level of applied voltage required to reach the knee point on the ⇒
vs I characteristic. The saturation knee point is a commonly available
parameter, and for voltage or power transformer is normally in the
range of 1.2 to 1.5 pu..

− Lw − The loop width ( Lw ) parameter is used to represent trans-
former core loss. The core loss consists of both hysteresis and eddy
current components. Normally the parameters associated with hys-
teresis and eddy current loss are not so readily available. Therefore,
the total loss can be approximated by defining a loop as a percentage
of the known 1.pu magnetizing current. If the loss is to be ignored, a
loop width of 0.0 can be entered, in which case the parent loop be-
comes a single valued function ( exactly that defined by Eq.4.7 ). It
should however be noted that a loop width of 0.0 will take the ⇒ vs
I operating point through the origin. A path which passes through the
origin implies that no sustained remnant flux will ever result.
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4.6 TRANSFORMER MONITORING OPTIONS

Anumber of quantities associated with the transformer are available for monitoring.
All winding currents, magnetizing current and flux computed during the simulation
can be monitored on the RunTime Operator’s Console. The quantities to be moni-
tored can be chosen from the LINE CURRENTMONITORING and the FLUX and
MAGN CURRENT MONITORING menus provided. Selecting YES to monitor
any of the signals available will cause new menu tabs to appear which require the
variable name of the signal to be entered.

Currently themonitored signals are not available for monitoring at the analogue out-
put channels of the 3PC card. If it is required that a transformer signal be monitored
at the D/A output channel, an analog output meter or an over sampling component
could be used. Utilizing the above mentioned components will cause the signal in
question to appear at the D/A output channel on the front of the 3PC card. Alterna-
tively, using the over sampling component, signals could also be sent to an optional
16 bitD/Aconverter. TheMAPfile lists the 3PCcard and channel towhich the signal
has been assigned for monitoring.

4.7 TRANSFORMER MODELS WITH INTERNAL FAULTS

The transformer models described in this section have been developed for testing
transformer protection. Currently only single phase models are available. However,
single phase models can be inter−connected to form three phase transformers.
Processing of three single phase models can be done on a single DSP using the
stacking component (rtds_sharc_MPROC).

Each transformer model discussed below has a parameter menu named Internal Plot
Selections. Monitoring of winding currents can be enabled using this menu.

4.7.1 TWO WINDING SINGLE PHASE TRANSFORMER MODEL WITH FAULT
component name: ( rtds_sharc_TRF1Pflt )

A single phase 2 winding transformer with internal fault can be simulated with a
single phase 3 winding transformer model. The component icon is shown below.

N11

N12

N21

N23

N22
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Winding #1 is the primary winding. Winding #2 is the secondary winding. The fault
winding (FW) is part of the secondary winding. If the fault winding (FW) is open
circuited, the transformer will behave exactly the same as a twowinding transformer
model.

Since the model is based on a three winding transformer, three leakage parameters
are needed to specify the transformer: x1, x2 and x3 (or x12, x13 and x23). For a
normal transformer, however, only one leakage value (x12) is given. In order to com-
pute x1, x2 and x3 from x12, two extra parameters are needed. These parameters are
named alpha and beta and are specified in the component CONFIGURATION
menu.

Configuration Menu

The first parameter alpha is the rated voltage of the fault winding (FW) and is entered
as a percentage of the secondary winding rated voltage (V2). The second parameter
beta is the percentage of the leakage x12 assigned to the secondary winding.

Node N23 can be connected to either N21 or N22 to simulate a fault on winding #2.

A three phase transformer model with internal faults can be built with three of the
above single phase models.

4.7.2 THREE WINDING SINGLE PHASE TRANSFORMER MODEL WITH FAULT

component name: (rtds_sharcu_TRF1P3Wflt)

The three winding single phase transformer model with an internal fault winding is
based on a single phase 4winding transformer. The component icon is shown below.
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N11

N12

N21

N22

N31

N33

N32

Winding #1 is the primary winding. Winding #2 is the secondary winding. The fault
winding (FW) is part of the tertiary winding. If the fault winding (FW) is open cir-
cuited, the transformer would behave exactly the same as a three winding transform-
er.

Since the model is based on a four winding transformer, four leakage parameters
are needed to specify the transformer: x1, x2, x3 and x4. For a regular three winding
transformer, however, only three leakage values (x12, x13 and x23) are given. In
order to compute x1, x2, x3 and x4 from those parameters, an extra parameter named
alpha is required. The parameter alpha is the rated voltage of the fault winding (FW)
as is entered as percentage of the tertiary winding rated voltage (V3). This parameter
can be entered in the winding voltages menu.

Winding Voltages Menu

Node N33 can be connected to either N31 or N32 to simulate a fault on winding #3.

A three phase transformer model with internal faults can be built with three of the
above single phase models.

4.7.3 TWO WINDING SINGLE PHASE MODEL WITH TWO FAULT WINDINGS

component name: (rtds_sharcu_TRF1P2Wflt2)
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A single phase two winding transformer model with two fault windings on winding
#2 is shown below. This model is based on a single phase 4 winding transformer
model.

N11

N12

N21

N22

N23

N24

Winding #1 is the primary winding and winding #2 is the secondary winding. There
are two fault terminals (N22 and N23) on the secondary winding. If both of the fault
terminals are open circuited the transformer will behave as a twowinding transform-
er model.

Since themodel is based on a single phase 4winding transformermodel, four leakage
parameters must be computed. The parameter beta, entered in the CONFIGU-
RATIONmenu is used to compute the equivalent leakage of the single phase 4wind-
ing transformer.

The parameter beta is entered as the percentage of the total leakage to be placed on
the secondary side. beta is specified in the Configuration menu.

Configuration Menu
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Winding Voltages Menu

The parameter V2W is the voltage between node N21 and N24, VF1 is the voltage
between node N23 and N24, and VF2 is the voltage between node N22 and N23.

4.7.4 THREE WINDING SINGLE PHASE MODEL WITH TWO FAULT WINDINGS

component name: (rtds_sharcu_TRF1P3Wflt2)

A single phase three winding transformer model with two fault windings onwinding
#3 is shown below.

N11

N12

N21

N22

N33

N34

N31

N32

Winding #1 is the primary winding. Winding #2 is the secondary winding. Winding
#3 is the tertiarywinding. There are two fault terminals (N32 andN33) on the tertiary
winding. If both of the fault terminals are open circuited, the transformer would
behave as a three winding transformer model.
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Winding Voltages Menu

Please note that V3W is the voltage between node N31 and N34, VF1 is the voltage
between node N33 and N34, VF2 is the voltage between node N32 and N33. Both
VF1 and VF2 are a percentage of V3W.

4.7.5 THREE WINDING SINGLE PHASE AUTO TRANSFORMER WITH FAULT
WINDING

component name: (rtds_sharcu_TRF1P3WAflt)

A single phase three winding auto transformer model with a fault winding on wind-
ing #2 is shown below.

N11

N13

N14

N31

N32

N12

Winding #1 is the primary winding. Winding #2 is the secondary winding. Winding
#3 is the tertiary winding. There is a fault terminal (N13) on the secondary winding.
If the fault terminal is open circuited, the transformer would behave as a three wind-
ing auto transformer model.
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Winding Voltages Menu

Please note that VW1 is the voltage between nodeN11 andN14,VW2 is the voltage
between node N12 and N14, VW3 is the voltage between node N31 and N32, VF1
is the voltage between nodeN13 andN14 and entered as a percentage of VW2. Since
the model is an auto transformer, VW2 must not exceed VW1.
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4.8 UMEC TRANSFORMERMODEL

component name: (lf_rtds_udc_sld_UMEC)

(rtds_UMEC_Windings)

The UMEC (Unified Magnetic Equivalent Circuit) transformer model is based
primarily on core geometry. Unlike the classical transformer model, magnetic
coupling between windings of different phases, and coupling between windings of
the same phase are taken into account.

There are two UMEC transformer models available for use on an RPC or GPC
processor. The transformer model named ’rtds_udc_UMEC’ has the Y and delta
winding connections embedded in the model. The transformer model named
’rtds_UMEC_Windings’, on the other hand, provides an interface that allows access
to the windings of the transformer directly. The algorithm used in both models is
exactly the same. The two UMEC models are shown below;

lf_rtds_udc_sld_UMEC rtds_UMEC_Windings

The UMEC transformer model is based on the solution of magnetic circuits and re-
quires a six by sixmatrix inversion every time step. As such, themodel is quite heavy
in computation.Althoughvery carefulworkhas beendone to reduce the computation
load, themodel canonly run onanRPCorGPCprocessor and requires 3units of load,
which is 30% of the total load for a RISC processor.



TRANSFORMERS

−4.28−

Configuration Menu

−Name−The transformer namemust beginwith a letter. DRAFTwill limit the num-
ber of characters to 10. The specified name is then used in all cross−referencing be-
tween DRAFT and the RunTime Operator’s Console.

−Core −A 3−Limb or 5−Limb core configuration can be selected.

−Tmva −The 3−phaseMVA rating of the transformer ( in MVA ) is used to convert
pu quantities to kV, kA and Ω where required.

−V1,V2−Line to line rms voltage rating is entered for thewinding in question. Volt-
age is defined in kV. The voltage entered here is not the winding voltage, but the line
to line rms voltage on the appropriate side of the transformer.

−YD1,YD2 −Winding configurations for the respective windings are defined using
these parameters.

−Lead −The 30 degree phase shift between the corresponding line quantities on the
WYE and DELTA sides of a transformer can be either lagging or leading.

− f − The base frequency of the system is entered in Hz.

−Xl − The transformer positive sequence leakage reactance is required in pu.

−NLL −The no−load loss of the transformer is entered in pu. Since winding resis-
tance is not included as part of the transformer model, provision has been made to
specify and enter transformer no−loadloss. This loss is realized by introducing resis-
tances between the nodes towhich thewindings are connected and local ground. The
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presence of these resistance also helps eliminate numerical problems whichmay ex-
ist due to formation of inductive nodes when DELTA connected windings are in-
volved.

− Sat − This parameter enables/disables saturation.

− Entap −A tap changer may be included in the model by setting this parameter to
’Yes’.

Core Aspect Ratios

The UMEC transformer model is based on the magnetic circuits, so it needs the
physical core structure parameters in the computation process. Normalized core pa-
rameters are used in the model so that requirements of physical data are minimized.
Only 4 core aspect ratios are needed. If a three limb core is selected in theCONFIGU-
RATION menu, two ratios are needed, the ratio of core yoke length (Ly) to the core
winding−limb length (Lw), and the ratio of core yoke area (Ay) to the core winding−
limb area (Aw). If the 5 limb core is selected, two additional parameters are required,
the ratio of core yoke length (Ly) to the core outer −limb length (Lo) and the ratio of
core yoke area (Ay) to the core outer−limb area (Ao). The core structures of 3 and
5 limb transformer as shown in the following figures.
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rlyw = Ly/Lw rlyo = Ly/Lo

Three Limb Transformer

Ay
Aw

Ly

Lw

Five Limb Transformer

Ay

Aw Ao

Ly

Lw

rlyw = Ly/Lw
rlyo = Ly/Lo

rayw = Ay/Aw
rayo = Ay/Ao

Lo
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Saturation Curve

If saturation is enabled in the CONFIGURATONmenu, the user can model the core
saturation characteristic as a V−I curve. If desired however, the magnetizing branch
can be eliminated altogether, by leaving the transformer in ’ideal’ mode. In ideal
mode, all that remains is a series leakage reactance.

The SATURATIONCURVEmenu allows users to input the magnetic parameters of
the core. The first entry appears only when saturation is disabled. It is the magnetiz-
ing current at rated voltage, which will be used to calculate the linear permeance of
the transformer. When the saturation is enabled, the user can input up to 10 points
of the RMSV−I curve of the core, where I is entered in % and V in p.u.. The entered
saturation data points will be converted to FLUX−MMFand define the core satura-
tion curve. Themaximum number of points is 10. NOTE: If a value of 0.0 is entered
as any data point greater than point1, RTDS will ignore all points following the 0.0.
This is useful in instances where the saturation curve has less then 10 points.
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Tap Setting

The TAP SETTING menu only appears when the Tap Changer is enabled in CON-
FIGURATIONmenu. The TAP SETTINGmenu allows the user to input the tap val-
ue and specify which side of the transformer the tap should be applied on. The tap
setting is specified as a constant. It cannot be dynamically adjusted in the RUN-
TIME. This feature is different with the tap changers in other RTDS transformer
models. The tap was written in this format to be fully compatible with the UMEC
model in PSCAD/EMTDC.

Monitoring
The UMEC Transformer model allows monitoring of a number of variables such as
current, flux and MMF. If monitoring is enabled, a corresponding variable name
should be given. The signal can then be monitored in RUNTIME. The monitoring
available is listed below.
Internal Current Monitoring

• Enable monitoring of phase currents of winding #1 and/ or wind-
ing#2

Internal Current Monitoring Signal Names

• This menu will only appear if one or more winding currents are
enabled for monitoring. A signal name is required for the cur-
rent(s).

Internal Flux Monitoring

• Enable monitoring of the winding and/or leakage flux of either
winding.

Internal Flux Monitoring Signal Names

• This menu will only appear if flux monitoring is enabled. Signal
names are required for the flux.

Internal MMF Monitoring

• Enable monitoring of winding MMF.

Internal MMF Monitoring Signal Names



TRANSFORMERS

−4.33−

• This menu will only appear if MMF monitoring is enabled. Sig-
nal names are required for the MMF.
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5.1

5 TRANSMISSION LINE MODELS

5.1 INTRODUCTION

Travelling wave transmission line models and PI section models are both available
to represent transmission lines on the RTDS. However, travelling wave models are
generally preferred unless the line in question is very short, inwhich case a PI section
model must be used. Travelling wave models are preferred for several reasons.

Travelling wave models are distributed parameter representations of transmission
lines and aremuchmore accurate formodelling long lines than the lumped parameter
representation inherent in PI section models.

Travellingwavemodels can represent the entire line using one instance of themodel.
PI section models tend to use more simulator hardware because of the need to cas-
cade several PI sections to represent the line and also because of the need to model
the network nodes between the individual sections. On this point, travelling wave
models require only one or two processors to model a complete line containing as
many as 12 mutually coupled conductors.

Furthermore, travelling wave line models provide a means for separating the power
system into mathematically isolated sub−systems which can be run on separate
RTDS Racks if required.

The TLINE program, a member of the RSCAD family of tools is used to lay out and
define the geometry and parameters of anN−conductortravelling wave transmission
line. The output of the TLINE program is used byDRAFTwhen a case involving the
line is compiled.

The CABLE program, another member of the RSCAD family of tools is used to de-
fine the geometry and parameters of the core and layers of a single phase cable.

Since the accuratemodelling of transmission lines is of upmost importancewhen stu-
dying transient phenomena, the theory of the frequency dependant ( F−Dep ) modal
travelling wave line model has been presented in some detail in Appendix 5A, lo-
cated at the end of this chapter. The special case of the so−called Bergeron model
is also discussed.

Sections 5.2 and 5.3 provide a general discussion of modelling transmission lines in
the RTDS using travelling wave and PI sectionmodels. Section 5.4 briefly describes
three groups of transmission line models available on the RTDS. Section 5.5 de-
scribes the Unified T−Line and Cable model. Section 5.6 describes the UDC Group
of T−Lines models. Section 5.7 describes UDC PI section models.

Chapter 18 describes the faulted line model, a Preprocessor components.



3PC TRANSMISSION LINES

5.2

5.2 TRAVELLING WAVE T−LINEMODELS

Generally, transmission lines consist of several mutually coupled phases or conduc-
tors. The extent of coupling depends on the geometry of the line and the proximity
of the individual phase conductors to one another and to ground. The TLINE pro-
gram in RSCAD, is used to define the line, its geometrical configuration and other
parameter data for travelling wave line models. Both the Frequency Dependent and
Bergeron lines are defined in this manner. PI sectionmodels are also available which
can use the Bergeron output from the T−Line program. The user is referred to the
TLINE manual of the RSCAD documentation set for details regarding detailed use
of the TLINE program.

A screen dump of the main TLINE parameter input menu is shown in the figure be-
low.

5.2.1 REPRESENTATION OF MODE/PHASE TRANSFORMATIONS AT ONE FRE-
QUENCY ONLY

The theory of the Frequency Dependant model is discussed in Appendix 5A. The
use of the model is discussed in Section 5.5.
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In the RTDS, travelling wave transmission line models are solved in the modal do-
main. That is, a transformation matrix is used to convert the line admittance and im-
pedancematrices from the phase domain into themodal domain. Phase domain volt-
ages and currents are converted into the modal domain and back into the phase
domain at each end of the line, as required.

In theory, the transformationmatrix is frequency dependent. Due to various difficul-
ties however, it is solved at only one frequency. For theBergeron linemodel, this lim-
itation is not a problem, as the model is meant to be accurate at only one frequency
in any case.

For the Frequency−dependent model, the 3 phase line model is affected very little
over a wide frequency range. However in the six conductor line, mutual coupling at
various frequencies must be carefully checked. More conductors than 6 are not sup-
ported.

For the Frequency−dependentmodel, the transformation frequency is generally cho-
sen to be higher than fundamental frequency ( 50 or 60 Hertz ). Therefore, coupling
ofDC components of current in conductors tends to contain some error. TheDCcur-
rent coupling problem can be reduced somewhat by using the “Ideally Transposed”
option in the TLINEprogram. Research is underway to include aFrequency−Depen-
dant Phase Domain T−Linemodel which should help eliminate this problem.

5.2.2 MINIMUM TIME STEP FOR BERGERON AND FREQUENCY DEPENDANT T−
LINE MODELS

One of the constraints in using the Bergeron and Frequency−Dependant line models
relates to the overall length of the line being represented. When the modal propaga-
tion time ( or “travel time” ) of a line is less than the chosen simulation time−step∆t,
the line cannot be represented using these general travelling wavemodels. This limi-
tation is a result of the calculation algorithm. The travel time of the line is directly
related to the line length, and hence it may found that, for short transmission lines,
PI section representation will be required to represent length accurately.

Normally as lines become shorter, the approximations resulting from using PI sec-
tion modelling become less significant.

If requested, both Bergeron and Frequency−Dependant line models make use of the
“interpolation of line length” feature mentioned in the RSCAD/RTDS T−Lineand
Cable Manual to interpolate all modes. 3PC−based line models are capable of inter-
polating down to travel times as small as 1 simulation time−step.

A travel time of 50 microseconds corresponds to 15 km at the speed of light.

It should be noted that the interpolation function does tend to damp higher frequency
components in allmodels including theFrequency−Dependantmodels. However, in-
terpolation is very useful where accurate representation of line impedance is impor-
tant, such as in line models for testing distance relays, and where high frequency ac-
curacy is less important.
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Interpolation is not performed on any of themodes associatedwith a particular trans-
mission line if it is not requested in the T−Line program.

One of the features inherent in the travelling wave line model is its ability to mathe-
matically partition ( split ) the overall power system into so−called subsystems. The
RTDS computes conditions in each subsystem using nodal analysis and hence a sys-
tem conductance matrix is used. Splitting the overall system into subsystems keeps
the conductance matrices within manageable dimensions. The mathematical split-
ting of the conductance matrix into subsystems using travelling wave line models is
therefore an important element in providing the real−timeperformance of the RTDS.

When larger and larger power systems are to be studied, the simulation must be
spread over many RTDS hardware racks. The nature of the RTDS hardware design
is such that it conveniently mimics the layout of real power systems. The travelling
wave line is one of the principle elements used to span between racks on the RTDS.
Separate subsystems can be thought of as separate stations scattered around the pow-
er system with interconnection between stations ( or racks ) over transmission lines.
In this way the mathematical solution within one subsystem ( rack ) can be per-
formed independently from the conditions which exist in neighboring racks during
the current time step. Please refer to Chapter 2 formore details on the concept of sub-
systems.

Unlike the travellingwavemodels, the PI section linemodel does not providemathe-
matical isolation or splitting into subsystems and hence cannot be used to span be-
tween networks.

5.3 MODELLING TRANSMISSION LINES USING PI SECTIONS

Although using PI sections made up of R,L and C components is not normally the
recommendedmethod for line representation on theRTDS, there are instanceswhere
length of the line dictates that such modelling techniques must be used. As was al-
ready mentioned, if the travel time of the line in question is less than the simulation
time step ∆t, the general travelling wave model cannot be used. Assuming propaga-
tion velocity is equivalent to the speed of light, a 50 usec time step would see the wa-
veform travel a total distance of approximately 15 km. This means that if the chosen
simulation time step ∆t is 50 usec, any line of length less than about 15 km would
have to be represented using a PI section.

For a balanced line all self and all mutual impedances are the same. This type of line
can be represented quite accurately ( particularly if fairly short ) using the circuit
configuration illustrated in the following Figure. The transformer shown inside of
the dashed line is a 3−winding single−phase ideal transformer.
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Rp Xp

Rm Xm

Ideal

Transformer

Self resistance, reactance and susceptance

Rs = ( Rz + 2 S Rp ) / 3

Xs = ( Xz + 2 S Xp ) / 3

Bs = ( Bz + 2 S Bp ) / 3

Mutual resistance, reactance and susceptance

Rm = ( Rz −Rp ) / 3

Xm = ( Xz −Xp ) / 3

Bm = ( Bz −Bp ) / 3

PI−sectionmodels are also provided for the 3PC which use the Bergeron line output
of the T−LINEprogram ( a Bergeron .tlb or .cbl file ) in order to specify line parame-
ters.

5.4 THREE GROUPS OF T−LINEMODELS

There are three distinct groups of T−Linemodels for the 3PC processors.

1. The Unified T−Line and Cable Model ( Section 5.5 )

The first group of T−Line models is referred to as the “Unified T−Line and Cable
Model”. As suggested by the term “Unified”, one set of icons can be used inDRAFT
to specify either an instance of aFrequency−DependantModal ( Fre−Dep ) linemod-
el; a travelling−wavelinemodel based on Bergeron data; or a PI sectionmodel based
on Bergeron data.
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The set of DRAFT icons to represent a line includes a “CalculationBlock” and either
two T−Line Terminal icons or two Cable Terminal icons.

The 3PC−based Frequency−Dependant Modal ( Fre−Dep ) T−Line models require
the use of either one or twoDSPs. Oneor twoDSPs canbe selected for Fre−Deplines
with 3 or less conductors. Two DSPs must be used for Fre−Dep lines with more than
3 conductors. Frequency−Dependant models with more than 6 conductors are not
supported.

The 3PC−based Bergeron T−Line models require either one or two DSPs. One or
two DSPs can be selected for Bergeron lines with 6 or less conductors. Two DSPs
must be selected for Bergeron lines with more than 6 conductors. Bergeron models
with more than 12 conductors are not supported. The same rules for processor usage
apply to the travelling−wave and PI section models based on Bergeron line data.
Whereusing either one or twoDSPs is allowed, using twoDSPswill reduce the time−
step size required by the model.

The main limitation of this model is that one or two 3PC processors must be used
exclusively for each instance of the model.

2. The UDC T−LineModels ( Section 5.6 )

The UDC T−Line models, implemented based on User Defined Component meth-
ods, are limited to calculations based onBergeron or PI sectionmethods. Thesemod-
els do not support the frequency dependant modelling methods discussed above.

However, theUDCmodels have been prepared to permit “Stacking”with otherUDC
models on a processor. The term “Stacking” of models on a processor means that
more than one model is calculated on the particular processor. “Stacking” of models
is an important feature because it allows efficient utilization of processors when the
models are small and do not require heavy computational effort.

For Bergeron line models with a small number of conductors ( < 4 ), the computa-
tional burden is fairly light and “Stacking” is a very useful feature.

3. The UDC PI Section Models ( Section 5.7 )

PI Section models are required when the modal travel time of a line is less than one
time−step in duration.

Dedicated PI section models are provided for 3 and 6 conductor PI sections which
allow the specificationof positive and zero sequencedata directly inDRAFTwithout
the use of the TLINE program. A stackable PI section model is also available for a
two conductor line.

5.5 THE UNIFIED T−LINEAND CABLE MODEL

TheUnifiedT−LineandCablemodelmay be connected to the defined power system
network in RSCAD / Draft.
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5.5.1 ICONS FOR THE UNIFIED T−LINEAND CABLE MODEL

The basic components of the Unified T−line and Cable model include a T−Line/
Cable Calculation Block ( rtds_sharc_TL16CAL ) and either two T−LineTerminal
components ( rtds_sharc_TL16TRM ) or two Cable Terminal components
( rtds_sharc_TL16TRMC ). An example connection for a T−Line is as shown in
the following figure.

The Terminal icon ( rtds_sharc_TL16TRMC ) for a Cable is as shown in the fol-
lowing figure. The appearance of the Cable Terminal icon varies depending on the
number of insulated conductive cable layers that are being modelled, as well as
the choices for monitoring in RunTime. The icon of the Cable Terminal component
appears as follows when three insulated conductive layers aremodelled, withmoni-
toring in RunTime enabled for all three currents:

The Terminal icon for the Cable causes the samemodel calculations as the Terminal
icon for the T−Lineexcept that data for the line is obtained from a .cbl file rather than
from a .tlb file. In addition, the Cable Terminal icon provides different options for
monitoring.
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5.5.2 SPANNING BETWEEN NETWORK SOLUTIONS WITH THE UNIFIED T−LINE /
CABLE MODEL

Rack 1

Rack 3

Rack 2

IRC connectionIRC connection

Calculation
Block

T−Line
Terminal

T−Line
Terminal

In large simulators, there may not be an IRC channel connecting each pair of racks
in the simulator. This T−Line model supports the connection of a T−Line between
racks that are not connected by an IRC channel. In this case, all that is required is that
each of the two racks has an IRC channel to a third rack. The calculation block is then
placed in the third rack and a terminal is placed in each of the two unconnected racks.
The connection would appear as shown above.

Each terminal block component communicates only with the T−Line/Cablecalcula-
tion block component. There is no need for direct communication between two ter-
minal block components during the calculations.Of course, all three components can
be positioned in one subsystem. Alternatively, each of the three components may be
positioned in a separate subsystem, provided there are two inter−rack communica-
tion ( IRC ) channels for connecting the terminal components with the calculation
block component.

The processors used by the model are always located in the rack where the Calcula-
tion Block is placed. Therefore, for a T−Line spanning between two IRC−connected
racks, the Calculation Block would normally be placed in the rack with the largest
number of available 3PC processors.

5.5.3 DETAILS ABOUT USING FREQUENCY DEPENDANT MODAL LINE
CONSTANTS

The FrequencyDependantModal ( Fre−Dep ) T−linemodel can support up to 6 con-
ductors. At least one DSP on a 3PC card must be selected exclusively for each
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instance of the model. For more than 3 conductors, 2 processors on a 3PC card must
be selected. Using 2 processors for a line with less than 4 conductors will shorten the
time−step required by the model. For advanced users, every instance of the model
writes the pre−T0and post−T0execution time in the time−step to the .map file when
the case is compiled.

5.5.3.1 MAXIMUMNUMBER OF POLES AND ZEROS FOR FREQUENCY DE-
PENDENT T−LINES

The T−Lines constants data is prepared using the RSCAD T−Lines program. The
present 3PC model is dimensioned to support up to 10 poles for attenuation and 10
poles for characteristic impedance per mode.

NEVER specify “A max # of Poles:” to be greater than 10. Similarly, “Z max #
of Poles:” must NEVER be specified to be greater than 10.

Also, in order to maintain a short time−step length, it is recommended to limit the
number of poles to 5 for attenuation and 5 for characteristic impedance in the T−Line
program.

5.5.4 DETAILS ABOUT USING BERGERON MODAL LINE CONSTANTS

Alternatively, themodel will use calculations based onBergeron T−Linedata. In that
case, from 1 to 12 conductors can be modelled for T−Lines ( up to 3 layers for
cables ). If more than 6 conductors are modelled, two processors must be selected.
Accordingly, if less than 7 conductors are modelled, then one or two processors may
be selected. Using two processors will shorten the time−step compared to using one
processor.

When usingBergeron line constants, themodelmay optionally be “forced” to substi-
tute PI section calculations for travellingwave calculationswhen splitting of subsys-
tems is not a required feature. PI sections calculations may also be “allowed” to be
substituted depending on whether the travel time of any mode is less than one time−
step.

5.5.4.1 CONNECTION OF LINES WHICH MAY USE PI SECTION ALGORITHM

A PI section model, like a transformer, cannot be connected between separate net-
work solutions. Therefore, if a PI section algorithm is “forced” or “allowed” forBer-
geron line constants, the RTDS compiler will check to make certain that the nodal
connections are permitted. PI section models must be connected in a single network
solution according to the same rules that apply to general models such as transform-
ers.
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If a PI section algorithm is not either “forced” or “permitted” , and the minimum
modal travel time is less than 1 time−step, then the compiler will apply a lower limit
on the modal travel times ( and associated modal resistances ) of 1 time−step. Of
course, in that case, the usual Bergeron line calculations will be used.

5.5.5 DETAILS ABOUT USING CABLE TERMINAL ICON

The same calculation block ( rtds_sharc_TL16CAL ) is used for the Cable Termi-
nals as was used by the T−LineTerminals. However, the terminal component for the
cable ( rtds_sharc_TL16TRMC ) is different from the terminal component of the
T−Line.

As noted above, the appearance of the Cable Terminal component varies depending
on the number of insulated conductive cable layers that are being modelled. The
icon of the Cable Terminal component appears as follows when three insulated con-
ductive layers are modelled, and all three are set to be available for monitoring in
RunTime:

The data for the Cable model is prepared using the RSCAD CABLE program. The
CABLE program is started by clicking on the “CABLE” button in the FileManager
program.When the main window of the CABLE program appears, the Edit Parame-

ters button: near the top of the window should be clicked. This will cause the
main cable editing window to appear as shown here:
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TheRTDSCablemodel is limited tomodelling the capacitive and inductive coupling
within one single−phase concentric cable. Modelling of the electromagnetic cou-
pling between parallel cables is not supported. Therefore, one should be specified in
response to the “Number of Cables” item located near the bottom of the main cable
editing window.

In the main cable editing window, the “LL” ( Last Layer ) menu item determines the
number of layers in the single−phase cable. The default is “Insulator3”. In that case
the cable contains a conductive core, a non−porous insulating layer over the core, a
metallic sheath layer, an insulating layer over the sheath, ametallic armour layer, and
an insulating layer over the armour. A mouse right−clickwill remove an outer layer.
At theminimum, the cablemust include the conductive core plus the non−porous in-
sulating layer over the core. Amouse left−clickwill add an outer layer providing that
the limit of “Insulator3” has not been reached. The existence of a layer implies that
all underlying layers exist.

If the last layer is “Insulator2” or “Insulator3”, then that last insulating layer may be
porous. In that case, the “LC” menu item specifies that the last underlying metallic
layer is effectively in contact with the surrounding ground.

The menu item “numc” in the Draft cable terminal CONFIGURATION menu
prompts for the number of insulated conductor or conductive layers in the cablemod-
el.
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“numc” should be set to the number of non−porous insulating layers.

For example, if the cable contains only a conductive core, a non−porous insulating
layer over the core, and a metallic sheath layer, then “numc” should be set equal to
1. Similarly, if the cable contains a conductive core, a non−porous insulating layer
over the core, a metallic sheath layer, and a porous layer over themetallic sheath lay-
er, then “numc” should still be set equal to 1. The existence of the last porous insulat-
ing layer makes no difference to the number of insulated conductors/conductive lay-
ers.

Themain cable editingwindow also requires the specification of the physical dimen-
sions as well as relative permittivity and relative permeability for each layer of the
cable. Ground resistivity, ground permeability and length of the line are also re-
quired.

The Compile button: in the main window of the CABLE program can be used
to initiate the actual calculation of the line constants for the cable. Clicking on the

Options button: causes an options menu to appear. The options menu can be
used to select whether line constants should be produced for a “Frequency Depen-
dant” or “Bergeron” cable model.

When specifying a Frequency Dependant ( “Fre−Dep” ) model in DRAFT, the pres-
ent T−Line/Cablemodel is dimensioned to support up to 10 poles for attenuation and
10 poles for characteristic impedance per mode.

NEVER specify “A max # of Poles:” to be greater than 10. Similarly, “Z max #
of Poles:” should NEVER be specified to be greater than 10.

Moreover, in order to maintain a short time−step length, it is recommended to limit
the number of poles to 5 for attenuation and 5 for characteristic impedance in the
Cable program. This limitation is particularly recommended when only one proces-
sor is to be used for a simulating a three conductor/layer FrequencyDependant cable
model.

5.5.6 THE T−LINE/CABLECALCULATION BLOCK ICON

The Unified T−Line and Cable models in Draft both use the T−Line/CableCalcula-
tion Block ( rtds_sharc_TL16CAL ). The Calculation Block appears in the follow-
ing figure:
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The CONFIGURATION menu appears as follows:

The first line in the CONFIGURATION menu of the Calculation Block ( “Name” )
contains the Name of the T−Line/Cable being specified. Terminal Blocks also re-
quires the name ( “Tnam1” ) of the T−Line or Cable. The responses to these entries
are used to connect the Calculation Block with two Terminal components. There-
fore, a uniqueNamemust be specified in eachCalculation Block. Also, for eachCal-
culation Block, there must be precisely two T−Line Terminal components or two
CableTerminal components that have the sameT−Linename. If there are not precise-
ly two terminals of the same type for a T−Line/Cable name, then an Error message
will be given upon compiling. If the two terminals do not have the same number of
conductors, then an Error message for this will also be given.
The second menu line ( “Dnm1” ) prompts for the name of the T−Line or Cable
constants prepared by the T−Line or Cable program for the line. Do not include the
suffix .tlb or .cbl when specifying the name of the line constants.
The third line ( “cntyp” ) prompts for the type of line constants which should be
sought by the RTDSPC compiler. The two choices are “Bergeron” and “Fre−Dep”.
“Fre−Dep” is an abbreviation for Frequency Dependant Modal constants data. The
RTDSPC compiler will attempt to find the specified type of line constants with the
“Dnm1” name in a .tlb or .cbl file. An Error message will be given if the RTDSPC
compiler encounters transmission line data of the specified name that is of thewrong
constants type or is for the wrong number of conductors. The RTDSPC compiler ob-
tains the number of conductors from the T−Line/Cable terminal components.
The appropriate response to the number of processors item ( “nmprc” ) varies de-
pending upon the type of constants ( “Bergeron/Fre−Dep” ); the number of conduc-
tors; and the preference for maintaining a short time−step. First of all, “TWO”must
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be selected if a Frequency Dependant type line has more than 3 conductors, or if a
Bergeron line hasmore than 6 conductors. AnErrormessagewill be given if this rule
is not followed. Otherwise, “ONE” or “TWO” can be chosen depending on need to
maintain a short time−step,as “TWO” processors will shorten the time−steprequire-
ment of the model. The time−step usage of the model is recorded in the .map file
when RTDSPC compiles the case.

The next 3 entries in the PARAMETERS menu ( ReqP, ShrC and ShrP ) allow the
model to be Automatically or Manually assigned to a specified processor. If auto-
matic assignment is requested, the subsequent two entries in the menu are ignored.
If manual assignment is requested, a specific processor can be requested by indicat-
ing 3PC card number and processor A, B, or C. If “TWO” processors are requested
for the model, then an Error message will be given if the request is to manually place
a processor beginning on C.

The finalmenu item in thePARAMETERSmenu, labelled “ieeeo”, checks if floating
point numbers passed to the backplane from the model should be forced to IEEE
floating point format. In simulators containing only 3PC processors this line is ig-
nored. In mixed 3PC/TPC simulators, the usual choice is “No” to this line. Some ex-
planation is required.

When the simulation hardware contains only 3PC cards ( that is, noTPC cards ), then
the IEEE floating point format is always used on the rack backplane. In that case, the
response to the “ieeeo” item is ignored by the compiler.

The item “ieeeo” becomes relevant when the simulation hardware contains at least
one “mixed rack” of simulation hardware ( that is, both TPC and 3PC cards ). In that
case, the format of floating point numbers passedon all of the backplanes is generally
the NEC processor floating point format rather than the IEEE floating point format.
However, some 3PCmodels can be forced to expect floating point numbers from the
backplane in IEEE format in mixed racks even though the default is NEC. Accord-
ingly, the “ieeeo” item in this model gives the option to pass floating point numbers
to the backplane in IEEE format in mixed racks. The User should exercise diligence
when choosing to pass floating point numbers in IEEE format in mixed racks.

The OPTIONS WHEN USING BERGERON DATA menu appears as follows:

The abovemenu is available onlywhen “Bergeron” type line constants data has been
specified in the CONFIGURATION menu.
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The first entry ( pp_var ) in the OPTIONS menu can accept a numerical percentage
entry for modifying length as shown above.

Alternatively, the first entry ( pp_var ) can accept a Pre−Processor Variable name
which canbe used to acquire numerical percentage input fromaPre−Processorslider.
The Pre−Processor slider icon is named “rtds_pp_var” in the DRAFT components
library. In order to use a Pre−Processor slider, an instance of the “rtds_pp_var” icon
must be placed in theDRAFT circuit diagram and the slider icon given the name spe-
cified in the first entry ( pp_var ). The initial value and permitted range of the slider
may also be specified. Once compiled, a Pre−Processor slider becomes available in
RunTime for changing prior to starting the simulation in RunTime. Please refer to
section 3.15 of the RunTime RSCADmanual concerning Pre−Processor sliders and
Chapter 18 of this manual for more information.

As noted above, the percentage obtained through the first entry ( pp_var ) is used to
modify the length of the line described in the .tlb, .cbl or tlines file. The second entry
is a toggle which gives the choice of how the percentage input is used to calculate
line length.

If “( pp_var )%” is selected for the second entry, then the percentage is used directly
tomodify the length of line specified in the t−lineconstants files ( .tlb, .cbl, or tlines ).
In that case, if a .tlb file has been prepared for a Bergeron line that is 100 kilometers
long, then the percentage input will correspondwith the simulation length in kilome-
ters.

If “( 100−pp_var )%” has been selected for the second entry, then the simulation
length of the linewill be the lengthof the line as defined in the line constants file times
the factor:

( 100 − percentage input ) / 100

The 3rd and 4th entries ( “frcpi” and “alwpi” ) in theOPTIONSWHENUSINGBER-
GERONDATA menu, enable the specification that the use of a PI section algorithm
is to be forced ( “frcpi” ) or alternatively permitted only when a modal travel time
is less than one simulation time−step in length ( “alwpi” ).

A travelling wave line model can be used to span between different network solu-
tions. This capability exists because a travelling wave linemodel provides a separate
contribution to the conductance matrix at each end of the line. There is no mutual
conductance contributions which span between the two ends.

5.5.6.1 CONNECTION OF LINES WHICH MAY USE PI SECTION ALGORITHM

The PI section algorithm cannot be used to span between network solutions in the
way that a travelling wave linemodel can. This limitation exists because a PI section
algorithmcreates one connected conductancematrix for contributing to themain net-
work conductance matrix. There are mutual elements of conductance in the matrix
contribution connecting nodes at one end of the PI section to nodes at the other end.
Therefore, if use of the PI section model is either to be forced or permitted ( accord-
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ing to entries “fcrpi” or “alwpi” ), then the model must be connected in one network
solution in the manner of a general model ( such as a transformer ).

If a PI section algorithm is either forced or allowed, then the RTDSPC compiler will
issue an error message if the transmission line is connected so as to span between
network solutions in an unsupported manner.

If “Yes” is given to the “frcpi” ( force PI ) item for a properly connected T−Line, then
the PI section algorithmwill be used regardless ofwhether amodal travel time is lon-
ger or shorter than one time−step.

If “No” is given to the “frcpi” ( force PI ) item but “Yes” to the “alwpi” ( allow PI )
item for a properly connectedT−Line, then the PI section algorithmwill be used only
if a modal travel time is shorter than one time−step.

If “No” is given to both “fcrpi” ( forcePI ) and “alwpi” ( allowPI ), then a lower limit
of one time−stepis placed on all modal travel times and theBergeron travellingwave
algorithm will be used.

5.5.7 THE T−LINETERMINAL COMPONENT ICON

A single T−Line Terminal component ( rtds_sharc_TL16TRM ) specified as con-
taining 3 conductors is illustrated in the following figure.

The CONFIGURATION menu appears as follows:
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The first entry in the CONFIGURATIONmenu ( Name ) requires a unique terminal
name. If every terminal in a simulation does not have a unique name, then an error
message will be given.

The second entry in the CONFIGURATION menu ( Tnam1 ) requires the “Trans-
missionLine” namecorresponding to the nameof aT−Line/CableCalculation block.
If there is no Calculation Block with the same name as “Transmission Line name”
then an error will be issued by the compiler. Also, if not exactly two terminals exist
for eachCalculationBlock therewill also be an errormessage issued by the compiler.

The third entry in the CONFIGURATION menu ( endsr ) requires one terminal of
the line to be the SENDING end and the other terminal to be the RECEIVING end.
The choice of which end is the SENDING end and which is the RECEIVING end
is generally not important. However, in the case where two processors ( say A and
B on a 3PC card ) are used to calculate the model, the SENDING end is calculated
on the first processor ( A ) and the RECEIVING end is calculated on the second ( B )
processor.

The fourth entry in the CONFIGURATION menu ( numc ) prompts for the number
of conductors in the line. Up to 6 conductors are supported by the frequency depen-
dant line models. Up to 12 conductors are supported when using Bergeron data in
Bergeron travellingwavemodels or PI sectionmodels.When usingmore than 3 con-
ductors in a frequency−dependant line model, 2 processors must be specified in the
T−Line/CableCalculation Block.When using more than 6 conductors in a Bergeron
line model ( or PI model ), 2 processors must be specified. Two processors can al-
ways be specified for any line in order to reduce the time−step requirement of the
model. Error messages will be given by the compiler if the rules are not followed.

The final two entries in the CONFIGURATIONmenu are for the inclusion of an op-
tional circuit breaker with three embedded nodes, and a line reactor.

The other 3 menus in the PARAMETERS menu allow specification of output for
monitoring in RunTime and the CC.

The OUTPUT OPTIONS menu appears as follows:

The currents and powers at the terminal output are both available formonitoring. The
OUTPUTOPTIONSmenu allows a reference direction to be specified for themoni-
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tored currents and powers. Power and Current may be monitored with reference di-
rection either into or out of the line. If real or reactive power is monitored, then the
monitored power signals may be passed through first−order lag filters with a time
constant “tcnpq” as specified in theOUTPUTOPTIONSmenu. If no filter is desired,
then a 0.0 may be entered for “tcnpq”.

TheENABLEMONITORING INRUNTIMEANDCCmenu contains toggle boxes
that enable output for monitoring. The output which is available depends upon the
number of conductors. The menu shown below shows illustrates the 5 signals that
may be monitored at one end of a 3 conductor line.

In the above figure, only the signals that are available formonitoring are not “greyed”
out. As the number of conductors in the line is increased, the signals available for
monitoring also increase.

As the number of conductors is increased, the additional conductor currents ( up to
12 ) become available for monitoring in the above menu.
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Conductors numbered 1,2,3 form a three−phase set for monitoring purposes if there
are 3 or more conductors. Conductors numbered 4,5,6 form a three−phase set for
monitoring purposes if there are 6 or more conductors. Similarly, conductors num-
bered 7,8,9 and 10,11,12 can form three−phase sets for monitoring purposes.

Menu items “mon21”, “mon22”, and “mon23” in the above menu become available
for monitoring summed phase currents in complete three−phase sets when there are
6 or more conductors in the T−Line. As an example, if there are 11 conductors,
“mon21” enables the monitoring of the sum of A phase currents in the complete sets
( 1,2,3 4,5,6 7,8,9 ). The current monitored for “mon21” would be the sum of cur-
rents in conductors 1, 4, and 7. Conductor 10 would not be included in the sum be-
cause it does not form part of a complete three−phaseset. Similarly, “mon22”would
form a signal based on the sum of currents in conductors 2, 5, and 8.

Real and reactive power is available for monitored according to three−phase sets.

For real power, a three−phase set does not need to be complete. Therefore, “mon7”
is always available for monitoring power into the first set even if there is only 1 con-
ductor in the line. Similarly, “mon9” becomes available when there are 4 conductors
or more; “mon17” becomes available when there are 7 conductors or more; and
“mon19” becomes available when there are 10 conductors or more.

However, for reactive power, each three−phaseset must be complete before reactive
power can be monitored in the set, because reactive power is only defined according
to three conductor systems. Therefore, “mon8” in the above menu would not be
available until there are 3 or more conductors in the line. Similarly, “mon10” be-
comes available when there are 6 or more conductors; “mon18” becomes available
when there are 9 or more conductors; and “mon20” becomes available when there
are 12 or more conductors.

Menu item “mon24” allows monitoring of the sum of real power in complete three
phase sets. As an example, for an 11 conductor line, only the first 9 conductorswould
be considered.

Menu item “mon25” allows monitoring of the sum of reactive power in complete
three phase sets. As an example, for an 11 conductor line only the first 9 conductors
would be considered.

The NAMES FOR SIGNALS IN RUNTIME AND CC menu allows unique names
for signals to bemade available formonitoring inRunTime and theControlsCompil-
er ( CC ). Themenu items become available ( not “greyed” out ) in themenu accord-
ing to the signals enabled in the ENABLEMONITORING IN RUNTIMEANDCC
menu described above.

5.5.8 THE CABLE TERMINAL COMPONENT ICON

A Cable model is illustrated below in a simple DRAFT schematic including two
Cable Terminal components ( rtds_sharc_TL16TRMC ). The Cable Terminal
icon, as shown, is for a cable with 3 insulated layers ( including the core ). The outer
layer ( armour ) is directly bonded to ground. Themiddle layer ( sheath ) is grounded



3PC TRANSMISSION LINES

5.20

through a 1.0 Ohms resistance. This connection is for illustrative purposes only and
does not represent typical parameters.

The CONFIGURATION menu appears as follows:

The CONFIGURATION menu is the same as that for the T−Line Terminal except
that the Cable Terminalmodel asks for the number of InsulatedConductors/Conduc-
tive Layers in theCable. The count entered for the “numc”menu item should include
the core conductor plus any conductive layers that are surrounded by a non−porous
insulating layers.

The OUTPUTOPTIONSmenu for the Cable Terminal model is exactly the same as
for the T−Line Terminal model.

The ENABLEMONITORING IN RUNTIMEAND CCmenu for the Cable Termi-
nal model appears as follows:
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The ENABLEMONITORING IN RUNTIMEANDCCmenu allows currents to be
monitored in the core and insulated layers of the cable at the terminal. Themenu also
allows monitoring of the power in the core conductor at the terminal.

The SIGNAL NAMES FOR RUNTIMEmenu allows unique names to be specified
for the monitored signals. The menu appears as follows:

5.6 THE UDC GROUP OF TRAVELLING WAVE T−LINEMODELS

A transmission linemodel for a linewith 3 or fewer conductors is not computational-
ly heavy for a 3PC processor. Therefore,UDC linemodels have been preparedwhich
can be “stacked” on one 3PC processor with another UDC model such as a source
model or generator model. This efficient use of processors is an important feature
of the UDCmodels. The UDCmodels are based on either Bergeron travelling wave
line models or PI section models. Frequency Dependant line model algorithms are
not available in UDC models.

5.6.1 DATA FOR UDC TRAVELLING WAVE MODELS

Entering data in the DRAFT module for traveling wave line models requires only a
name to be entered for the line in question. The transmission line icon is placed in
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the circuit and connected to the appropriate nodes. When the edit option is chosen,
DRAFT prompts for the line name. The icon and associated menu are depicted be-
low.

In order to define the line, the RSCAD based TLINE programmust be invoked from
the FILEMANAGER level of RSCAD. The geometry and parameters of the conduc-
tors and associated ground wires are defined as well as options relating to the type
of line modelling ( ie : transposed, etc. ). Again, refer to the TLINE manual of the
RSCAD documentation set for specific details regarding use of the TLINE program.

The transmission line icon shown above is used to define either end of a line. In order
to fully define the line one such iconmust be connected to the nodes representing the
connection point at one end of the line ( call this the sending end ) and one such icon
to the nodes representing the connection point at the other end of the line ( call this
the receiving end ). The sending and receiving end icons of any one line sectionmust
be given the same name. The DRAFT compiler uses the common line names to dis-
tinguish which sending end line icons correspond to which receiving end icons. If a
travellingwave linemodel is to be used to span between racks ( ie to provide connec-
tion path between two racks of RTDS hardware ) then one of the line icons must be
placed on one subsystemof theDRAFT canvas and the other corresponding line icon
on another subsystem of the canvas. DRAFT is arranged in such a way that different
subsystems are assigned to differentRTDS racks. Racks are assigned one per subsys-
tem, with the lowest numbered rack ( as defined in the PARAMETERS menu of
DRAFT ) being assigned to the first subsystem, followed in ascending order to sub-
sequent subsystems. From theMAP file it canbe noted that in anymulti−racksimula-
tion case, the transmission line auxiliary processor (ie the processor in which the
travelling wave equations are solved ) always resides in the lower numbered rack
( ie: on the sending end rack).

5.7 THE UDC GROUP OF PI SECTION MODELS

Data required for a PI section line is summarized in Figure 5.12 below. It can be seen
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that DRAFTmust be provided with positive and zero sequence quantities of the line
which the PI section is representing and the line base frequency. Parameters are en-
tered as the total impedance of the PI section in each of the boxes.

Based on the circuit configuration of Figure 5.11, the user−enteredpositive and zero
sequence datamust be appropriately converted to self andmutual resistances, induc-
tances and susceptances. This is done internally by the DRAFT compiler based on
the specified positive and zero sequence components according to the equations
shown below.

RS = (RZ + 2 * RP) / 3

XS = (XZ + 2 * XP) / 3

BS = (BZ + 2 * BP) / 3

RM = (RZ −RP) / 3

XM = (XZ −XP) / 3

BM = (BZ −BP) / 3

Self resistance, reactance susceptance

Self resistance, reactance susceptance
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APPENDIX 5A: BASIC TRANSMISSION LINE THEORY

5A.1 TRANSMISSION LINE EQUATIONS

For a transmission line with distributed parameters there are two independent vari-
ables, time t and distance x. The dependent variables, voltage u and current i, are both
functions of t and x. The relationship between these variables is governed by the fol-
lowing transmission line equations

∂ u

∂ x
i

∂

u
∂ x

i
=

=
∂

∂

i

t

t

∂ u

∂

+

+

R

G

L

C

−

−

(1)

(2)

where u and i are voltage and current on the line at a distance x and
R = line series resistance per unit length
L = Series inductance per unit length
G = Shunt conductance per unit length
C = Shunt capacitance per unit length

Because of the distributed nature of the line parameters and because of their frequen-
cy dependance, it is difficult to obtain a general analytical solution.

5A.2 THE SOLUTION OF LINE EQUATION IN FREQUENCY DOMAIN

It is difficult to write the solution of the line equation directly in the time domain
when the frequency dependence of the parameters and the distributed nature of the
losses are taken into account. However, the solution can be easily obtained in fre-
quency domain as illustrated below ;

Uk(w) = cosh [γ(ω) l ] Um(ω) − Zc(ω) sinh [γ(ω) l ] Im(ω) (3)
Ik(w) = sinh [γ(ω) l ] Um(ω) /Zc(ω) − cosh [γ(ω) l ] Im(ω) (4)

where the subscripts k and m represent the sending and receiving ends respectively
and l is the length of the line. Zc(ω) and γ(ω) are the complex characteristic impedance
and propagation constant as defined by ;

Zc(ω) = √
/ R + j ωL

G + j ωC

γ(ω) = √ (R + j ωL) (G + j ωC)

(5)

(6)

The forward and backward voltage travelling wave functions are introduced to relate
currents and voltages in frequency domain as follows ;
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Fk(ω) = Uk(ω) + Zc(ω) Ik(ω) (7)
Fm(ω) = Um(ω) + Zc(ω) Im(ω) (8)

Bk(ω) = Uk(ω) − Zc(ω) Ik(ω) (9)
Bm(ω) = Um(ω) − Zc(ω) Im(ω) (10)

where F denotes forward and B denotes backward.

Eliminating Uk(ω) and Um(ω) from (9) and (10) gives

Bk(ω) = A1(ω) Fm(ω) (11)
Bm(ω) = A1(ω) Fk(ω) (12)

where A1(ω) = e −γ(ω) l = 1/{cosh [γ(ω) l ] + sinh [γ(ω) l ] } (13)

Equations (9) and (10) imply a time domain equivalent circuit for the frequency de-
pendent transmission line to be that shown in Figure 5A.1 below.

Zc Zcik(t) im(t)

bk(t) bm(t)uk(t)
um(t)+

−
+
−

Figure 5A.1 Frequency dependent line model

If bk(t) ,bm(t) and Zc can be determined then the above circuit can be solved.

5A.3 DETERMINATION OF ZC

The characteristic impedanceZc() is a function of frequency and cannot be directly
used in Figure 5A.1 since it is normally a tabular function of frequency. Also, it is not
reasonable to use a single impedance at a specified frequency ( even a high frequen-
cy ). If we can find an equivalent network Zeqwhose frequency response is the same
as the characteristic impedance of the line, then Zc() can be replaced by the equiva-
lent network Zeq. The Zeq developed by J. Marti[1] consists of passive circuit ele-
ments ( R and C ) which are frequency independent. The asymptotic technique is
used to develop the Zeq network which is made up of a series of resistance−capaci-
tance parallel block as shown in Figure 5A.2.
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R0

R1 R2

C1 C2

Figure 5A.2 Zeq realization

Bode’s asymptotic technique can be used in the frequency domain to approximate
Zc() with a rational transfer function having the general form ;

H(s) =
(1+s/Z1) (1+s/Z2) ... (1+s/Zn)

(1+s/p1) (1+s/p2) ... (1+s/pn)
(14)

H

All poles and zeros of H(s) are real and lie on the left hand side of the complex plane.
The function to be approximated can be traced with magnitude |H()| in asymptotic
form. |H()| lies within the boundaries defined by its asymptote. Then straight line
segments with a slope of either zero or +/−20 db/decade will constitute an envelope
for the rational function.

The rational function Zeq ( dotted line ) is contained between Zc() and the asymp-
totes. The corner of the asymptotic envelope defines the zeros and poles of the ratio-
nal function. The routine starts from a horizontal reference level (0db). Every time a
pole corner is added, the slope decreases by 20 db/dec. When a zero corner is added,
the slope will increase by 20 db/dec. The number of poles and zeros depends on how
far the asymptote is allowed to separate from the data before the next corner is added.
The differences are kept below a specified value.

The rational function Zeq is further developed into a partial fraction expression

H(s) = A0 +
A1

s + p1 s + p2

An
s + pn

+
A2 + . . . (15)

where in Figure 5A.2
Ro = Ao
Ri = Ai/Pi
Ci = 1/Ai for i=1,2,3,...n (16)

Expression (15) directly produces the values ofR andC in theR−Cnetwork of Figure
5A.2.
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5A.4 DETERMINATION OF BK(T) AND BM(T)

The functions bk(t) and bm(t) are the time domain backward voltage travelling wave
functions. Their corresponding frequencydomain functions are defined by equations
(11) and (12). Functions bk(t) and bm(t) are defined by the convolution integrals

bk(t) = ∫

∞

−∞
fm(t−u)a1(u)du

bm(t) = ∫

∞

−∞
fk(t−u)a1(u)du

(17)

(18)

where fm(t) = 2 um(t) − bm(t) (19)
fk(t) = 2 uk(t) − bk(t) (20)

and a1(t) is the inverse Fourier Transformation of A1(), also known as attenuation
function or weighting function.

5A.5 NUMERICAL EVALUATION OF CONVOLUTION

The convolution integrals defined by (17) and (18) are re−written as

bk(t) = ∫ fm(t−u)a1(u)du

bm(t) = ∫ fk(t−u)a1(u)du

(21)

(22)

t

t

τ

τ

Note that the general convolution integration limits of −∞ −> +∞ become  −> t for
the given functions. The lower limit of the integrals is  because a1(t) =0 for t<.

The numerical evaluation of the convolution integral is themost time consuming part
of transmission line transient calculation by travelling wave technique. As noted by
Semlyn [2] it can be greatly reduced if one of the two functions to be convoluted can
be expressed as a sumof exponential terms. That is, if the convolution integral at time
t has the form ;

s(t) = ∫ be−aS(u−τ)f(t−u)du (23)
t

τ

S(t) can then be directly obtained from the valueS(t−∆t) (from the previous time step)
and the known history of f at  and (+∆t) earlier
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s(t) = ∧ s(t−∆t) +  f(t−) + µ f(t−−∆t) (24)

where ∧,  and µ are known constants depending on b,a, the integration step ∆t, and
the numerical interpolation technique.With a first order approximation of function f
( liner interpolation ) ∧,  and µ are defined as

∧ = e−a∆t (25)

λ
b
a= ( 1 −

1 − α

a ∆t
)

µ =
b
a

1 − α

a ∆t
)( − α

(26)

(27)

This method is known as recursive evaluation of the convolution integral.

Unfortunately the weighting function a1(t) is not a exponential function. However,
by using the same asymptotic technique as used for Zc(ω), a1(t) can be approximated
by a sum of exponential terms. This means the recursive evaluation of convolution
can be applied to it.

5A.6 APPROXIMATION OF WEIGHTING FUNCTION A1(Ω)

A1() can be approximated by a rational function

H
(1+s/Z1) (1+s/Z2) ... (1+s/Zn)

(1+s/p1) (1+s/p2) ... (1+s/pn)
Aapprox(s)= e−sτ

with s=jω and n<m. Note that A1(ω) = e−γl starts from 1.0 and becomes less than 1.0 as
the line length ( or frequency ) increases.

With n<m, the rational function Aapprox(s) can be expanded into partial fractions
(with Ao =0.0 since n<m).

A0 +
A1

s + p1 s + p2

An
s + pn

+
A2 + . . .

The corresponding time−domain form of the above expression becomes
Now the weighting function a1(t) has been approximated by a sum of exponentials.
Therefore, the recursive convolution method can be used to find bk(t) and bm(t).
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a1(t) = A1e−p1S(t−τ) A2e−p2S(t−τ)+ + . . .

5A.7 DEVELOPMENT OF EQUIVALENT CIRCUIT

The following diagrams illustrate how the equivalent circuits of the frequency dependent linemodel
are developed, step by step.

Beginning with Figure 5A.1, Zc is replaced by the R−Cblocks of Figure 5A.2 to yield Figure 5A.3

R

C

R

C

R

C

. . .

R

C

R

C

. . .

R

C

bk(t) bm(t)+
−

+
−

Figure 5A.3

In each end of Figure 5A.3, the parallel RC elements can each be represented with resistances and a
parallel current source as shown in Figure 5A.4

R

RCI

Rci=∆t/2C

CK

R

RCI

R

RCI

bk(t) +
−

Ici Ic1

Ro

Figure 5A.4
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We can define Rparalleli = Ri//Rci, where // means parallel, to yield Figure 5A.5

CK

bk(t) +
−

Ic1Ici

Rparaller1Rparalleri

Ro

Figure 5A.5

Converting Norton sources to Thevenin sources yields Figure 5A.6

CK

bk(t)+
−

− + − +− +

RoRparaller1Rparalleri

Ici x Rparalleri Ic1 x Rparaller1Figure 5A.6

In Figure 5A.6 the series resistances and voltage sources can be combined and defined according to:
Req = Ro + R1//Rc1 + R2//Rc2 + ... + Ri//Rci
Eeq(t) = Ic1 x Rparaller1 + Ic2 x Rparaller2 + ... + Ici x Rparalleri

to yield Figure 5A.7.

CK

+
− Eeqk(t)bk(t) −

Figure 5A.7
Req
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Finally, the Thevenin sources at each end of the line can be converted toNorton sources to yield Fig-
ure 5A.8.

CK

Ikhis Imhis
Req Req

Figure 5A.8

where

Ikhis

Imhis

Req
=

bk(t) − Eeqk(t)

Req
=

bm(t) −Eeqm(t)

(28)

(29)

= Itw + Irc

where
Itw =

bk(t)

Req

Irc =
Eeqm(t)−

Req

is the current injection from travelling wave

is the current injection from surge impedance

5A.8 BERGERON’SMODEL −−ASPECIALCASEOFTHE FREQUENCYDEPENDENT
LINE MODEL

Bergeron’s model is a special case of the frequency dependent line model when the
number of poles and zeros are both set to zero and the lower frequency is set to the
power frequency ( say 60Hz ). The linemodel can be used eitherwith or without fre-
quency dependence without changing the general formulas.

Based on equation (9)

Bk(ω) = Uk(ω)−Zc(ω)Ik(ω) (9)
we get

Ik(ω)=Uk(ω)/Zc(ω) −Bk(ω)/Zc(ω) (30)

In time domain ik(t) = uk(t)/Zc −bk(t)/Zc (31)
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= uk(t)/Zc − Ikhis (32)

where Ikhis = bk(t)/Zc

Equation (32) implies the following equivalent circuit,

Ikhis
Zuk(t)

ik(t)

Figure 5A.9

Recalling the general relationship of (11) and (12),

Bk(ω) = A1(ω) Fm(ω) (11)
Bm(ω) = A1(ω) Fk(ω) (12)

and in time domain equivalent equations (20) and (21)

bk(t) = ∫ fm(t−u)a1(u)du

bm(t) = ∫ fk(t−u)a1(u)du

(20)

(21)

t

t

τ

τ

By curve fitting, the attenuation function a1(t) ( or weighting function ) can be ex-
pressed as a sum of exponential functions. Recursive convolution can then be used to
solve bk(t) and bm(t). If the number of poles = 0 in the curve−fitting,a1(t) is constant
in the frequency domain. This corresponds to an impulse function in time domain
with a delay of travel time τ .

⇐(t−τ) to

Then equations (11) and (12) in time domain become simply
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bk(t) = ⇐(t−τ)fm(t) = fm(t−τ) (33)
bm(t) = ⇐(t−τ)fk(t) = fk(t−τ) (34)

From (28) and (29)

Ikhis

Imhis

Req
=

bk(t) − Eeqk(t)

Req
=

bm(t) −Eeqm(t)

(28)

(29)

when Eeqk(t) =0.0 and Eeqm(t) =0.0 (without frequency dependence of Zc())

Ikhis =
bk(t) fm(t−τ)

=
Z

=
1

Z Z
(um(t−τ) + Z im(t−τ)) =

1
Z

um(t−τ) + im(t−τ) (35)

then (32) changes to

ik(t) =
1
Z

uk(t)
1
Z

um(t−τ) − im(t−τ)− (36)

Similarly at node m

im(t) =
1
Z

um(t)
1
Z

uk(t−τ) − ik(t−τ)− (37)

(36) and (37) are the typical Bergeron’s expression.

The attenuation function A1(ω) = e−γl starts from 1.0 and becomes less than 1.0 as the
line length ( or frequency ) increases. Curve fitting does not start from 0 Hz ( pure
dc ) however, but normally starts from some low frequency. Therefore, the magni-
tude of the starting point of the curve is not exactly 1.0, but some lesser value such
0.9963.

In the off−lineEMTDC program, the value less than 1.0 in the frequency dependent
line model is also used for the special case of Bergeron’s model. So the resulting Ikis
in equation (35) is

Ikhis =
bk(t) fm(t−τ)

=
ZZ

=
0.9963
Z

um(t−τ) + im(t−τ)

which is an approximation to the original Bergeron model.

In RTDS, for this special case, the original Bergeron expression (37) is used. No ap-
proximation is involved.
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6 ELECTRIC MACHINE MODELS

6.1 INTRODUCTION
The AC Machine models covered in this chapter include two versions of the
synchronousmachine followedby the inductionmachine. The synchronousmachine
model discussed first is the newest one and has numerous advantages over the
second. New users are encouraged to use this model. The second synchronous
machine is included for users who prefer not to upgrade their existing models. Note
that the multi−mass model is described after the second synchronous machine and
is applicable to both machine types. The induction machine is described in the
section following. Finally, the permanentmagnet synchronousmachine is described
in the last sections.
This chapter makes extensive use of control components and RunTime concepts.
Userswhoare unfamiliarwith thismaterial are encouraged to consult the appropriate
chapters of thismanual, aswell as theRSCADRunTimeManual and theCONTROL
SYSTEMS manual.

6.2 SYNCHRONOUS MACHINE MODELWITH TRANSFORMER AND LOADS
( RTDS_SHARC_MAC_V3 )

EF: Field Voltage (norm)
IF: Field Current (norm)
VMPU: Machine Voltage (P.U.)
W: Machine speed (Rad./sec.)
TM: Mechanical Torque (P.U.)
A/B/C: Bus Connection Terminals

Exciter Interface

Governor / Turbine
Interface
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A synchronous machine model for the 3PC card, based on generalized machine
theory, may be connected to the user defined power system network in RSCAD /
Draft. This model can be connected to network nodes modelled with the 3PC
Real−time Network solution.

The default icon ( rtds_sharc_MAC_V3 ) for the model appears as shown above.

TheExciter andGovernor/Turbine Interfaces in the above icon are standardControls
Compiler ( CC ) interconnection points.

The new3PCbasedmachinemodel includes a number of improvements with respect
to the rtds_sharc_MAC machine model described in the next section. Briefly these
improvements are as follows:

1. The model includes an optional Y−Δ generator unit transformer with separately
specifiable zero sequence parameters. If the transformer option is enabled, then the
model also simulates the three nodes between the transformer and the generator. This
effectively increases the number of nodes than can be modelled in a single lumped
network.

2. The model supports two optional R, RL, or RC shunt load banks which may be
placed on the terminals of the machine.

3. The model now accepts SE(1.0) and SE(1.2) saturation factors for specifying the
machine saturation curve. This is in addition to the previous method of defining the
saturation curve with 10 points. The SE(1.0) and SE(1.2) factors are explained
below.

4. There has been a large increase in the number of internal variables which may be
monitored in RunTime or the CC and/or passed out through the D/A channels for
external monitoring. The newly observable variables include: the load angle ( in
Radians ), the phase currents out of the machine ( in kA ); Machine terminal voltage
( in p.u. ), ED and EQ ( in p.u. ), ID and IQ ( in p.u. ), and rotor mechanical angle ( in
Radians ). The User may now also monitor the real and reactive power and currents
out of the primary of the transformer when the transformer option is enabled. The list
of output variables contained within the “SIGNAL MONITORING” menus.

5. The model uses fluxes as state variables rather than currents. A new method of
calculatingwinding currents based onwinding fluxes has allowed the resistance drop
in thewindings to be applied in the integration of fluxeswithout a one step delay.This
will enhance accuracy of damping at higher frequencies.

6. Voltage projection techniques are applied in order to effectively remove delay in
the closed loop created between the machine and the main network.

7. A new approach to initializing large networks has been facilitated by additions to
the model. This approach will be discussed below.

8. New optional Controls Compiler inputs have been provided for temporarily:
adding external inertia to themachine ( EX_H in p.u. ); adding external synchronous
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damping ( EX_D in p.u. ); and providing a reference speed ( EX_W in rad./sec. ) for
the external synchronous damping.

6.2.1 THE MENU TABS

Due to the large number of menu tabs for the Synchronous Machine Model, images
of the its various menus throughout this chapter will not show all of the menu tabs.
The partial GENERAL MODEL CONFIGURATION menu, and all of the tabs
which are available by default appears below.

In the above menu, the “MACHINE ELECT DATA: GENERATOR FORMAT”
menu tab may be replaced with the alternative “MACHINE ELECTDATA: RAND
XFORMAT”menu tab depending on the selectionmade in theGENERALMODEL
CONFIGURATION menu.

In general, the lowest five ( 5 ) menu tabs ( excluding “Output Options ) relate to
configuring the model and entering the machine and transformer data. The other
menu tabs relate to providing output for monitoring or for use in the Controls
Compiler ( CC ) and also to assigning output to the D/A channels on the front of the
3PC card.
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6.2.2 THE GENERALMODEL CONFIGURATION MENU

The GENERAL MODEL CONFIGURATION menu appears as follows:

The “cnfg” entry in the GENERALMODELCONFIGURATIONmenu permits the
the choice between entering the machine data in “Generator” format or alternatively
in “R and X” format. “R and X” format is sometimes referred to as Motor format.
In the “R and X” format case, the R AND X FORMAT menu tab replaces the
GENERATOR FORMAT menu tab.

The “cfgr” option allows the choice between modelling one damper winding or two
damper windings on the Q−axis of the rotor. If “One” is selected, then the
unnecessarymenu itemswill becomegrey in theGENERATORFORMATandRand
X FORMAT menus. In the GENERATOR FORMAT menu Xq’ and Tqo’ will
become grey. In the R and X FORMAT menus R3Q ( 2nd Q−axis Damper
Resistance ) and X3Q ( 2nd Q−axisDamper Leakage Reactance ) will become grey.
Very often, for Salient machines, there is only data available for modelling one
Q−axis rotor winding.

The “trfa” option allows the optional modelling of a mutual flux linkage path which
links the damper and field windings on the D−axis but which does not link the
armature winding on the D−axis. Prompts for additional data in the GENERATOR
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FORMAT menu will be given when this option is selected. The “trfa” menu item
does not have any effectwhenusing theRANDXFORMATmenu. In that case, enter
X230 directly. When the required additional data is available, the representation of
this extra flux linkage path can improve the modelling of the machine as seen from
the field terminals. A paper [ 1 ] by Dr. I. M. Canay discusses the modelling of this
additional flux linkage path. The representation of the D−axis with the additional
mutual flux linkage path ( X230 ) included is as shown in the following figure:

RS1 XS1

XMD0

X230

X3D

R3D

X2D

R2D

FieldDamper

Discussion of the data required for the “trfa” option is included in section 16.6which
discusses the MACHINE ELECT DATA menu.

The Machine MVA is entered in response to the “mmva” menu item. Transformer
MVA is specified in the TRANSFORMER PARAMETERS menu, independent of
machine MVA.

The “Vbsll” menu item prompts for the rated root−mean−squared ( RMS )
line−to−line ( L−L ) voltage of the machine. Rated voltages for the optional
transformer are specified independently in the TRANSFORMER PARAMETERS
menu.

The “HTZ” menu item in the GENERAL MODEL CONFIGURATION menu
prompts for the rated machine frequency in Hertz.

The “satur” menu item prompts for an indication of whether D−axis saturation will
be included in the model and, if so, whether the curve will be specified using points
on the curve or using saturation factors SE(1.0) and SE(1.2).

The “MM” menu item prompts for an indication of whether the machine speed
calculation is internal to the model or, alternatively, whether the speed is to be
calculated externally and provided to the machine model through an optional CC
input ( ΔW ).ΔWis speed deviation in units of radians / second with respect to rated
speed. For example, when the machine is operating at rated speed, as specified by
the HTZ item, then ΔW = 0.0 radians / second.
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Choosing “Yes” in the “MM” menu item causes the MECHANICAL DATA AND
CONFIGURATION menu tab to disappear. This corresponds with the fact that the
machine speed is calculated external to themodel when a “Yes” response is given for
the “MM” item. Conversely, the CC input of mechanical torque TMper unit, and the
CCoutput ofmachine speedWradians / second are also removed from the iconwhen
a “Yes” response is given for the “MM” item.

In the case of a “No” response to the “MM” item, the reference direction for the
mechanical torqueCC input ( TM ) is positive torquewhen themachine is generating
positive power into the electrical system. Also, in the case of a “No” response to the
“MM” item, the CC output for machine speed ( W ) is in units of radians / second.

The “spdin” menu item prompts for information concerning the speed of the model
in the first time−steps. The two choices are: “Zero” and “Rated”. When initializing
the machine according to a load flow it is important that the User select “Rated”.
When the response of “Zero” is given, then theMACHINE INITIAL LOADFLOW
DATA menu tab will disappear. In that case, all currents in the stator and the rotor
of the machine will be initially set to 0.0 in addition to setting initial speed to 0.0.

The “tecc” item prompts for a request that Machine Electrical Torque in p.u. should
be provided through an optional CC output point on the icon ( TE ), as shown on the
above icon. This is required when the speed of the machine is calculated external to
the model, such as when speed is calculated in an external multi−mass model ( see
item MM above ). The TE output is in P.U. torque as determined by the machine
MVA ( item “mmva” ) and rated speed in radians / second ( item “HTZ” in Hertz ).
The reference direction for TE is positive torque when the machine is generating
positive power into the electrical system.

The “vtcc” item prompts for a request that the machine p.u. terminal voltage should
be provided through an optional CC output point on the icon ( VMPU ). The VMPU
output is calculated by taking the square root of the sum of the line−to−linevoltages
squared and then scaling to per unit. The per unit base comes from the item “Vbsll”
noted above. The OUTPUT OPTIONS menu, described below, allows the User to
specify that the VMPU signal should be passed through a first order lag filter before
output.

The “trfmr” item prompts for a request that a generator unit transformer should be
included in the model, as shown in the above icons. When the transformer is
requested, then the transformer parameters are entered into the TRANSFORMER
PARAMETERS menu.
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The “ldmh1” item enables a request that a shunt connected bank of R, series RL or
series RC loads on the terminals of the machine. When a bank is requested, the
OPTIONAL LOADS ON MACHINE BUS menu tab will appear. Similarly, the
“ldmh2” item can be used to enable a second load bank on the machine terminals.

The next 3 entries in the GENERAL MODEL CONFIGURATION menu ( ReqP,
ShrC and ShrP ) allow the the specification either that the model will be
automatically assigned to a processor ( Automatic ) ormanually assigned ( Manual )
to a user specified processor. If automatic assignment of the model to a 3PC
processor is requested using the ReqP item, then the subsequent two entries in the
menu are ignored. If manual assignment of the model to a processor is requested,
then a specific processor can be requested by indicating a 3PC card number
( beginning with 1 ) and whether the model will be on processor A, B, or C on the
card. A 3PC card number of 1 means the first 3PC card in a rack.

The final two items, “ieeeo” and “defpi”, force floating point numbers to be
transmitted and received over the backplane in IEEE floating point format, when the
numbers normally would be passed in NEC format.

Of course, when the simulation hardware contains only 3PC cards ( that is, no TPC
cards ), then the IEEE floating point format is always used on the rack backplanes.
In that case, the responses to the final two items are ignored by the compiler.

Conversely, when the simulation hardware contains at least one “mixed rack” of
simulation hardware ( that is, both TPC and 3PC cards ), then the default format of
floating point numbers passed on all of the the backplanes is the NEC floating point
format rather than the IEEE format. However, regardless of the NEC default, the
User may still wish to pass some numbers on IEEE format. The “ieeeo” and “defpi”
items facilitate this possibility.

Always be very carefulwhen choosing to pass floating point numbers in IEEE format
in mixed racks and make certain that both the source and all destinations for the
floating point number are set to use the IEEE format.

The final menu item in theGENERALMODELCONFIGURATIONmenu, labelled
“defpi”, prompts for the specification of whether or not floating point numbers
received from the backplane should be received in IEEE format when the default
would be NEC.

In general, the selection in the “ieeeo” item should be “No”. Similarly, the selection
in the “defpi” item should usually be selected as “BP_MODE”. In that case the
default floating point type, “NEC” or “IEEE”will be used depending onwhether the
simulation hardware is all 3PC cards.

It should be noted that the compiler will ignore the selection in the “defpi” item if the
compiler can explicitly identify the type of a particular input and determine that the
“defpi” selection is wrong. However, the compiler cannot always provide this
back−up support. Be highly diligent when choosing to pass and receive floating
point numbers in IEEE format in mixed racks.
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6.2.3 THE MECHANICAL DATA AND CONFIGURATION MENU

This menu is needed when the model is configured to internally calculate the speed
of the machine. This menu is only available if the “MM” item in the GENERAL
MODEL CONFIGURATIONmenu has been set to “No”. Responding with a “Yes”
to the “MM” item configures the model to receive a speed order from the CC.

Therefore, when the “MM” item is specified as “No” in the GENERAL MODEL
CONFIGURATION menu, then the MECHANICAL DATA AND
CONFIGURATIONmenu is made available for specifying the required mechanical
data. The MECHANICAL DATA AND CONFIGURATION menu appears as
follows:

The “H”menu item prompts for the inertia of the machine. H ( inMW−Sec /MVA )
is the rotational energy ( inMW−Sec. ) stored in the machine rotor at rated speedper
MVA of machine rating. The MVA rating of the machine is as entered in the
GENERAL MODEL CONFIGURATION menu in response to the “mmva” item.

The “D”menu item prompts for a synchronous damping torque factor. The resulting
damping torque tends to resist over−speed or under−speed operation. The damping
torque factor “D” is in units of per−unit torque over per−unit speed deviation.

When the machine model is responsible for calculating the machine speed ( MM =
“No” in the GENERALMODELCONFIGURATIONmenu ), then the machine can
be run in locked speed mode or in free speed mode.

In locked speed mode, the speed of the machine is determined by a machine slider
( CONSPD ) in RunTime which has a default value of synchronous speed. It is
usually not necessary to change the default value of the CONSPD slider. Therefore,
it is usually not necessary to create or use the CONSPD slider.

In the free speed mode, the machine speed is determined by the sum of the torques
that act on the total inertia of the machine. These include mechanical torque ( TM ),
electrical torque ( TE ), and the damping torque.

It is possible to switch from the locked speedmode ( the usual start−upmode ) to the
free speed mode using a Lock/Free ( L/F ) input.
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If the “Location of the Lock/Free Mode Switch” is specified as RunTime using the
“MSW” item in the above menu, then a switch labelled “LockFree” will appear in
the CREATE−>SWITCHmenu in RunTime for the machine. This RunTime switch
will have the initial value ( Lock or Free ) specified by the “spdmd” item in the above
menu.

If the “Location of the Lock/Free Mode Switch” is specified as CC ( Controls
Compiler ) using the “MSW” item in the above menu, then a CC integer input
labelled “L/F” will appear on the lower edge of the icon. If an integer 0 is supplied
to the L/F input, then the machine will run in locked speed mode. If an integer 1 is
supplied to the L/F input, then the machine will run in free speed mode.

A simulation which is begun with a machine in “Lock” speed mode must be
switched to “Free” speed mode to enable the proper modelling of mechanical
dynamics.

The next two items in the MECHANICALDATAANDCONFIGURATIONmenu,
labelled “inh” and “ind”, enable the specification that there will be Controls
Compiler inputs for external inertia H ( EX_H ) and an external damping factor
( EX_D ). The units of the signal to EX_Hmust beMWs/MVAon themachineMVA
base. The units of the signal to EX_Dmust be pu torque / pu speed based onmachine
base speed and MVA. When an external damping factor CC input is enabled, then
an additional CC input EX_W is provided on the icon to receive a speed input
( EX_W ). The units of the signal to EX_Wmust be radians / second. The EX_D and
EX_W inputs cause an acceleration torque ( in pu ) which is equal to −EX_D times
( ω―EX_W )/ωo whereω is the speed of the machine in radians per second andωo
is the base speed of the machine in radians per second. Therefore, if EX_W is set
equal to ωo, then the external damping is synchronous damping.

Alternatively, the EX_W and EX_D inputs can be used to provide a simple load for
a synchronous motor by creating a CC input for EX_W of 0.0 and controlling the
EX_D input according to the load level desired.

The next two items in the MECHANICALDATAANDCONFIGURATIONmenu,
labelled “upexw” and “loexw”, enable specification of internal upper and lower
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limits to be placed upon the EX_W speed signal received from the CC input. The
limits are specified in units of per unit speed. Of course, these two menu items are
ignored if the EX_W input is not enabled.

6.2.4 THE MACHINE INITIAL LOAD FLOW DATAMENU

It is only possible to accurately initialize themachinemodel according to a load flow
when the machine is to begin running at synchronous speed ( “HTZ” in the
GENERAL MODEL CONFIGURATION menu ). Therefore, the MACHINE
INITIAL LOAD FLOW menu tab will only appear when the initial speed ( the
“spdin” menu item in the GENERALMODEL CONFIGURATIONmenu ) is set to
be “Rated”. The MACHINE INITIAL LOAD FLOW menu appears as follows:

When the response is a “Zero” to the “spdin”menu item, then themachine will begin
at zero speed and all currents in the machine will also be initialized as zero.

Of course, it may not be possible to bring a large network to a stable operating
condition unless the stable operating condition has been defined by a correct load
flow result. It is clear that only certain operating conditions of a network are stable.
If machines or lines are initially too heavily overloaded, then the network will
immediately collapse and never reach a steady operating point.

The four menu items at the top of the above menu allow initial terminal conditions
of themachine to be specifiedwhich are sufficient for initializing themachine. These
initial terminal conditions are available from the output of the load flow program.

The angle “Vangl” defines the angle of the “A” phase terminal voltage sine wave in
Degrees at time = 0. The effects of loading and saturation are included in the
initialization calculations. The initialization feature calculates and initializes the
initial stator and field currents and also the initial angular position of the rotor. The
initialization also pre−calculates themechanical torque and normalized field voltage
whichwould be required to provide the desired real and reactive power ( P0 andQ0 )



MACHINES

6.11

out of the machine for the specified machine terminal voltage ( Vmagn ). The
calculated field voltage and torque are useful in initializing the exciter and governor
models prior to the start of a simulation.

Menu Items: rmpc and rmptc

The“rmpc”menu item in the abovemenupromptswhether themachine should begin
with zero output currents and then ramp to the pre−calculated initial output currents
according to an exponential time constant. Alternatively, themachine can beginwith
the full calculated initial output currents in the first time−step.

If the load flow input specified in the first four menu items is accurate for all
machines in the simulation, then it is usually better to choose “Yes” for the “rmpc”
item for all machines, particularly when starting a case with many machines. If
choosing to use the ramp feature, then the same ramp exponential time constant
“rmptc” for all machines and sources should be specified.

If the load flow input is not accurate ( or if there are significant differences between
the load flow network and the network defined in DRAFT ), then it is usually better
to choose “No” for the “rmpc” item. If the case is very small, then it also may be
acceptable to answer “No” to this item.

At this point, some explanation of the ramp start−upmethod is given to support the
best answer for the “rmpc” item discussed above.

The initial direct ( D ) and quadrature ( Q ) axis voltages and currents for the stator
are pre−calculated when calculating the initial currents for the machine model, as
noted above. In steady operation, the D andQ axis currents and voltages are constant
DC values.

When the selection is “No” in the “rmpc” menu item, then the model begins to
produce and useDandQaxis stator voltages immediately in the first time−stepbased
upon theABC terminal voltages and theABC toDQ0 transformation. The full initial
stator currents flow to the network beginning in the first time−step based on the
pre−calculated initial D and Q−axis currents. After the first time−step, the currents
change depending on the stator voltages.

When the selection is “Yes” in the “rmpc” menu item, then the model initially uses
the pre−calculated initial D and Q axis stator voltages without change for a period
equal to 10 times the exponential ramp time constant “rmptc”. Therefore, during that
period, the machine currents will NOT be affected by the fact that elements in the
network ( such as transmission lines ) are in the process of being initialized. Also,
during that period, the D and Q−axis currents used in calculating terminal current
injections to the network are ramped from 0.0 to the pre−calculated initial values. Of
course, after 10 time constants, the injections made by the machine model will be
essentially according to the load flow. Consequently, if the network impedances
defined inDraft are the same as those used in the load flowprogram, then the voltages
on the terminals of the machine will have risen to the “Vmagn” and “Vangl” values
entered in the menu. Of course, it is the responsibility of the User to assure that the
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impedances of the network defined in Draft are in fact the same as those used in the
load flow program.

Beginning after the period of 10 time constants, described above, a transition ismade
to closed loop operation for the machine model. During the transition period the
machine model changes from using the pre−calculated initial D and Q−axisvoltages
to using actual D and Q−axis voltages based upon the actual ABC terminal voltages
and the ABC to DQ0 transformation. The transition is made using an exponential
time constant equal to “rmptc”. If the load flow input is accurate, the transition is
very smooth because the transitionwill actually occur between pre−calculated initial
D and Q−axis voltages which are exactly equal to actual calculated D and Q−axis
voltages. However, if there is some unbalance in the system, such as one produced
by using non−transposed lines, then there will be some small adjustments as the
model transitions to closed loop operation.

During the 10 time constant current ramp period described above, the CC output
VMPU ( in p.u. ) for measured machine terminal voltage will be set equal to the
specified “Vmagn” value. The machine model begins to provide actual machine
terminal voltage through the CC output VMPU only after the current ramp period.

Also, the field voltage ( normalized ) provided to the CC input EF is not used during
the current ramp period of 10 time constants. The input is replaced in the period by
a constant pre−calculated field voltage as required by the load flow data. The
machine model begins to use the EF input from the CC only after the end of the
current ramp period.

The “rmpc” current ramping option may be used when the machine model is started
either in “Lock” speed mode; in “Free” speed mode; or if the model is receiving an
external speed order. “Lock” and “Free” speed mode are discussed in section 6.2.3
above.

If the machine is run in “Lock” speed mode during the current ramping period, then
the machine is running in completely open−loop mode during the period. This
includes the mechanical input, field voltage input and terminal voltage input
interconnections. In this circumstance, if the CC output for electrically generated
torque TE pu ( air gap torque resisting mechanical torque ) is enabled, then the TE
output will be the constant p.u. value required by the load flow ( plus some small
additional torque to supply electrical losses in the stator of themachine ). Onlywhen
the machine is switched to “Free” speed mode will the machine speed respond to
mechanical torque input TM.

If the machine is run in “Free” speed mode during the current ramp period, then the
machine will respond to mechanical torque TM input from the beginning. In this
circumstance, themechanical torque signal supplied to the TM input should be equal
to the pre−calculated required initial mechanical torque according to the load flow.

The pre−calculated required initial mechanical torque and the pre−calculated
required initial field voltage are both alwayswritten to the “case_name.map” file and
to “Messages” by the machine data preparation function when a machine case is
compiled in Draft. They are also passed to various exciter and governor models for
initializing the exciter and governor models.
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If themachine receives an externally generated speed deviation signal ( such as from
the Multi−mass model ) through icon CC input ΔW ( discussed above ), then the
machine will respond to that input immediately in all cases. During initialization it
is usual that the speed deviation signal is 0.0 or close to it. This can be accomplished
in the Multi−massmodel by starting the multi−massmodel in “Lock” speed model.

Toreiterate, a simulationwhich is begunwithamachine orMulti−massin“Lock”
speed mode must be switched to “Free” speed mode to enable the proper
modelling of mechanical dynamics.

Menu Items: iszro and izro

Generally, select “No”when the “iszro” itemprompts forwhether or not the compiler
should “force initial stator currents to zero”. This feature is carried over from very
early versions of the machine model.

The “iszro”menu itemallows all initial stator currents to be forced to zero. The initial
mechanical angle of the rotorwill continue to be initialized according to the load flow
data. The main magnetizing current on the D and Q−axis is maintained when the
feature is enabled. This is done by increasing the field current on the D−axis and the
first damper winding current on the Q−axis when the stator currents are set to zero
current. Enabling the feature establishes the correct main magnetizing flux at
start−up with zero initial stator currents. Again this feature is rarely used.

The “izro” menu item can be used to start the machine with rotor or stator currents
set to zero regardless of the load flow data. The initial mechanical rotor position,
THETA, will continue to be initialized according to the load flow data.

THETA is the angle of the D−axisof the rotor with respect to theA−axisof the stator.
THETA is positive when the D−axis of the rotor is ahead of the A−axis toward the
B−axis of the stator.

The “izro” feature is sometimes used during testing of the machine model. For
example, to confirm the open−circuit unsaturated transient time constant, T’do, a
field voltage is applied to an open−circuit machine model running at synchronous
speed which has no current flowing in any winding. The terminal voltage of the
machine then rises fromzero according to the open−circuitunsaturated transient time
constant, T’do.

Additional Notes on Initialization

A machine which is started in “Lock” speed mode and a voltage source model can
both be specified as having the same rated frequency in Draft. In that case, the
machine and the voltage source model will operate for an extended period without
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change in their relative phase. However, the relative angular position of the rotor can
be shifted with respect to the voltage source during initial “Lock” speed operation.
This can be accomplished using an “A_shift” Slider which may be created in
RunTime using the CREATE−>SLIDERpull−downmenu for themachine. It is very
rare that the “A_shift” slider will be used.

The load flow initialization feature, discussed above, presets the “A_shift” Slider
with an angle ( in Degrees ) which is the sum of the angle specified for the machine
terminal voltage A phase sine wave “Vangl” plus the initial generator load angle.
Therefore, creation and adjustment of the “A_shift” Slider is usually unnecessary.
However, the “A_shift” Slider can be used during “Lock” speed operation tomodify
the real power flow. In that regard, it is generally true that increasing the “A_shift”
Slider angle during “Lock” speed operation causes more real power to flow out of
the machine.

In the unusual event that the “A_shift” Slider is used in RunTime, then it should be
removed and re−created in RunTime after new load flow information is compiled for
amachine in Draft. Draft cannot override the setting of a Slider which already exists
in RunTime.

6.2.5 THE MACHINE ELECT DATA MENUS

The machine electrical data parameters are used for determining the per unit
resistances and reactances on theDandQaxes of themachinemodel. The resistances
and reactances are as shown in the following figure. These resistances and reactances
can be entered directly or converted from “Generator” type data.
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The diagram for the Q−axisdoes not contain a X230 reactance entry. In addition, the
R3Q andX3Q branches are eliminated from the Q−axis if the User has specified that
the “Number of Q−axis rotor windings” will be “One” in the GENERAL MODEL
CONFIGURATION menu.

There are two alternative menus for specifying the main machine electrical data
parameters. If the default “Generator” is selected as the “Format of Machine
electrical data” in the GENERAL MODEL CONFIGURATION menu, then the
menu MACHINE ELECT DATA: GENERATOR FORMAT menu becomes
available. Alternatively, the MACHINE ELECTDATA: R ANDX FORMATmenu
becomes available.

THE MACHINE ELECT DATA: GENERATOR FORMATMENU

TheMACHINEELECTDATA:GENERATORFORMATmenu appears as follows:



MACHINES

6.16

The reactances in the GENERATOR FORMAT menu are unsaturated reactances in
per unit. The time constants contained in the menu are open−circuited unsaturated
time constants in seconds.

The Xq’ and Tqo’ menu items will appear “greyed out” in this menu if the “Number
of Q−axis rotor windings” is specified as “One” in the GENERAL MODEL
CONFIGURATION menu.
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Background for the Transfer Admittance Item: “trfa”

The “Gfld” and “Bfld” items will appear “greyed out” in this menu if in the
GENERAL MODEL CONFIGURATION menu if it is specified that the D−axis
transfer admittance is not known. TheD−axis transfer admittance, when known, can
be used to improve the modelling of the machine as seen from the field terminals as
discussed in the reference [1]. For that purpose, a mutual flux linkage path X230
is included in the model when the transfer admittance is provided.

RS1 XS1

XMD0

X230

X3D

R3D

X2D

R2D

FieldDamper

if

ed

Gfld + J Bfld =
−if ( p.u. )

ed ( p.u. )

The D−axis transfer admittance ( Gfld + j Bfld p.u. ) is the result of a test done on the
D−axis to measure the transfer admittance between the armature winding and the
fieldwinding. The test is donewith the rotor locked andwith the field short circuited.
The transfer admittance is as defined by the equation in the above figure. A
fundamental−frequency voltage of reduced magnitude is applied to the stator
windings so as to cause a reduced−magnitude fundamental−frequency D−axis
armature voltage ed and a zero q−axis armature voltage eq. ( Note: Reduction of
stator voltages is required in order to limit currents during the test. ) The resulting
fundamental−frequency current if is measured in the field−windingwith the normal
reference direction shown in the above figure.

One method for producing a sinusoidal ed with zero eq would be to lock the D−axis
in alignment with the A−axis; connect the terminals of the B and C phases together;
and then apply a single−phase voltage to the two−port consisting of the A terminal
and the combined BC terminal.

Practical use of the equation in the above figure requires some background on the
per−unit system for ed and if .

Deepwithin themachinemodel, the base voltage in theDQ armature system is equal
to the base voltage in theABCstator systemnamely the root−mean−squared( RMS )
line−to−neutralvoltage. This is obtained by dividing the rated machine line−to−line
voltage by the square root of three. The transformation of p.u. voltages is then
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accomplished using the following transformation:

ed
eq
e0

= Tdq0
Va
Vb
Vc

Tdq0

where

=

cos θ cos ( θ − 120 ) cos ( θ − 240 )

sin θ sin ( θ − 120 ) sin ( θ − 240 )
2

3

1
2

1
2

1
2

Balanced stator voltages Va, Vb and Vc at rated magnitudes are sinusoidal voltage
waves having peakmagnitudes equal to√2 per−unit ( root 2 ). With the rotor locked,
the corresponding transformed D−axis voltage ed would also be a sinusoidal wave
having a peak magnitude equal to √2 per−unit. This comparison is given only as an
example to explain the per unit system.

The base value for the p.u. field current can be explained with reference to the
following figure. The curve in the figure describes open−circuitstator voltage versus
field current during synchronous speed operation.

in p.u.

if

1.0

ifn in kA

A normalized field current of 1.

A p.u. field current of √2 / Xmd0

RMS Stator Voltage

( 1.0 = Rated )

The current ifn ( in kA ) is that field current which would be required to cause rated
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RMS stator voltage during the open−circuit test with no saturation. ifn kA
corresponds to a per−unit field current of √2 / Xmdo per−unit. Therefore, the base
value for the field current is given by the following equation:

=ifo

Xmd0

2
kA

ifn

It is suggested to use the peak values of the sinusoidal waves of if and ed expressed
in per unit when evaluating the equation for the transfer admittance.

The MACHINE ELECT DATA: R AND X FORMATMenu

The alternative R AND X FORMAT menu appears as follows:

The R3Q andX3Qmenu items will appear “greyed out” in this menu if the “Number
of Q−axis rotor windings” is specified as “One” in the GENERAL MODEL
CONFIGURATION menu.

If the X230 reactance is not to be used in the D−axis of the User’s model, then enter
0.0 for the X230 parameter.

The D−axis and Q−axis quantities in the R AND X FORMAT menu correspond to
p.u. resistances and reactances in the above figure.



MACHINES

6.20

6.2.6 THE MACHINE ZERO SEQUENCE IMPEDANCES MENU

The MACHINE ZERO SEQUENCE IMPEDANCES menu appears as follows:

The first two entries in the abovemenu specify the per unit zero sequence impedance
of the machine. The final two entries in the above menu specify the per unit
impedance of the neutral reactor. The zero sequence path of the machine is in series
with the zero sequence path of the neutral reactor.

The zero sequence current from all three phases of the machine must flow through
the neutral reactor. Therefore, the neutral reactor impedance has three times the
weight in determining the total zero sequence impedance as compared to themachine
zero sequence impedance specified in the first two items. If there is no neutral
connection, then it is necessary to specify “Rneut” as being large as illustrated in the
above menu.

The neutral current and the neutral point voltage cab be monitored in RunTime; in
the Controls Compiler; or through D/A output on the front of the 3PC card. For
interfacing to external equipment for purposes more than monitoring, it is
recommended that FDAC or DDAC optically isolated D/A cards be used.

6.2.7 THE MACHINE SATURATION CURVE MENUS

The GENERAL MODEL CONFIGURATION menu contains an item labelled
“satur” which allows the method of specifying machine D−axis saturation to be
chosen. The choices are “Linear”, “Points”, and “Factors. If “Linear” is chosen, then
the D−axis will not saturate. The other two choices are explained below.

The MACHINE SATURATION CURVE BY POINTS MENU

This method requires a saturation curve for the D−axis of the machine to be entered
using points on the curve. The required curve can be obtained during
synchronous−speed open−circuit operation by varying the field current and
monitoring the stator voltage. The curve is a plot of stator voltage in per−unitversus
magnetizing current specified in units of the User’s choice. The first point in the
curve ( C1, V1 ) must be ( 0.0, 0.0 ). The second point in the curve ( C2, V2 ) must
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be on the unsaturated part of themagnetizing curve. The position of the second point
allows it to provide scaling information for magnetizing currents entered in the
menu. If fewer than 10points are known for the curve, then enter−1.0for the currents
following the known points. An unsaturatedmachine can be represented by entering
a straight line in the menu.

The MACHINE SATURATION CURVE BY FACTORS MENU

The required saturation curve is the curve which can be obtained during
synchronous−speed open−circuit operation by varying the field current and
monitoring the stator voltage.

The MACHINE SATURATION CURVE BY POINTS menu appears as follows:

The two factors to be specified in the abovemenu are defined in the following figure.

1.0

1.2

if ( normalized )1.0 1.2

Unsaturated
D−axis CurveVt per unit

ΔI( 1.2 )

ΔI( 1.0 )

SE = ΔI / Vt
SE( 1.0 ) = ΔI( 1.0 ) / 1.0
SE( 1.2 ) = ΔI( 1.2 ) / 1.2

T
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The saturation curve defined by the SE( 1.0 ) and SE( 1.2 ) factors is displaced to the
right of the unsaturated curve by a quadratically increasing amount defined by the
two points. The two factors are also sufficient to define the point T where the
saturation curve becomes tangent to the unsaturated curve.

6.2.8 THE TRANSFORMER PARAMETERSMENU

The GENERAL MODEL CONFIGURATION contains an item “trfmr” which
enables an optional Y−Δ generator transformer. When the request is made, the
TRANSFORMER PARAMETERS menu is made available.

The TRANSFORMER PARAMETERS menu appears as follows:

When enabled, the transformer appears as shown above. The icon also displays the
main ratings of the transformer and whether the Delta−side voltage lags the primary
or leads the primary by30Degrees.Also, if the transformer is grounded on theYside,
then a ground symbol is shown.

The last entry in the menu allows the connection of an optional shunt conductance
at the primary side terminals of the machine.

6.2.9 THE OPTIONAL LOADS ON MACHINE BUS MENU

The “ldmh1” item of the GENERALMODEL CONFIGURATIONmenu enables a
shunt connected bank of R, series RL or series RC load on the terminals of the
machine. When a bank is requested, then the OPTIONAL LOADS ONMACHINE
BUS menu tab will appear. Similarly, the “ldmh2” item can be used to enable a
second load bank on the machine terminals.

The OPTIONAL LOADS ON MACHINE BUS menu can be used to enter any
reasonable loads on the machine bus.
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6.2.10 THE OUTPUT OPTIONS MENU

There are about 25 different quantities that can be monitored in the machine model,
either in RunTime or through D/A output. The selections of the quantities to be
monitored can be made using the menus described in subsequent sections.

The OUTPUT OPTIONS menu provides some optional conditioning of certain
selected signals.

The OUTPUT OPTIONS menu appears as follows:

The firstmenu item ( “tconp” ) specifies the time constant that the first order lowpass
filter will use on the signals for real and reactive power going out of the generator
and transformer.

The second menu item ( “tconc” ) specifies the time constant that the first order low
pass filter will use on the signal for maximum instantaneous phase current flowing
out of the machine.

The next menu item ( “tconv” ) specifies the time constant that the first order low
pass filter will use on the signal VMPU for the per unit terminal voltage of the
machine.

Themodel also allowsmachine terminal currents, machine terminal voltages ( when
the transformer is enabled ), machine neutral point voltage and current, and the
transformer currents ( when the transformer is enabled ) to bemonitored. The above
signals can only be calculated after the end of the time−step when new voltages
become available for the network bus. The above quantities would normally lag one
time−step behind the bus voltages when monitored in RunTime or viewed on D/A
channels. Therefore, an optional feature has been provided which projects the
delayed signals by one time−step to bring them back into time alignment with the
network bus voltage.
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6.2.11 SIGNAL MONITORING IN RT AND CC: MAC MENU

The number of different signals which can be monitored in this machine model has
been increased significantly compared to previous machine models. Also, some
signals may bemonitored throughCCoutput connection points on the icon as shown
in above icons.

In particular, the machine terminal voltage ( pu ), machine speed ( rad/sec ) and
machine electrical torque ( pu ) through CC output connections can all be accessed.
Machine speed “W” is in radians/second corresponding to a 2 pole machine.
However, machines of any pole count may be modelled.

Other quantities listed in this menu may be monitored by choosing “Yes” for the
desired signal and then using the SIGNAL NAMES FOR RUNTIME AND D/A:
MAC menu to provide a name for the signal. Having enabled and named the signal
( “Pout” for example ), the signal is available for monitoring in RunTime. A named
signal can be passed to a control block in the CC as shown in the following figure
using CC Import and Export icons ( or a combined Import/Export symbol ).

Pout Pout
+

+

In total, there are presently 17 signals which can be accessed through this menu and
theNAMESFORRUNTIMEANDD/A:MACmenu.Most signals such as the P and
Q out of the machine in MWs and MVARs need no explanation. However, some
details will be provided concerning certain signals.

The “Max Mach. Phase Crt kA” is the maximum of the three phase currents in the
direction of out of the machine. This means the most positive of the three output
terminal currents at any instant is provided as the signal.
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The Load Angle δ for the machine is given by:

=δ tan−1 Ed
−Eq

The negative sign in the above equation for δ occurs because the Q−axis of the rotor
lags the D−axis of the rotor by 90 degrees in this model. In some other models, the
Q−axis leads the D−axis and the negative sign is omitted. Because of the opposite
orientation, Eq is equal to −√2 during open−circuit operation at rated frequency and
rated stator voltage. As the generator is loaded, Ed changes from a zero value to a
positive value.

In order to compare theEQand IQ signals from thismodelwith theEQand IQsignals
from another model, it may be necessary to change the sign of the signals depending
on the position of the Q−axis with respect to the D−axis in the other model.

The rotor mechanical angle is the instantaneous angle in radians that the D−axis is
ahead of the A−axis toward the B−axis of the stator. As the machine turns this signal
repeatedly increases from 0.0 to 2π radians and then resets to 0.0 radians. The reset
occurs as the D−axis passes alignment with the A−axis.

The machine Neutral Current is equal to three times the machine zero sequence
current because the neutral carries the zero sequence current of all three stator
windings.

When the transformer option is enabled, the voltages of the A, B and C nodes
between the machine and the transformer may be monitored.

6.2.12 SIGNAL MONITORING IN RT AND CC: TRF MENU

This menu is similar to the SIGNALMONITORING IN RT ANDCC:MACmenu,
except that it contains signals exclusively for the transformer model. Consequently,
this menu is not available unless the transformer option has been enabled.

The menu allows monitoring for real and reactive power out of the transformer into
the network to be enabled. It also enables themonitoring of primary currents flowing
out of the transformer into the network.

Names are given to the transformer signals using the SIGNAL NAMES FOR
RUNTIME AND D/A: TRF menu.

6.2.13 THE ENABLE D/A OUTPUT MENUS

Amaximum of 8 output signals may be requested to be sent to D/A channels on the
front of the 3PCcard from themachine and transformer ENABLED/Amenus. These
output signals are suitable for monitoring, however, for higher quality of output of
D/A signals the optically isolated FDAC or DDAC cards should be used.
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6.2.14 THE D/A CHANNEL ASSIGNMENTS MENUS

These menus enable each of the enabled D/A output signals to be directed to a
specified output channel number ( 1 to 8 ) on the front of the 3PC card with specified
scaling. ERRORmessages will be given if an attempt is made to sendmore than one
signal to the same D/A output channel.

D/A scaling for a given RTDS internal signal is determined by the value of the
internal signal that corresponds to 5 volts D/A output. This value should be entered
into the D/A CHANNEL ASSIGNMENTS menu in order to scale the signal.

IfD/Aoutput of a signal is enabled, then the signalmust be namedusing theSIGNAL
NAMES FOR RUNTIMEANDD/Amenus. Naming the signal is required because
two Sliders and a Switch are available in RunTime for each D/A output signal
according to the name given to the D/A output.

For example, each D/A output signal has a D/A unity scaler for optionally applying
a multiplying factor to the D/A output signal. The default slider value is 1.0 ( hence
the name “unity scaler” ). There is also an Offset slider for adding a certain voltage
to the D/A output signal. These sliders are dynamically adjustable during a
simulation.

The unity scaler slider can be created by following the RunTime pull−downmenu:
CREATE−>SLIDER−>Subsystem#−>3PCD/A−>Scale:Name. The offset slider
can be created by following the pull−down menu: CREATE −> SLIDER −>
Subsystem # −> 3PC D/A −>Offset:Name.

There is also a SWITCHavailable inRunTime for eachD/Aoutput signal ( CREATE
−> SWITCH −> Subsystem # −> 3PC D/A −> LED:Name ) for lighting an LED
above the D/A output connection point on the front of the 3PC card. The User can
temporary switch on this LED in order to confirm the proper connection point for the
D/A output signal.

6.3 SYNCHRONOUS MACHINE MODEL ( RTDS_SHARC_MACM2 )

A synchronous machine model based on generalized machine theory may be
connected to the user defined power system network in RSCAD / Draft. Exciter
( AVR ), stabilizer, speed governor, turbine and multi−mass models may be
interfaced to the synchronous machine model. The machine model may be
configured as either a salient pole or round rotor machine. This model also
incorporates several new features; voltage projection, extra points in the field flux
saturation curve and field voltage saturation factors.
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Ef: Field Voltage (p.u.)
W: Machine speed (rad/sec)
Te: Electrical Torque (p.u.)
A/B/C: Bus Connection Terminals

The CONFIGURATION menu permits the choice between entering the machine
data in generator format or in motor format. In the latter case, the GENERATOR
FORMAT menu tab is replaced with a MOTOR FORMAT menu tab.

The CONFIGURATION Menu appears as follows:

The “Cfgr” menu item allows the choice between modelling one damper winding
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( Salient ) or two damper windings ( Round ) on the Q−axisof the rotor. If “Salient”
is selected then unnecessary data entries will become “greyed out” in the
GENERATOR FORMAT and MOTOR FORMAT menus.

The “H” item prompts for the inertia of the machine. H ( MW−Sec / MVA ) is the
rotational energy ( MW−Sec. ) stored in the machine rotor at rated speed per MVA
ofmachine rating. TheMVA rating of themachine is ( 3 )( Vbase )( NOM )( ibase )
as entered in the CONFIGURATION menu.

The “HTZ” item prompts for the rated machine frequency in Hertz.

The “D” item prompts for a synchronous damping torque factor. The resulting
damping torque tends to resist over−speed or under−speed operation. The damping
torque factor “D” is in units of per−unit torque over per−unit speed deviation. The
response to the “D” item is not used if the multi−mass model is used with the
machine. In that case, the multi−mass model determines all mechanical dynamics.

The “Vbase” itemprompts for the rated root−mean−squared( RMS ) line−to−neutral
( L−N ) voltage of the machine.

The base current of the model is the product of ( NOM )( ibase ) as entered in
the CONFIGURATION menu.

The remaining items in the CONFIGURATION menu relate to the initialization of
the machine model. The initialization feature allows the machine to be initialized at
synchronous speed ( “HTZ” Hertz ) according to:

terminal voltage magnitude “Vmagn” p.u.;
terminal voltage phase “Vangl” degrees;
real power out of the model “P0” MW; and
reactive power out of the model “Q0” MVAR.

The angle “Vangl” defines the angle of the “A” phase voltage sine wave at time = 0.
The effects of loading and saturation are included in the calculations. The
initialization feature presets the initial stator and field currents and also the initial
angular position of the rotor. The initialization also pre−calculates the mechanical
torque and field voltage which would be required to provide the desired real and
reactive power out of the machine for the specified machine terminal voltage. The
calculated field voltage and torque are useful in initializing the exciter and governor
models prior to the start of a simulation.

The “Initial Speed Mode” of the machine must be selected as “Free” or “Set”. If
“Set”, then the machine will initially run at the rated speed ( such as 50 or 60 Hz )
as specified by the “HTZ” item. If “Free” then the machine speed will vary from the
start of the simulation based on the difference between mechanical torque and
air−gapelectrical torque. A simulationwhich is begunwith amachine in “Set” speed
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modemust be switched to “Free”mode to enable the propermodelling ofmechanical
dynamics. This can be accomplished during a simulation by creating a “mode”
Switch ( Lock / Free ) for the machine in Run−time.

Amachine which is started in “Set” speedmode and a voltage sourcemodel can both
be specified as having the same rated frequency in Draft. In that case, the machine
and the voltage source model will operate for an extended period without change in
their relative phase. However, the relative angular position of the rotor can be shifted
with respect to the voltage source during the initial “Set” speed operation. This can
be accomplished using an “A_shift” Slider which is available for the machine in
RunTime. The initialization feature discussed above presets the “A_shift” Slider
with the sum of the angle specified for themachine terminal voltage “Vangl” plus the
initial generator load angle. Therefore, adjustment of the “A_shift” Slider is often
unnecessary. However, the “A_shift” Slider can be fine−tuned during “Set” speed
operations in order tomore exactlymatch the desired real power flow. In that regard,
it is generally true that increasing the “A_shift” Slider angle during “Set” speed
operation causes more real power to flow out of the machine.

The “A_shift” Slider should be removed and re−created in RunTime after new load
flow information is compiled for a machine in Draft. Draft cannot override the
setting of a Slider which already exists in RunTime.

It was noted above that the initialization feature calculates the field voltage “Efd”
and the mechanical torque “Tm” required for the specified load flow conditions. If
no exciter model is used then the field voltage is directly controlled by a “Efd” Slider
which is available in RunTime and which is preset to the calculated field voltage.
Likewise, if no governor model is used then the applied mechanical torque is
controlled by a Slider “Tm” which is available in RunTime and which is preset to
the calculated mechanical torque. During “Set” speed operation either the “Efd”
Slider or the exciter set point can be adjusted to control the reactive power flowing
out of the machine. Efd is a normalized quantity so that Efd = 1.0 corresponds to the
field voltage required to produce 1.0 p.u. stator voltage on a synchronous machine
when it is running at rated speed with no saturation and no load.

The machine model allows real and reactive power to be monitored out of the
machine in RunTime. This feature is useful in establishing the desired load flow.
There is no filtering on the output of these measurements and consequently some
noise can be expected in the measured values. This optional output can be requested
in the MONITORING menu.

The magnitude and relative phase of each voltage source are also controllable in
RunTime. This adjustability can be used for initializing the system with machines
in “Set” speed mode when a recommended load flow solution is unavailable. In that
case, the procedure is to specify the source voltages and machine terminal voltages
initially to be equal in magnitude and phase having regard to transformer
connections. Themachine “A_shift” sliders and voltage source angles to control the
real power flow may then iteratively adjusted while adjusting field voltage and
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voltage source magnitudes to control the reactive power flow.

The air−gap electrical torque “Te” may be monitored in RunTime during a
simulation. Prior to switching from “Set” speed mode to “Free” mode there should
be a reasonable agreement between the mechanical torque “Tm” which is applied to
the machine and the air−gap electrical torque “Te” which can be monitored in
RunTime. If no governor is used then thematch can be achieved by directly adjusting
the mechanical torque Slider “Tm” in RunTime. Alternatively, if a governor is used
then the match between “Tm” and “Te” may be achieved by adjusting the governor
set−point in RunTime.

There is a rarely−used feature which allows control of the speed of themachine from
RunTime during “Set” speed operations. This can be accomplished by creating an
“f_set” Slider in RunTime for the machine and then using it to specify a speed other
than the default setting of rated speed. Changing the speed of the machine from the
rated speed during the “Set” speed operation will corrupt the ability to adjust the
machine relative angle using the “A_shift” Slider.

The prompt “iszro” in the CONFIGURATION menu also presents a rarely used
option. This option allows all Stator currents to be forced to be equal to zero while
maintaining the correct initial D−axis and Q−axis main mutual fluxes. This is
accomplished by initially setting the D−axis and Q−axis stator currents to zero and
by adjusting the D−axis and Q−axis damper−winding currents to compensate.

The “izro” menu item in the CONFIGURATION menu allows all initial machine
currents to be forced to be equal to zero. In that case themachine rotor angle remains
initialized according to the “Load Flow” information: “Vmagn,Vangl, P0, and Q0”.
This feature can be used in conducting open circuit tests on the machine. The
response to the “izro” item over−rides any response to the “iszro” item.

6.3.1 THE GENERATOR FORMATMENU

The machine model GENERATOR FORMAT menu appears as follows:
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The reactances in the GENERATOR FORMAT menu are unsaturated reactances in
per unit. The time constants contained in this menu are open−circuited, unsaturated
time constants in seconds.

TheXq’ andTqo’menu itemswill appear “greyedout” in thismenu if theRotorType
is specified as “Salient” in the CONFIGURATION menu. The “Salient” selection
indicates the modelling of only one Q−axis damper winding.

6.3.2 THE MOTOR FORMATMENU

The machine model MOTOR FORMAT menu appears as follows:
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The R3Q and X3Q menu items will appear “greyed out” in this menu if the Rotor
Type is specified as “Salient” in the CONFIGURATION menu. The “Salient”
selection forces the model to include only one Q−axis damper winding. The D−axis
andQ−axisquantities in theMOTORFORMATmenu correspond to p.u. resistances
and reactances in the following figure:
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6.3.3 THE NEUTRAL IMPEDANCEMENU

The machine model NEUTRAL IMPEDANCES menu appears as follows:

A conduction path between the machine neutral and ground is allowed through an
impedance which is specified in per unit on the stator base impedance. The base
impedance is ( Vbase ) / ( NOM x ibase ) as entered in the CONFIGURATION
menu.

6.3.4 THE SATURATION CURVE MENUS

The CONFIGURATION menu contains the item “tysat” which is identical to the
“satur” item found in the GENERAL MODEL CONFIGURATION menu of the
rtds_sharc_MACM3component. Refer to section 6.2.7 above formore information.

6.3.5 THE MONITORING MENU

Themachine speed “w”, and the air−gapelectrical torque “Te” listed in theRunTime
output menus for the machine, may always be monitored . Machine speed “w” is in
radians/second corresponding to a 2 pole machine. However, machines of any pole
count may be modelled. Machine electrical torque “Te” is in p.u. on a base torque
of ( 3 )( Vbase )( NOM)( ibase ) / ( 2 πHTZ ) as entered in the CONFIGURATION
menu.

TheMONITORINGmenu, shown below, allows the optional selection of additional
quantities for monitoring in RunTime. The quantities which are made available as
a result of these selections may be displayed on plots or meters.
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The first outputs available for monitoring are the real and reactive power out of the
model in MW and MVAR. These outputs are respectively referred to as “Po” and
“Qo” in the RunTime output menus.

The load angle for the generator is given by:

=δ tan−1 ed
−eq

The negative sign in the above equation occurs because the Q−axis of the rotor lags
the D−axis of the rotor by 90 degrees in the model. Therefore, eq is equal to −√2
during open−circuit operation at rated frequency and rated stator voltage. As the
generator is loaded ed changes from a zero value to a positive value.

RMS stator current in kA may be monitored. This output is referred to as “Istator”
in the RunTime output menu for the machine. A measurement time constant “Ts” is
available in the above menu for smoothing the stator current output value.

Selecting ‘YES’ to the Nmon parameter permits the machine’s neutral voltage and
current to be monitored using RSCAD/RunTime, as well as from analogue output
channel #3 for Vneut. and analogue output channel #4 for Ineut.

6.4 EXTERNAL FIELD VOLTAGE &MECHANICAL TORQUE SIGNALS

It is possible to supply field voltage and mechanical torque signals to the
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synchronousmachinemodel fromhardware external to theRTDS. Analogue signals
representing field voltage and mechanical torque can be interfaced to the RTDS via
analogue input channels using the controls compiler. Please refer to the RTDS
CONTROL SYSTEMS Manual for assistance.

6.5 MULTI−MASSMODEL ( RTDS_SHARC_MM )

Equations representing a single rotating mass are solved within the synchronous
machine model. However, in some cases it is necessary to study the interactions
between various masses which are connected to a common shaft. Steam
turbine−generators, for example, may have numerous masses corresponding to
turbine units, generatormass and rotating excitermass connected to a common shaft.
Subsynchronous resonance studies often include multi−mass models in order to
simulate the torsional stresses that can occur on the shafts connecting the masses.

The basis for the multi−mass model is derived from an IEEE technical paper [ 2 ]
entitled “First Benchmark Model for Computer Simulation of Subsynchronous
Resonance”. The paper was prepared by the IEEESubsynchronous Resonance Task
Force of the Dynamic System Performance Working Group.
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The CONFIGURATIONmenu is shown above. By connecting the multi−mass icon
to the synchronous machine model, the effects of up to five turbine masses, the
generator mass and an optional exciter mass can be simulated. Angles of each mass
with respect to the generator mass, as well as the various shaft torques may be
monitored.

The generator mass angle is chosen as the reference for all the masses connected to
the common shaft. Thus, the generator angle is always considered to be at zero
degrees and is notmade available for display inRSCAD/RunTime. However, angles
for the turbine and exciter masses may be monitored in RunTime in units of degrees
ahead of the generator mass. Shaft torques in per unit may also be monitored in
RunTime. A positive torque on the shaft between mass 1 and 2 corresponds with the
angle of mass 1 leading the angle of mass 2. Therefore, positive shaft torques
normally correspond with a situation where power is being generated into the ac
system.

Connecting a multi−mass icon to the synchronous machine model disables the
representation of the generator mass within the machine model. Machine speed is
then computed within the multi−mass model. In the multi−mass model, data is
entered for each turbine mass, the generator mass, the exciter mass and also for the
shafts between the masses.

Data for the inertias of the masses, H are entered in the INERTIA CONSTANTS
menu, as seen below. The inertia constant, H for a mass indicates the energy stored
in the rotating mass at rated speed in units of
[ stored MW−Seconds ] / [ generator MVA rating ].
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Data for the shaft spring constants, K is entered in the SHAFTSPRINGCONSTANT
menu ( in units of p.u. torque over p.u. shaft angle deflection ) as seen below. The
base value for p.u. torque with a 2 pole generator, Tbase in Newton−meters is equal
to [ generator VA rating ] / [ rated electrical frequency in radians per second ]. The
associated base value for p.u. angle, θbase in radians is equal to [rated electrical
frequency in radians per second] x [ 1 Second ]. Accordingly, the base value for K,
Kbase is equal to Tbase / θbase.

Data for Self−Damping and Mutual−Damping are entered in the SELF DAMPING
and MUTUAL DAMPING menus ( in units of p.u. torque over p.u. speed
difference ) as seen below. The base value for p.u. speed for a 2 pole generator,ωbase
is rated electrical frequency in radians per second. For Self−Damping terms, the
speed difference is the difference between the angular velocity of themass in p.u. and
1 ( rated ). For Mutual−Damping terms, the difference in speed is the difference in
p.u. angular speeds of adjacent masses.
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One common form of expressing mechanical damping is the logarithmic decrement
factor, LOGDEC. It is defined as:

LOGDEC =
Ln ( A0 / An )

n

Ln ( A0 / An )

f ∆T
=

where A0 is the amplitude of the first measured oscillation cycle and An is the
amplitude of the oscillation n cycles later. The number of cycles of decay, n is f times
∆T where f is the frequency of the oscillation and ∆T is the decay time for n cycles.
The decay time constant, Td is defined as the time that it takes for an oscillatory wave
to decay in magnitude to [ 1 / e ] of the initial wave magnitude. Based on these
definitions the following equation may be written:

LOGDEC =
Ln ( 1 / [ 1 / e ] )

Td
f

1

Td
=
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Therefore, the decay time constant Td in seconds is equal to 1 / [ f LOGDEC ].
The decrement factor, σ is defined as 1 / Td = f LOGDEC.

It can be shown that all modes of oscillation ( and therefore all physical oscillations )
will decay according to a single desired Td if the Self−Damping input data, SD for
each mass is set equal to { 4 [ H for the mass in sec. ] / [ Td in sec. ] } and the
Mutual−Damping data inputs are all set equal to 0.

Frequency Modulation

It is possible to add a modulation signal to the machine speed computed within the
multi−mass model before it is sent to the synchronous machine model. The
modulation signal source can either be from an external analogue signal, or from the
controls compiler.

If themodulation signal is generated with the controls compiler then the signal name
should be labelled with the name entered for the FNAMparameter in themulti−mass
RSCAD/Draft component.

Themodulation signal is in hertz. With a scale factor of 2.5 set in the analogue input
component, an analogue input signal equal to 2.5 volts would result in 1.0 Hz being
added to the frequency computed by the multi−mass model.
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6.6 INITIALIZATION & STARTUP

A number of RSCAD/RunTime features have been added in order to facilitate the
orderly startup of power system cases which include numerous generators each of
which may also include a multi−mass representation.

For such large power systemmodels, it may be necessary to run a load−flowsolution
in order to determine the system power flows which are desired. The load flow
information can be entered into generator and source models. However, the node
voltages and branch currents always start at 0.0 when a new RTDS case is started.
Therefore, even if all machines have initial conditions set, there will still be an
electrical startup disturbance due to the time required for the electrical system to
reach steady−state.

On startup, the machine ( or multi−mass ) model may be set into lock speed mode
whereby themachine speed is forced to synchronous speed , such as 376.9911 rad/sec
( which corresponds to 60 Hz ). This will prevent the speed of the machine from
being affected by the initial startup disturbance. After the startup disturbance, the
machine rotor can be released by setting the RSCAD/RunTime switch to the ‘free’
position. The lock/free and Multi/Single operation may be operated from RunTime
using RunTime switch components, or the user may select to operate these
parameters using the controls compiler. This selection is available to the user in the
CONFIGURATIONmenu of the multi−mass component icon. The switches shown
below will be available in RunTime if the user is NOT using the CC operation.
Selecting the CC option will add a controls input wire on the multi−mass icon.

Lock mode forces the machine to operate
at synchronous speed.

Free mode has the multi−mass model compute
the machine’s speed.

Multi−mass mode simulates all masses defined
by the user for the synchronous machine.

Single mass mode simulates all masses as one
equivalent lumped mass.

In addition, when amulti−massmodel is included in the system, aRSCAD/RunTime
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switch is available to select whether the multi−mass model should operate with all
masses lumped together as one equivalent mass, or with each of the masses
represented individually as specified. By using this switch, the multi−mass model
is invoked once the power systemmodel has reached steady−stateconditions. While
the multi−mass model operates in ‘single mass mode’, the angles of each mass are
set equal to that of the generator mass. Whenever the mode is switched from
single−massmodelling mode to multi−massmass modelling mode the angles of the
masses are automatically initialized according to the applied torques. A typical
startup sequence may be as follows −

1) Start the simulation with the machines in lock mode and single mass.
2) Set machines to free mode after the electrical system has stabilized.
3) Switch from Single−massmode to Multi−mass mode once the machines

have stabilized at synchronous speed.
4) Apply system disturbance.

6.7 INDUCTIONMACHINE MODEL ( RTDS_SHARC_INDM )

An InductionMachine model which is based on generalized machine theory may be
connected to the power system network in RSCAD / Draft. The model is a detailed
electromagnetic transients DQ0 representation with optionally either 1 or 2 rotor
cages. The main mutual flux linkage path saturates on both the D and Q axis
according to an airgap voltage versus magnetizing current curve supplied by the
User.

F: Machine speed input (Hertz)
S: Switch input, 1 use W, 0 use T
T: Mechanical Torque input (p.u.)
A/B/C: Bus Connection Terminals

Power System
Interface
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6.7.1 THE CONFIGURATION MENU

The CONFIGURATION menu appears as follows:

The “nmrt” option allows a choice between modelling one or two rotor cages. This
corresponds tomodelling one or twowindings on both theDandQaxes in themodel.

The mechanical speed of the motor can be made either to respond directly to a speed
order or the speed can be made to vary according to the applied mechanical torque.
As indicated on the motor icon, when the Lock / Free switch input ( S ) is set to 1
( Lock ), the motor will respond to a speed order ( in Hertz ) applied to the speed
input ( F ). On the other hand, when the Lock/Free switch input ( S ) is set to 0
( Free ), themotorwill respond to applied torque ( in p.u. ) applied to the torque input
( T ). The reference direction for applied torque is in the direction of positive
rotation. Therefore, a positive applied torque will cause the induction machine to
generate electrical power into the power system as an induction generator.

CC ( Controls Compiler ) or RunTime maybe chosen in the CONFIGURATION
menu as the source for the Speed signal ( F ), the Torque/Speed Switch signal ( S ),
and the Torque signal ( T ).When RunTime is chosen, the image of the icon contains
sliders ( for F and T ) and a switch ( for S ). In RunTime, it will be possible to create
a slider for the Speed Input which is named in the RunTime menu as SP_speed ( Set
Point speed ). Likewise, it will be possible to create a slider for the Torque Input
which is named in the RunTime menu as SP_torque ( Set Point torque ). The
Torque/Speed Switch is named Mode in the RunTime menu. When these sliders
and/or switch are created in RunTime, they will be pre−set according to the initial
conditions specified in the INITIAL CONDITIONS menu discussed below.

The INITIAL CONDITIONS menu will not cause external controls to be directly
pre−set because the nature of those controls is not known to the induction motor
model. However, based on initial conditions specified in the INITIAL
CONDITIONS menu, the model will pre−calculate and write to the MAP file the
following information:
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1. Initial Required Driving Torque in per−unit
2. Initial Electrical Powers ( inward ) in MW and MVAR
3. Initial Magnetizing Reactance in per−unit
4. Initial Speed in per−unit
5. Initial selection for Torque/Speed Mode Switch position

This information may be generally used to initialize control systems modelled using
the Controls Compiler.

The CONFIGURATION menu also allows all initial currents to be forced to zero.
This is useful for cases where it is wished to start the machine by closing a breaker
to apply voltage to the motor.

6.7.2 THE INITIAL CONDITIONS MENU

The induction motor model INITIAL CONDITIONS menu appears as follows:

The “insw” item in the INITIAL CONDITION menu prompts for the specification
of whether the machine speed mode will initially be set so that applied torque ( T )
will influence machine speed, or whether initially, the machine speed order will be
received directly through the input ( F ). This selection has two effects:

1. Themap file will indicate whether the machine will start in Lock ( speed )
or Free ( torque ) mechanical mode.

2. If the “srcsw” item ( Source of Torque/Speed Mode ) was set to
“Switch” in the CONFIGURATION menu, then the machine will start
according to “insw” even without the creation of a switch in RunTime.
Also if a switch is created in RunTime then it will be pre−set according
to “insw”.

If the “srcsw” item ( Source of Torque/Speed Mode ) was set to
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“Controls” in the CONFIGURATION menu, then the machine will
respond immediately at start−up to the Mode specified at the S input.

The “slip” item in the INITIALCONDITIONmenu prompts for the specification of
the initial slip of the motor. For example an initial slip of 0.01 p.u. means that the
machine will begin operation at 0.99 p.u. speed.

The “vmag” and “vang” items in the INITIAL CONDITION menu prompts for the
initial stator terminal voltagemagnitude ( in p.u. ) and angle ( inDegrees ). The base
value for “vmag” per unit is specified by the User in the MOTOR ELECTRICAL
PARAMETERSmenu discussed below. The response to the “vang” itemmust be the
angle of the A−phase voltage expressed as a sine wave.

In steady−state operation, the motor can be represented by phasors according to a
very simple equivalent circuit as illustrated in the following diagram where “s”
represents slip in per unit:

ra j xa

j xmd0

j xkf

j xfd

rfd / s

j xkd

rkd / s
vmag vang

The electrical parameters illustrated in the above diagram are specified in the
MOTOR ELECTRICAL PARAMETERS menu. Slip and terminal voltage ( vmag
and vang ) are specified in the INITIAL CONDITIONS menu. The voltage versus
current magnetizing characteristic of xmd0 at rated frequency is specified in the
SATURATION CURVE menu.

Given that all circuit parameters in the above diagramare known, theRTDScompiler
is able to pre−calculate the currents in the above circuit as phasors. This in turn
allows the calculation of instantaneous values of currents in all windings on both the
D and Q axes. These values of currents are used to initialize the fluxes in the motor
model. In addition, these values of current allow theRTDScompiler to pre−calculate
the following information and store it in the Map file:

1. Initial Required Driving Torque in per−unit
2. Initial Electrical Powers ( inward ) in MW and MVAR
3. Initial Magnetizing Reactance in per−unit.

All initial currents can optionally be forced to zero by responding with a “Yes” to the
“zroc” item in the CONFIGURATION menu.
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6.7.3 THE MOTOR ELECTRICAL PARAMETERSMENU

The inductionmotormodelMOTORELECTRICALPARAMETERSmenu appears
as follows:

The “vbase” item in the above menu allows the specification of a base
line−to−neutral RMS voltage for the model. This is the line−to−line RMS voltage
divided by the square root of 3.

The diagram in the previous section illustrates the D−axisquantities used in a simple
equivalent circuit.

The MOTOR ELECTRICAL PARAMETERS menu contains only D−axis
quantities. The values used for the corresponding Q−axis quantities are identical to
the specified D−axis values.

The base impedance for the neutral resistance and reactance is vbase / ibase.

6.7.4 THE MECHANICAL PARAMETERSMENU

The induction motor model MECHANICAL PARAMETERS menu appears as
follows:
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The rotational inertia ( H ) of the inductionmotor is expressed inMegaWatt−seconds
of stored energy at rated speed per MVA of motor rating.

The Frictional Damping of the rotor of the machine is expressed in units of damping
torque ( per unit ) over speed difference ( per unit ). The frictional damping may be
made absolute by selecting “Zero” in response to the item “syndm”. In this case the
speed difference will be calculated with respect to zero speed so that the speed
differencewill be equal to the actual speed. On the other hand, the frictional damping
may be made relative to synchronous speed by selecting “Rated”. In this case, the
speed difference will be equal to actual speed minus synchronous speed.

A signal of required torque ( Te ) is always available for monitoring. The value of
the signal ( Te ) will include the electrical torque in per unit plus optionally the
frictional damping torque in per unit. The “telfr” menu item is available for making
this optional selection.

The electrical torque is positive for operation as a generator. Thedamping torquewill
be positive for positive values of the speed difference discussed above.

The required torque signal ( Te ) must be given a distinctive name in the SIGNAL
NAMES menu described below. The required torque signal will be available in
RunTime by the name which is specified. The required torque signal will also be
available as a signal to the modelled control system according to a specified name.

6.7.5 THE SATURATION CURVE MENU

The saturation curve for the main mutual flux linkage path of the induction motor
model is specifiable in the SATURATION CURVE menu. The saturation curve
which is entered should be the air−gapvoltage versus magnetizing current curve for
themagnetizing branch “xmd0” at rated frequency. ( Reference the figure in section
6.7.2 concerning “xmd0” ).
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6.7.6 THE MONITORING SELECTIONS MENU

The induction motor model MONITORING SELECTIONS menu appears as
follows:

The reference direction for the measured currents is “In” or “Out” of the motor
according to the item “dcrt” in the MONITORING SELECTIONS menu. This
selection affects currents available for monitoring on analog output channels and
also currents available for monitoring in RunTime.

The currents are optionally available for monitoring in RunTime and for use within
the RTDS Controls compiler by the menu item “monc” in the MONITORING
SELECTIONSmenu. If the phase currents are to monitored in RunTime or used in
theControls compiler, then the signalsmust be given names in the SIGNALNAMES
menu. The currents for display in RunTime will be in units of kA.

Real ( P ) and reactive ( Q ) power of the machine may also be selected for
monitoring in RunTime using the “monP” and “monQ” menu items in the
MONITORING SELECTIONS menu. The units of measured power are MW and
MVARS. The P and Q signals are filtered using a first order lag filter with time
constant specified in the “tpwr” menu item. If “tpwr” is set to 0.0 then there will be
no filtering. The reference direction for power measurement may be specified in the
“dpwr” menu item ( “In” means into the motor / “Out” means out of the motor ).

If P or Q is to bemade available formonitoring in RunTime or for use in the Controls
compiler then the signals must be given distinctive names in the SIGNAL NAMES
menu.

The “monN” menu item may be used to specify if the neutral voltage and current
should be available formonitoring in RunTime and for use by the Controls compiler.
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The neutral voltage and current will be in units of kV and kA respectively. To be
available, the signals must also be given distinctive names in the SIGNALNAMES
menu.

The motor speed in radians per second ( w ) and the required driving torque in p.u.
( Te, which was discussed in Section 6.7.4 ) are always available for monitoring in
RunTime and for use in the Controls compiler. However, these signals ( and all
others ) must be given distinctive names in the SIGNAL NAMES menu. These
names will appear in the RunTime selection menus.

6.7.7 THE SIGNAL NAMES MENU

The induction motor model SIGNAL NAMES menu appears as follows:

The SIGNAL NAMES menu lists all of the quantities which have been selected for
availability for monitoring in RunTime and for the Controls compiler ( quantities
which have not been selected appear “greyed out” ). Required Driving Torque ( Te )
and Machine speed ( w ) are always available. Distinctive names must be specified
by which the signals will be available in RunTime menus and to the Controls
compiler.



MACHINES

6.49

6.8 PERMANENTMAGNET SYNCHRONOUS MACHINE MODEL ( _rtds_PMSM )

6.8.1 INTRODUCTION

The basic icon for the permanent magnet synchronous machine ( _rtds_PMSM)
component appears as shown in Figure 6.8.1.

The view of the model can be toggled between 3phase and single−line view. In
addition to three stator terminals, there are three control inputs to this model:

MOD: The digital input “MOD“ specifies the operation mode of the ma
chine: if (MOD = 0), then the machine operates in “lock” mode and
the speedof themachine is controlled by the input control signal “W”.
If (MOD = 1), then the machine operates in “free” mode and the
mechanical torque is controlled by the input control signal “Tm”.
This torque is then used to calculate the rotor speed based on the
mechanical swing equations.

W: The digital input “W“ specifies the speed of the machine if the input
signal “MOD” is 0.

Tm: The digital input “Tm“ specifies the mechanical torque of the
machine if the input signal “MOD” is 1.

Figure 6.8.1: _rtds_PMSM Component Icon

Single Line Diagram View 3 Phase View

The time−domainmodeling of this PMSM model is based upon the dq0 theory [3].
The following equations show the differential equations of the PMSM in the dq0
frame.
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These equations are very similar to the differential equations of the synchronous
machine model described in section 6.2 of this manual. In the above equation, Ψm is
known asmagnetic strength, and it represents the flux linkage induced by the rotor
magnets on the stator windings. A magnetic strength of Ψm= 1 corresponds to 1 pu
terminal voltage when the machine is open circuited and running at rated speed.

The dq equivalent circuit of the PMSM is shown below in Figure 6.8.2. The current
source in the d−axis equivalent circuit represents the effects of permanent magnets.
The relation between magnetic strength and this current source is Ψm= Lmd ⋅ im.

Please note that this PMSMmodel has some limitations / simplifications. It does not
model the effects of iron saturation. Additionally, harmonics of back−EMFvoltage
which are due to the arbitrary shape of permanent magnets are not modeled.

Figure 6.8.2 Dq Equivalent Circuit of the PMSM
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6.8.2 MAIN MENU FOR THE _rtds_PMSM COMPONENT

The main menu for the _rtds_PMSM component is shown below.

Figure 6.8.3 Main Menu of _rtds_PMSM Component

Name: A unique name must be given for each instance of the component.

AorM: Specify if the model be automatically assigned to a processor
(Automatic) or manually assigned (Manual).

CARD: Parameter is only used if AorM parameter is set to Manual. The
model can be manually assigned to an RTDS processor. The card
number that the model is to be assigned is entered here.

Rprc: Parameter is only used if AorM parameter is set to Manual. The
model can be manually assigned to an RTDS processor. The
processor of the above entered CARD is entered here.

Aprc: Parameter is only used ifAorMparameter is set toAuto. The user can
select the model be assigned to A or B processor or Either A or B.

prtyp: The prtyp parameter allows the user to select on which type of
processor themodel is to be run. Thismodel is currently available for
RISC processor types.

6.8.3 THE MACHINE ELECTRICAL PARAMETERSMENU

The_rtds_PMSM MACHINE ELEC DATA MENU appears as shown in Figure
6.8.4. These parameters describe the electrical transient behaviour of the machine.
The parameters in this menu have the following descriptions:

vllrms: Rated Stator Voltage of the Machine (Line−to−LineRMS)

Srated: Rated MVA of the Machine
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fb: Rated Operating Frequency of the Machine

Xlspu: Stator Winding Leakage Reactance in Per−Unit

Xmdpu: D−axis Unsaturated Magnetizing Reactance in Per−Unit

XlDpu: Leakage Reactance of the D−axis Damper Winding in Per−Unit

Xmqpu: Q−axis Unsaturated Magnetizing Reactance in Per−Unit

XlQpu: Leakage Reactance of the Q−axis Damper Winding in Per−Unit

Rspu: Stator Winding Resistance in Per−Unit

RDpu: Resistance of the D−axis Damper Winding in Per−Unit

RQpu: Resistance of the Q−axis Damper Winding in Per−Unit

PsiMpu: Magnetic Strength in Per−Unit. Note that PsiMpu = 1.0 corresponds
to 1.0 pu terminal voltage in open circuit at rated speed.

Figure 6.8.4 Machine Electrical Parameters Menu

6.8.4 THE MECHANICAL PARAMETERSMENU

The _rtds_PMSM MECHANICAL PARAMETERS MENU appears as shown in
Figure 6.8.5. These parameters describe the mechanical dynamics of the machine.

H: The rotational inertia (H) of the PMSM is expressed in MegaWatt−
seconds of stored energy at rated speed per MVA of motor rating.
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Figure 6.8.5 Mechanical Parameters Menu

6.8.5 THE ENABLEMONITORING IN RUNTIMEMENU

The _rtds_PMSM ENABLE MONITORING IN RUNTIME MENU appears as
shown in Figure 6.8.6. The user has the option of monitoring stator currents, rotor
angle and speed, electric torque, active and reactive powers of the machine. The
component monitors the currents going into the stator of the machine and the active
and reactive power generated by the machine. Similar to other machine models a
positive electric torque corresponds to the generator operation of the machine.

Figure 6.8.6 Enable Monitoring Menu

6.8.6 THE SIGNAL NAMES FOR RUNTIME AND D/A MENU

The _rtds_PMSM SIGNAL NAMES FOR RUNTIME AND D/A MENU appears
as shown in Figure 6.8.7. This menu enables users to provide names for the
monitored signals. If the user has chosen to monitor signals in the ENABLE
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MONITORING IN RUNTIME MENU, it is possible to specify the names of those
monitored quantities in this menu.

Figure 6.8.7 Signal Names for RunTime and D/A Menu

6.8.7 SUMMARY

The _rtds_PMSM permanent magnet synchronous machine component for large
time−step simulation provides a model that is flexible in configuration so as to meet
the various needs of different users. This model is a dq−based transient model, and
its equivalent circuit is very similar to the synchronous machine model.

Please note that similar to other machine models in RTDS, this machine model is an
equivalent two pole model, i.e. it is assumed that different pole−pairsof the machine
observe the same flux levels.

Currently, this model has the following limitations:

−Zero−sequenceis not included (i.e. the zero−sequenceequations are
not solved)

− The effects of iron saturation are ignored.

−Harmonics of the back−emf voltages due to arbitrary shaped
permanent magnets are not represented.
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6.9 PHASE−DOMAIN SYNCHRONOUS MACHINE
(PDSM) FOR INTERNAL FAULTS

6.9.1 INTRODUCTION

This chapter describes the phase domain synchronous machine (PDSM) model
available for simulating stator−ground faults. The basic icon for the
_rtds_PDSM_FLT_v1 component appears as shown in Figure 6.9.1. In addition to
the stator terminals (A,B, and C), the neutral of the machine (N) and a point of fault
in phase A (AJ) are available for connection to other power system
components.

Figure 6.9.1 _rtds_PDSM_FLT_v1 component Icon

3 Phase View Single Line View

The embedded phase domain approach [4] is used to implement this model in the
environment of the real−time digital simulator (RTDS). The term phase domain
means that the values of machine inductances change with the change in rotor
position and level of saturation. The term embeddedmeans that the network solution
is incorporated in solving the differential equations of the machine. This approach
shows superior numerical performance compared to the conventional interfaced
approach [5].

The phase domain feature of this model makes it capable of simulating synchronous
machines internal faults. To be able to simulate synchronousmachine internal faults,
the self and mutual inductances of machine windings including faulted windings
must be computed as functions of rotor position and saturation. The phase domain
synchronous machine model ”_rtds_PDSM_FLT_v1” can use two methods to
compute the inductance matrix of the machine:
DQ−BasedMethod: In this approach [6,7], it is assumed that not only the healthy
windings create a perfect sinusoidally distributed magneto−motive force (MMF),
but also, the MMF due to the faulted windings will be sinusoidal. The advantage of
this method is that the users do not need to know the information about the
distribution of the windings and rotor geometry, and the dq data required for
operating the component ”lf_sharc_sld_MACV31” is adequate for operating this
component. Thismethod however does not show the phase−beltharmonics (3rd, 5th,
and 7th harmonics due to the non−sinusoidal distribution of the windings and
permeance). Furthermore, as the point of fault becomes closer to the end of a
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winding, the MMF of the sub−winding becomes less sinusoidal; therefore this
approximation becomes less accurate.

MWFA−BasedMethod: this method is based on the Modified Winding Function
Approach (MWFA) [8] in which the actual distributions of the windings are
considered in computing the inductances of the windings. By incorporating the
improvements introduced in [4,9], this method can also incorporate the actual shape
of the rotor pole−arc and effects of operating point−dependent saturation. The
minimum data required to use this model is the number of poles, number of stator
slot, actual distribution of the windings, and the geometry of rotor poles. In contrast
to the dq−based approach, this method correctly represents the phase−belt
harmonics, and inductances of small portions of a winding can be represented more
accurately. Due to unavailability of required data tomost users,MWFAoption is not
available for the users.

In the phase−domain synchronous machine model ”_rtds_PDSM_FLT_v1”, the
rotor damper grid is modeled as amortisseur windings along d−axis and q−axis,
which is the conventional method of modeling damper grids in system studies [10].
It is shown that this representation may cause significant error inmodeling turn−turn
faults for multiple pole synchronousmachines [9]. Alternatively, one d−axisdamper
winding and one q−axis damper winding must be considered for each pole of a
synchronous machine for accurate simulation of solid turn−turn faults [9]. With the
present technology, the computational capacity of theRTDShardware does not allow
implementation of such a complex machine model. When stator−to−groundfaults
are the subject of study, the phase−domain synchronous machine model
”_rtds_PDSM_FLT_v1” is applicable, as the synchronous machine neutral is
grounded with an impedance much larger than the leakage impedance of the stator
and the dampers [9, 11, 12]. Therefore, the primary application of the phase−domain
synchronous machine model ”_rtds_PDSM_FLT_v1” is closed−loop testing of
stator−ground fault protection devices.

If the dq−basedmethod is used for computing synchronousmachine inductances, the
model can operate differential and neutral overvoltage protection schemes. Third
harmonic voltage of the neutral and terminals can be generated separately and added
to the fundamental voltage. Using this method, even a dq−basedmodel can be used
for ”100% stator−ground fault protection scheme.

6.9.2 MAIN MENU FOR THE _rtds_PDSM_FLT_v1 COMPONENT

Most menu options in ”_rtds_PDSM_FLT_v1” are similar to the
”lf_sharc_sld_MACV31” machine model. A brief explanation is provided for the
common menus. Please refer to documentation for ”lf_sharc_sld_MACV31” for
more details. The _rtds_PDSM_FLT_v1 RPC_GPC CONFIGURATION MENU
appears as shown in Figure 6.9.2.

AorM: Specify if the model be automatically assigned to a processor
(Automatic) or manually assigned (Manual).

CARD: Parameter is only used if AorM parameter is set to Manual. The
model can be manually assigned to an RTDS processor. The card
number that the model is to be assigned is entered here.
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Rprc: Parameter is only used if AorM parameter is set to Manual. The
model can be manually assigned to an RTDS processor. The
processor of the above entered CARD is entered here.

Aprc: Parameter is only used ifAorMparameter is set toAuto. The user can
select the model be assigned to A or B processor or Either A or B.

Figure 6.9.2 Main Menu of _rtds_PDSM_FLT_v1 component

6.9.3 GENERALMODEL CONFIGURATION MENU FOR THE _rtds_PDSM_FLT_v1
COMPONENT

The _rtds_PDSM_FLT_v1 GENERAL MODEL CONFIGURATION MENU
appears as shown in Figure 6.9.3.

Figure 6.9.3 General Model Configuration Menu
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Name: A unique name must be given for each instance of the component.

fextyp:

This option determines the type of field excitation which the user
intends to use. If “Control System Input” is chosen, then the
component will have the following view in the draft canvas, which
is similar to lf_sharc_sld_MACV31 machine model. In this case the
value of field voltage is determined by the the input control signal EF.
With EF=1, the machine generates 1 pu terminal voltage in open
circuit in linear steady−state conditions. User has the option of
sending PU terminal voltage out and connecting the machine to the
excitermodels from theRSCADlibrary. If the “PowerSystemNode”
is selected‘, then the component will have the following view in the
draft canvas. In this case, two power system nodes will appear (F+
and F−)which can be used to energize the field winding using actual
power system components ( e.g. DC source model or power
electronics). If this option selected, the user has to provide the field
current (kA) required for 1 pu unsaturated open−circuit terminal
voltage at rated speed. This value is entered in the DQ−BASED
MACHINE CONFIGURATION MENU. After compiling the
circuit, the required field voltage for 1 pu unsaturated open−circuit
terminal voltage at rated speed, and the required field voltage for
initialization of the machine will be written in the MAP file.

Figure 6.9.4 Component Icon for fextyp = Control System Input

3 Phase View Single Line View

Figure 6.9.5 Component Icon for fextyp = Power System Node

3 Phase View Single Line View
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indtyp:

This option determines the method of computing machine
inductances discussed in the introductory section of this document.
If the option “DQ” is selected, then the model assumes sinusoidal
distribution for the faulted and unfaulted windings. If the node AJ is
floating or connected to a large impedance, then the component will
behave identical to lf_sharc_sld_MACV31 machine model.
Connecting nodeAJ to ground through fault impedance can facilitate
simulating synchronous machine stator−ground faults, and
consequently testing stator−ground faults protection schemes. With
the option of (indtyp =DQ), the machine does not generate phase belt
harmonics, thus cannot be used for testing stator−ground faults
protection schemes based on the existence of third harmonic voltage.
These harmonics, however, can be generated separately and added to
node voltages sent to the relay under test. The DQ−basedmodel can
operate neutral overvoltage and differential protection schemes
depending on the type of neutral grounding [8,9]. . With this option
(indtyp =DQ), similar to lf_sharc_sld_MACV31machinemodel, the
synchronous machine electric data can be entered in the form of
impedances and time constants (generator) or impedances and
resistances (R and X). Also, saturation characteristic of the machine
can be specified as linear, saturation curve by points or saturation
curve by factors.

If the option “MWFA” is selected, then themodel considers the actual
distributions of the windings and permeance as discussed in the
introductory chapter of this document. The inductances of the
synchronous machine under study must be computed based on the
distributions of the windings and geometry of the rotor. This requires
an offline module which receives the geometrical details of the
machine, computes inductances as functions of rotor position and
saturation and stores them in an inductance file [4,9] which will be
entered in the MWFA−BASED MACHINE CONFIGURATION
MENU.The option of (indtyp =MWFA) is not presently available
for the users.

mmva: Rated MVA of the Machine (see MACV31 for more details).

Vbsl: Rated Stator Voltage of the Machine (Line−to−LineRMS) (see
MACV31 for more details).

HTZ: Rated Operating Frequency of the Machine in Hz (see MACV31 for
more details).

MM:

The “MM” menu item prompts for an indication of whether the
machine speed calculation is internal to the model or, alternatively,
whether the speed is to be calculated externally and provided to the
machine model through an optional CC input ( DW ). ΔW is speed
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deviation in units of radians / second with respect to rated speed. For
example, when the machine is operating at rated speed, as specified
by the HTZ item, then ΔW = 0.0 radians / second.

Choosing “Yes” in the “MM”menu item causes theMECHANICAL
DATA AND CONFIGURATION menu tab to disappear. This
corresponds with the fact that the machine speed is calculated
external to the model when a “Yes” response is given for the “MM”
item.Conversely, theCC input ofmechanical torqueTMper unit, and
the CC output ofmachine speedW radians / second are also removed
from the icon when a “Yes” response is given for the “MM” item.

In the case of a “No” response to the “MM” item, the reference
direction for themechanical torqueCC input ( TM ) is positive torque
when the machine is generating positive power into the electrical
system. Also, in the case of a “No” response to the “MM” item, the
CC output for machine speed ( W ) is in units of radians / second.

spdin:

The “spdin” menu item prompts for information concerning the
speed of the model in the first time−steps. The two choices are:
“Zero” and “Rated”. When initializing the machine according to a
load flow it is important that the User select “Rated”. When the
response of “Zero” is given, then the MACHINE INITIAL LOAD
FLOWDATAmenu tabwill disappear. In that case, all currents in the
stator and the rotor of the machine will be initially set to 0.0 in
addition to setting initial speed to 0.0.

tecc:

The “tecc” item prompts for a request thatMachine Electrical Torque
in p.u. should be provided through an optional CC output point on the
icon ( TE ), as shown on the above icon. This is required when the
speedof themachine is calculated external to themodel, such aswhen
speed is calculated in an external multi−mass model ( see item MM
above ). TheTEoutput is in P.U. torque as determined by themachine
MVA ( item “mmva” ) and rated speed in radians / second ( item
“HTZ” in Hertz ). The reference direction for TE is positive torque
when the machine is generating positive power into the electrical
system.

vtcc:

The “vtcc” item prompts for a request that the machine p.u. terminal
voltage should be provided through an optional CC output point on
the icon ( VMPU ). The VMPU output is calculated by taking the
square root of the sum of the line−to−linevoltages squared and then
scaling to per unit. The per unit base comes from the item “Vbsll”
noted above.
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prtyp: The prtyp parameter allows the user to select on which type of
processor themodel is to be run. Thismodel is currently available for
RISC processor types.

The “cfgr” option in lf_sharc_sld_MACV31 machine model allows the choice
betweenmodelling one damper winding or two damper windings on theQ−axis
of the rotor. In _rtds_PDSM_FLT_v1 faulted phase domain synchronous
machine model, only one damper winding in each d− and q−axis is modeled.

6.9.4 MACHINE INITIAL LOAD FLOW DATAMENU FOR THE _rtds_PDSM_FLT_v1
COMPONENT

It is only possible to accurately initialize themachinemodel according to a load flow
when the machine is to begin running at synchronous speed ( “HTZ” in the
GENERAL MODEL CONFIGURATION menu ). Therefore, the MACHINE
INITIAL LOAD FLOW menu tab will only appear when the initial speed ( the
“spdin” menu item in the GENERALMODEL CONFIGURATIONmenu ) is set to
be “Rated”. When the response is a “Zero” to the “spdin” menu item, then the
machine will begin at zero speed and all currents in the machine will also be
initialized as zero. The _rtds_PDSM_FLT_v1 MACHINE INITIAL LOAD FLOW
DATA MENU appears as shown in Figure 6.9.6.

Figure 6.9.6 Machine Initial Load Flow Data Menu

The four menu items at the top of the above menu allow initial terminal conditions
of themachine to be specifiedwhich are sufficient for initializing themachine. These
initial terminal conditions are available from the output of the load flow program.
The effects of loading and saturation are included in the initialization calculations.

Vmagn: The magnitude “Vmagn” defines the magnitude of the terminal
voltage.
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Vangl: The angle “Vangl” defines the angle of the “A” phase terminal
voltage sine wave in Degrees at time = 0.

P0: Initial output active power at time = 0.

Q0: Initial output reactive power at time = 0.

The effects of loading and saturation are included in the initialization calculations.
The initialization feature calculates and initializes the initial stator and field currents
and also the initial angular position of the rotor. The initialization also pre−calculates
the mechanical torque and normalized field voltage which would be required to
provide the desired real and reactive power ( P0 and Q0 ) out of the machine for the
specified machine terminal voltage ( Vmagn ). The calculated field voltage and
torque are useful in initializing the exciter and governor models prior to the start of
a simulation.

rmpc, rmptc:

The “rmpc” menu item in the above menu prompts whether the
machine should begin with zero output currents and then ramp to the
pre−calculated initial output currents according to an exponential
time constant. The “rmptc” is the time−constant for this ramping−up
procedure. Presently, this option is not available in the
phase−domain faulted synchronous machine model
_rtds_PDSM_FLT_v1.

iszro:

Generally, select “No” when the “iszro” item prompts for whether or
not the compiler should “force initial stator currents to zero”. This
feature is carried over fromvery early versions of themachinemodel.
The “iszro” menu item allows all initial stator currents to be forced
to zero.

izro:

The “izro” menu item can be used to start the machine with rotor or
stator currents set to zero regardless of the load flow data

6.9.5 DQ−BASEDMACHINE MODEL CONFIGURATION

The _rtds_PDSM_FLT_v1 DQ−BASEDMACHINEMODELCONFIGURATION
MENU appears as shown in Figure 6.9.7.

cnfg: The “cnfg” entry in the DQ−BASED MACHINE MODEL
CONFIGURATIONmenu permits the the choice between entering themachine data
in “Generator” format or alternatively in “R and X” format. “R and X” format is
sometimes referred to as Motor format. In the “R and X” format case, the R ANDX
FORMAT menu tab replaces the GENERATOR FORMAT menu tab.

Ifnorm: The “Ifnorm” menu is activated if “fextyp” is selected as “Power
System Node” in the GENERAL MODEL CONFIGURATION MENU. If this
option selected, the user has to provide the field current (kA) required for 1 pu
unsaturated open−circuit terminal voltage at rated speed. After compiling the circuit,
the required field voltage for 1 pu unsaturated open−circuit terminal voltage at rated
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speed, and the required field voltage for Initialization of the machine will be written
in the MAP file.

satur: The “satur” menu item prompts for an indication of whether D−axis
saturationwill be included in themodel and, if so,whether the curvewill be specified
using points on the curve or using saturation factors SE(1.0) and SE(1.2).

FLTprc: In this menu the user identifies the point on the phase A winding in
which this statorwinding is divided into two sub−windingsA1 andA2.This is shown
by the percentage of the fault from the neutral side. The location of fault can be as
close as 5% to one end of the winding.

Figure 6.9.7 DQ−BasedMachine Model Configuration Menu

6.9.6 THE MACHINE ELECT DATA MENUS

The machine electrical data parameters are used for determining the per unit
resistances and reactances on theDandQaxes of themachinemodel. The resistances
and reactances are as shown in Figure 6.9.8. These resistances and reactances can be
entered directly or converted from “Generator” type data. As mentioned earlier, In
_rtds_PDSM_FLT_v1 faulted phase domain synchronous machine model, only one
damper winding in each d− and q−axis is modeled. Also, the D−axis transfer
admittance X230 is not considered.

There are two alternative menus for specifying the main machine electrical data
parameters. If the default “Generator” is selected as the “Format of Machine
electrical data” in the GENERAL MODEL CONFIGURATION menu, then the
menu MACHINE ELECT DATA: GENERATOR FORMAT menu becomes
available. Alternatively, the MACHINE ELECTDATA: R ANDX FORMATmenu
becomes available.
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Figure 6.9.8 DQ−BasedMachine Model Configuration Menu
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6.9.7 MACHINE ELECT DATA: R AND X FORMATMENU

The _rtds_PDSM_FLT_v1 MACHINE ELECTRIC DATA: R AND X FORMAT
MENU appears as shown in Figure 6.9.9:

XS1: Stator leakage reactance in p.u.

XMD0: D−axis unsaturated magnetizing reactance in p.u.

X2D: Field leakage reactance in p.u.

X3D: D−axis damper leakage reactance in p.u.

XMQ: D−axis unsaturated magnetizing reactance in p.u.

X2Q: Q−axis damper leakage reactance in p.u.

RS1: Stator resistance in p.u.

R2D: Stator resistance in p.u.

R3D: Field resistance in p.u.

R2Q: Q−axis damper resistance in p.u.

Mxzro: Machine zero sequence reactance in p.u.Note that, the machine zero
sequence resistance is assumed to be equal to the stator resistance.
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Figure 6.9.9 Machine Electrical Data: R and X Format Menu

6.9.8 MACHINE ELECT DATA: GENERATOR FORMATMENU

The _rtds_PDSM_FLT_v1 MACHINE ELECTRIC DATA: GENERATOR
FORMAT MENU appears as shown in Figure 6.9.10. The reactances in the
GENERATOR FORMAT menu are unsaturated reactances in per unit. The time
constants contained in the menu are open−circuited unsaturated time constants in
seconds.

Xa: Stator leakage reactance in p.u.

Xd: D−axis unsaturated reactance in p.u.

Xd’: D−axis unsaturated transient reactance in p.u.

Xd’’: D−axis unsaturated sub−transient reactance in p.u.

Xq: Q−axis reactance in p.u.

Xq’: Q−axis transient reactance in p.u.

Xq’’: Q−axis sub−transient reactance in p.u.

Ra: Stator resistance in p.u.

Tdo’: D−axis unsaturated transient open−circuit time constant in (s).

Tdo’’: D−axis unsaturated sub−transient open−circuit time constant in (s).

Tqo’’: Q−axis unsaturated sub−transient open−circuit time constant in (s).
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Figure 6.9.10 Machine Electrical Data: Generator Format Menu

6.9.9 THE MACHINE SATURATION CURVE MENUS

The DQ−BASEDMACHINEMODEL CONFIGURATIONmenu contains an item
labelled “satur” which allows the method of specifying machine D−axis saturation
to be chosen. The choices are “Linear”, “Points”, and “Factors. If “Linear” is chosen,
then the D−axis will not saturate. The other two choices are explained below.

6.9.10 The MACHINE SATURATION CURVE BY POINTS MENU

The MACHINE SATURATION CURVE BY POINTS menu appears as follows:
This method requires a saturation curve for the D−axis of the machine to be entered
using points on the curve. The required curve can be obtained during
synchronous−speed open−circuit operation by varying the field current and
monitoring the stator voltage. The curve is a plot of stator voltage in per−unitversus
magnetizing current specified in units of the User’s choice. The first point in the
curve ( C1, V1 ) must be ( 0.0, 0.0 ). The second point in the curve ( C2, V2 ) must
be on the unsaturated part of themagnetizing curve. The position of the second point
allows it to provide scaling information for magnetizing currents entered in the
menu. If fewer than 10points are known for the curve, then enter−1.0for the currents
following the known points. An unsaturatedmachine can be represented by entering
a straight line in the menu.

In the lf_sharc_sld_MACV31 machine model, linear interpolation is used to
generate and store the saturation curve of the machine whereas, in the
_rtds_PDSM_FLT_v1 machine model, cubic spline method is used for generating
the saturation curve from limited number of points provided by the user. This may
cause small differences between the results of initialization and simulation.
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Figure 6.9.11 Machine Saturation Curve By Points Menu

6.9.11 MACHINE SATURATION CURVE BY FACTORS MENU

The required saturation curve is the curve which can be obtained during
synchronous−speed open−circuit operation by varying the field current and
monitoring the stator voltage.The two factors to be specified in the above menu are
defined in Figure 6.9.12. The saturation curve defined by the SE( 1.0 ) and SE( 1.2 )
factors is displaced to the right of the unsaturated curve by a quadratically increasing
amount defined by the two points. The two factors are also sufficient to define the
point T where the saturation curve becomes tangent to the unsaturated curve.
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Figure 6.9.12 Machine Saturation Curve By Factors SE10 and SE12
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T

SE( 1.2 ) = ΔI( 1.2 ) / 1.2

The MACHINE SATURATION CURVE BY FACTORSmenu appears as shown in
Figure 6.9.13.

Figure 6.9.13 Machine Saturation Curve By Factors Menu
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6.9.12 THE MECHANICAL DATA AND CONFIGURATION MENU

This menu is needed when the model is configured to internally calculate the speed
of the machine. This menu is only available if the “MM” item in the GENERAL
MODEL CONFIGURATIONmenu has been set to “No”. Responding with a “Yes”
to the “MM” item configures the model to receive a speed order from the CC.
Therefore, when the “MM” item is specified as “No” in the GENERAL MODEL
CONFIGURATION menu, then the MECHANICAL DATA AND
CONFIGURATIONmenu is made available for specifying the required mechanical
data. The MECHANICAL DATA AND CONFIGURATION menu appears as
shown in Figure 6.9.14.

H:

The “H” menu item prompts for the inertia of the machine. H ( in
MW−Sec / MVA ) is the rotational energy ( in MW−Sec. ) stored in
the machine rotor at rated speed per MVA of machine rating. The
MVA rating of the machine is as entered in the GENERALMODEL
CONFIGURATION menu in response to the “mmva” item.

D:

The “D” menu item prompts for a synchronous damping torque
factor. The resulting damping torque tends to resist over−speed or
under−speedoperation. The damping torque factor “D” is in units of
per−unit torque over per−unit speed deviation.When the machine
model is responsible for calculating themachine speed ( MM= “No”
in the GENERAL MODEL CONFIGURATION menu ), then the
machine can be run in locked speed mode or in free speed mode. In
locked speed mode, the speed of the machine is determined by a
machine slider ( CONSPD ) in RunTimewhich has a default value of
synchronous speed. It is usually not necessary to change the default
value of the CONSPD slider. Therefore, it is usually not necessary to
create or use the CONSPD slider.In the free speedmode, themachine
speed is determined by the sum of the torques that act on the total
inertia of the machine. These include mechanical torque ( TM ),
electrical torque ( TE ), and the damping torque.

MSW:

If the “Location of the Lock/Free Mode Switch” is specified as
RunTime using the “MSW” item in the above menu, then a switch
labelled “LockFree” will appear in the CREATE−>SWITCHmenu
in RunTime for the machine. If the “Location of the Lock/FreeMode
Switch” is specified as CC ( Controls Compiler ) using the “MSW”
item in this menu, then a CC integer input labelled “L/F” will appear
on the lower edge of the icon. If an integer 0 is supplied to the L/F
input, then the machine will run in locked speed mode. If an integer
1 is supplied to the L/F input, then the machine will run in free speed
mode.
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Figure 6.9.14 Mechanical Data And Configuration Menu

6.9.13 THE ENABLEMONITORING IN RUNTIMEMENU

The _rtds_PDSM_FLT_v1 ENABLE MONITORING IN RUNTIME MENU
appears as shown in Figure 6.9.15.

Active and Reactive Power Out of the Machine:

The active and reactive power of the machine can be monitored.
Similar to other machine models the positive direction of monitoring
is out of the machine.

Stator Currents:

The user has the option ofmonitoring the currents of stator windings:
A1, A2, B, C, and the neutral current.

dcrt:

This parameter allows the user to determine the direction of
monitored current (into thewinding or out of winding). The direction
of monitored currents will be shown by arrows on the
_rtds_PDSM_FLT_v1 icon in the draft canvas.

Stator Voltages:

The voltage drop across the stator windings: A1, A2, B, and C can
also be monitored.

Rotor Field Current and Voltage:

The field winding current and voltage can be monitored in runtime.
The direction ofmonitored field current is into the field winding. The
unit for the field current and voltage is kA and kV if “fextyp” is
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selected as Power System Node in the GENERAL MODEL
CONFIGURATION MENU. Otherwise these quantities will be
monitored in “Norm” values.

Rotor Angle, Electric Torque, and Rotor Speed:

Mechanical quantities such as rotor angle, electric torque and rotor
speed can also be monitored in Radians, pu , and pu respectively. For
generatormode of themachine, the electric torque is positive (similar
to other machine models in RTDS).

Figure 6.9.15 Enabling Monitoring in Runtime Menu
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6.9.14 THE SIGNAL NAMES FOR RUNTIMEMENU

The _rtds_PDSM_FLT_v1 SIGNAL NAMES IN RUNTIME MENU appears as
shown in Figure 6.9.16. The user must dedicate a unique name for the monitored
signals. A suffix can also be added to the signal names.

Figure 6.9.16 Signal Names for Monitoring in RunTime Menu

6.9.15 MACHINE INFORMATIONWRITTEN IN THE MAP FILE

After compiling a draft case containing an _rtds_PDSM_FLT_v1 machine model,
the MAP file will contain information about this phase−domain machine model.
Figure 6.9.17 shows an example of theMAP file. It contains the name of themachine
model, the type of field excitation, type of inductance calculation, and the electric
parameters of the machine in the dq equivalent circuit. It mentions the location of
fault on phase A. It also identifies the required field voltage and mechanical torque
for the initial conditions.
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Figure 6.9.17 Machine Information Written in the MAP File

6.9.16 SUMMARY

The Cbuilder _rtds_PDSM_FLT_v1, phase domain synchronous machine (PDSM)
model, available for simulating stator−ground faults for large time−step simulation
provides a model that is flexible in configuration so as to meet the various needs of
different users particularly those interested in closed−loop testing of synchronous
machines protection relays. The performance of this model in closed−loop testing of
some of these schemes ( such as differential protection, 100% stator−ground fault
protection, and loss of field excitation) is validated [13]. This model is an embedded
phase − domain model [4]. The user has the option of using control components for
exciting the field windings or connecting the field winding directly to power system
components. The user can operate the model in dq−based or MWFA−basedmodes
[9]. In the dq−basedmode, the model does not generate phase−belt harmonics. The
detailed information about the distribution of the windings and permeance are
required for operating the model in the MWFA−basedmode.

Although, in the _rtds_PDSM_FLT_v1 phase domain synchronous machine
model, only phaseAcanbe subject to internal faults.However, the performance
of relay models and physical relays in detecting faults in phases B and C can be
tested by switching the name of monitored phase currents and voltages. For
example sending phase A current of the machine to phase B of the relay, phase
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B of the machine to phase C of the relay and phase C of the machine to phase
A of the relay.

At the moment, this model has the following limitations:

1. The offline program ,which uses the Modified
Winding FunctionApproach (MWFA) to compute the inductances of
the machine based on the distribution of windings and permeance, is
not integrated into the RSCAD software. Therefore, the MWFA
option in the “General Model Configuration Menu” can not be used
presently.

2. The dq−based option in the _rtds_PDSM_FLT_v1,
phase domain synchronous machine (PDSM) model, calculates the
inductances of faulted windings based on the research performed in
[6,7]. This method was originally developed for two−pole
synchronous machines. Although, the authors claim that the method
can be generalized for multipole machines, however, this matter is
not proved. In any case, themodel is capable of operating differential
relay and neutral over voltage relays. If the 3rd harmonic voltages of
the neutral and terminals are simulated separately, then “100%
ground−fault protection” can also be tested.

3. Six computational load units ofRTDSare required for
real−time simulation of a _rtds_PDSM_FLT_v1, phase domain
synchronous machine (PDSM) model. Therefore this component
cannot be stacked on a GPC card processor.



MACHINES

6.75

6.10 SINGLE PHASE INDUCTION MACHINE MODEL
(SPIM)

6.10.1 INTRODUCTION

Most small power (generally below 2 kW) induction machines have to
operate with single−phase a.c. power supplies that are readily available in
homes, and remote rural areas [14].

When power electronics converters are used, three phase a.c. output is produced and
thus three phase inductionmotors may still be used. However, for most applications,
the induction motors are fed directly from the available single−phase a.c. power
grids. In this sense, we call them single phase induction motors [14].

These machine are used to drive fans, pumps, air compressors, refrigeration
compressors, air conditioning fans and blowers, saws, grinders and office machines
[15].

To be self−starting, the induction machine needs a rotating field at zero speed. This
in turn implies the presence of two windings in the stator, while the rotor has a
standard squirrel cage [14]. The first winding is called the main winding while the
second winding (for start, especially) is called the auxiliary winding [14].

Single phase IMs may run only on the main winding only once they started on two
windings. A typical case of single phase single−windingIMoccurs when a three IMs
ends up with an open phase. The power factor and efficiency degrade while the peak
torque also decreases significantly [14]. Thus, except for low powers (less than 1/4
kW in general), the auxiliary winding is active also during running conditions to
improve performance.

The followings are the main types of single−phase induction motors in use today:

− Split−Phase Induction Motors

−Capacitor Induction Motors

− Shaded−Pole Induction Motors

The split−phasemotor sometimes called resistance split−phase, achieves its starting
torque by having a higher resistance and possibly lower reactance in the auxiliary
circuit, which is usually wound 90 electrical degrees from the main winding. At a
speed in the region of maximum torque, the auxiliary winding is switched off. The
switchmay be activated by speed (centrifugal), voltage, current, or temperature [15].
The starting torque of these motors is moderate, but the starting current is relatively
high. Efficiency and power factor are moderate, with efficiency ranging from about
40% at 0.1 hp to about 70% at 0.75 hp [14].

Capacitor induction motors are in the forms of “Capacitor−Start Motors”,
“Permanent−Split Capacitor Motors” and “Two Value Capacitor Motors”.

In the “capacitor−start”motor the starting torque is obtained by use of a capacitor in
serieswith the auxiliarywindingwhile starting, then switching the auxiliarywinding
out as the motor reaches running speed. The capacitor causes the auxiliary winding
current to lead the main current. These machines are used for hard to start
applications such as pumps, compressors, etc. up to the rating of 5 hp [15].
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A “permanent−split capacitor motor” is designed for applications where starting
torque requirements are low, but improved running performance is required. In this
case, the motor is designed to have a capacitor in series with the auxiliary winding
all the time [15].

In a “two−value capacitor motor”, a start capacitor is placed in parallel with the run
capacitor. This allows the motor to be designed for optimum running efficiency
without sacrificing efficiency to get starting torque. Two−value capacitor motors
have been available for years in the range of 1−10 hp [15].

In “shaded−pole machines”, the auxiliary winding is usually a simple shorted turn
of conductor around one side of each stator pole, called a shading coil. Shaded−pole
motors are simple in construction and are therefore relatively low cost and reliable.
Starting current is relatively high, starting torque is relatively low, running current
is relatively high, and efficiency and power factor are low [15]. They arewidely used
to drive small fans (1/5 hp and below), because they are low in cost and reliable.

6.10.2 THEORY AND ANALYSIS

This chapter briefly describes the analysis and method of modeling single phase
induction machines. For further information please see the references [14] and
[16]−[18].

As mentioned above, a single phase induction machine consists of two stator
windings known as main and auxiliary with the angular space of normally 90˚. The
stator windings are usually asymmetric, i.e. main and auxiliary windings do not have
similar parameters. The rotor has the standard squirrel cage, which in rotating field
theory can be represented by two d− and q−axis windings. Figure 6.10.1 shows the
diagram of an idealized two phase induction machine. Windings as and bs represent
stator windings and windings ar and br represent rotor windings. The rotor angle is
shown by θr and rotor speed is shown by ωr. In this analysis, stator phase a is themain
winding of the machine and stator phase b is the auxiliary winding. As previously
mentioned they are not symmetric and they do not have similar parameters. The rotor
windings are symmetric and have similar parameters. The ratio of effective turns

between the auxiliary and main windings NbsNas is usually shown by symbol a.
The following assumptions are made in this analysis:

− Similar to other machine models in RTDS, multi−pole single phase IMs are
modeled as an equivalent two pole machine. Torque and speed aremonitored in p.u..

− It is assumed that the machine windings produce a sinusoidal MMF, thus space
harmonics are ignored.

−As the rotor is a cylindrical round rotor, saturation is modeled similar to the three
phase induction machine by adjusting the magnetizing inductance as a function of
the total magnetizing current peak value. Saturation in the leakage paths is ignored..
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Figure 6.10.1 Diagram of an idealized two phase induction machine

EQUIVALENT CIRCUITS:

Voltage equations for the twophase inductionmachine are presented in the following
equation. As can be seen, stator phase a and b have different resistances.
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Also, the relation between flux linkages and currents is shown in the flux linkage
equations. Ψas and Ψbs are flux linkages for stator windings a and b, and Ψar and Ψbr
are flux linkages for rotor windings. [Lss] and [Lrr] are the inductance matrices for
stator and rotor windings, and [Lsr] is the inductance matrix for the mutual windings
between the stator and rotor windings.
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The values of these inductances are functions of rotor position and saturation. The
above voltage and flux linkage equations can be transferred to stator frame of
reference so that the inductances do not depend on the rotor position hence d− and
q−axisequivalent circuits can be achieved. Note that, because of asymmetry in stator
windings, transforming the above equations to rotor frame of reference does not
result in a position−independent inductance matrix.

In one approach [17], q− and d−axis equivalent circuits are extracted with reference
to main and auxiliary windings individually, thus the magnetizing inductances in q−
and d−axis are not equal. Figure 6.10.2 shows the equivalent circuit of the machine
using this approach. Many machines have their data available in this form.

Figure 6.10.2 Equivalent circuit of an idealized two phase induction

machine (rotor windings reflected to main and aux. windings).
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Another approach, which is used in the model presented here, reflects all the
windings to the main stator winding. Figure 6.10.3 shows the equivalent circuit of
the machine using this approach.

Figure 6.10.3 Equivalent circuit of an idealized two phase induction
machine (all windings reflected to the main windings).

Usually, data for single phase inductionmachines is available in both formats. These
parameters can be transferred from one circuit to another using the value of Aux./
Main turns ratio (a). These parameters can be measured using standard no−load and
lock rotor test and standstill frequency response test [19]. In themodel developed for
RTDS, the input data for the rotor is in the formof parameters in the equivalent circuit
shown in Figure 6.10.3. Therefore, only one value for rotor resistance and leakage
inductance is required. In case the available data is in the form of equivalent circuit
shown in Figure 6.10.2., then q−axis rotor resistance and leakage inductance is
adequate for the model. D−axis rotor parameters are equal to q−axis parameters
multiplied by (a2). The required resistance and leakage inductance of the main and
auxiliary windings are the directly measured values from the terminals of the main
and auxiliary windings. Themagnetizing inductance is the value calculated from the
side of themainwinding, therefore if the data is available is in the form of parameters
in Figure 6.10.2 , then only q−axis magnetizing inductance Lmas= Lmq is required.
D−axismagnetizing inductance Lmbs= Lmd is equal to q−axismagnetizing inductance
multiplied by (a2). This will be clarified further in this document.

Machine impedances and resistances are usually available in Ohm, however the
model allows the user to input data in both Ohm and p.u..
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TORQUE EQUATION:

The following equation is used for calculating electromagnetic torque (Te) in the
equivalent two−pole single phase indcution machine model presented here. In this
equation ias, ibs are stator currents shown in Figure 6.10.1 and i′ar, i′br are rotor currents
reflected to the stator main winding.

Te= Lms ⋅ ias ibs − sin(θr)
a ⋅ cos(θr)

− cos(θr)
− a ⋅ sin(θr)i′ari′br

6.10.3 MODEL SPECIFICATIONS AND CAPABILITIES

This chapter describes the Single Phase Induction Machcine (SPIM) model. The
basic icon for the _rtds_SPIM component appears as shown in Figure 6.10.4.

The terminals for stator main and auxiliary windings and the neutral point are
respectively shown by M , A and N. Each of the main and auxiliary windings have
embedded series breakers that can be controlled independently using control signals.

Figure 6.10.4 _rtds_SPIM component icon.

Single−phase induction motors are usually in the forms of Split−Phase Induction
Motors, Capacitor Induction Motors, and Shaded−Pole Induction Motors.

A split−phase induction motor can be achieved by connecting the terminal A of the
machine to the main terminal M. Parameters of the auxiliary windings can be
modified so that the high ratio of resistance to reactance is achieved.

Capacitor, resistance, or a combination of R and C elements can be inserted between
nodes A and M, resulting in a capacitor−start, capacitor−run, two−value capacitor
motor or other arrangements.

Shorting the auxiliary winding (i.e. connecting node A to N) approximately
represents a shaded−pole machine.
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The control input S determines whether the machine operates in lock or free mode.
If S is set to 1, then the pu speed of the machine is determined by the control input
F, otherwise if S is set to 0, then the speed of themachine is determined bymechanical
swing equations. In this case, the mechanical torque comes from the control input T
in pu.

The embedded phase domain approach [4] is used to implement this model in the
environment of the real−time digital simulator (RTDS). The term phase domain
means that the values of machine inductances change with the change in rotor
position and level of saturation. The term embeddedmeans that the network solution
is incorporated in solving the differential equations of the machine. This approach
shows superior numerical performance compared to the conventional interfaced
approach [5].

As the rotor is a cylindrical round rotor, saturation is modeled similar to the one for
three phase induction machines by adjusting the magnetizing inductance as a
function of the total magnetizing current peak value [14]. This is shown in the
following equation:

im= i2md+ i2mq Lms_sat= f (im)

As mentioned above, machine impedances and resistances are usually available in
Ohm, however the model allows the user to input data either in pu values or original
ohmic values.

One computational load unit of RTDS is required for real−time simulation of a
_rtds_SPIM, single phase induction machine (SPIM) model. Ten machines can be
stacked on a processor of a GPC card.

The single phase induction machine menus are explained below:

6.10.4 MAIN MENU FOR THE _rtds_SPIM

Many of the menus in the model _rtds_SPIM are similar to the menus for other
induction machine models in RTDS (lf_rtds_sharc_sld_INDM and
lf_rtds_risc_sld_INDM). These menus are discussed here. RPC_GPC
CONFIGURATION MENU appears as shown in Figure 6.10.5.

AorM: Specify if the model be automatically assigned to a processor
(Automatic) or manually assigned (Manual).

CARD: Parameter is only used if AorM parameter is set to Manual. The
model can be manually assigned to an RTDS processor. The card
number that the model is to be assigned is entered here.

Rprc: Parameter is only used if AorM parameter is set to Manual. The user
can select the model be assigned to A or B processor.
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Figure 6.10.5 Processor assignment menu for _rtds_SPIM

6.10.5 THE MENU FOR INDUCTIONMACHINE CONFIGURATION

The menu for induction machine configuration appears as shown in Figure 6.10.6.
The following is the explanation of parameters in this menu:

Name: A unique name must be given for each instance of the component.

Vbsln: Rated Stator Voltage of the Machine (Line−to−NeutralRMS)

pbase: Rated MVA of the Machine. Although the rating of single phase
induction machines is limited to few kVAs, this rating has to be
entered in MVA.

hrtz: Rated Operating Frequency of the Machine in Hz

trataM: Effective Ratio of Turns between the Auxiliary to Main Winding

a= NbsNas.
cnfg: Using this parameter the user has the option of entering machine

resistances and impedances in “Ohm” or “pu”.

tysat: The “tysat” menu item prompts for an indication of whether
saturation will be included in the model and, if so, whether the curve
will be specified using points on the curve or using saturation factors
SE(1.0) and SE(1.2).

spdin: The “spdin” menu item prompts for information concerning the
speed of the model in the first time−steps. The two choices are:
“Zero” and “Rated”. Note that all winding currents are set to 0.0 in
the first time−step.
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Mbkr: This option allows the inclusion of an embedded breaker in theMain
winding of the machine.

Abkr: This option allows the inclusion of an embedded breaker in the
Auxiliary winding of the machine.

prtyp: The prtyp parameter allows the user to select on which type of
processor themodel is to be run. Thismodel is currently available for
RISC processor types.

Figure 6.10.6 The Menu for Induction Machine Configuration

6.10.6 MOTOR ELECTRICAL PARAMETERS (OHM)

As mentioned, the user has the option of entering machine resistances and
impedances in “Ohm” or “pu”. If the parameter “cnfg” is set to “Ohm” in the “menu
for the induction machine configuration”, then the menu MOTOR ELECTRICAL
PARAMETERS appears as shown in Figure 6.10.7. In this menu:

rMs: Resistance of the main winding in Ohm. This parameter corresponds
to (ras) in Figure 6.10.3.

xlMs: Leakage Reactance of the main winding in Ohm. This parameter
corresponds to (ω ⋅ llas) in Figure 6.10.3.



MACHINES

6.84

xms0: Unsaturated Magnetizing Reactance in Ohm. This parameter
corresponds to (ω ⋅ Lms) in Figure 6.10.3.

ras: Resistance of the Auxiliary winding in Ohm. This parameter is
directly measured from the terminals of auxiliary winding and
corresponds to rbs= a2 ⋅ r′bs in Figure 6.10.3.

xlas: LeakageReactance of theAuxiliarywinding inOhm. This parameter
is directly measured from the auxiliary winding and corresponds to
ω ⋅ llbs= a2 ⋅ ω ⋅ l′lbs in Figure 6.10.3.

rr: Resistance of the rotor winding in Ohm. This parameter corresponds
to (r′r) in Figure 6.10.3. If rotor resistances for both main and
auxiliary axes are given, use the one corresponding to the main axis
(q−axis).

xlr: Leakage Reactance of the rotor winding in Ohm. This parameter
corresponds to (ω ⋅ l′lr) in Figure 6.10.3. If rotor leakage reactances
are given for bothmain and auxiliary axes, use the one corresponding
to the main axis (q−axis).

Figure 6.10.7 Motor Electrical Parameters (OHM) Menu of _rtds_SPIM component.

6.10.7 MOTOR ELECTRICAL PARAMETERS (PU)

If the parameter “cnfg” is set to “PU” in the menu for “INDUCTION MACHINE
CONFIGURATION”, then the menu MOTOR ELECTRICAL PARAMETERS
appears as shown in Figure 6.10.8. In this menu:

rMspu: Resistance of the main winding in pu. This parameter corresponds to
(ras) in Figure 6.10.3.
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xlMspu: Leakage Reactance of the main winding in pu. This parameter
corresponds to (ω ⋅ llas) in Figure 6.10.3.

xms0pu: Unsaturated Magnetizing Reactance in pu. This parameter
corresponds to (ω ⋅ Lms) in Figure 6.10.3.

raspu: Resistance of the Auxiliary winding in pu. This parameter is directly
measured from the auxiliary winding terminals and corresponds to
rbs= a2 ⋅ r′bs in Figure 6.10.3.

xlaspu: Leakage Reactance of the Auxiliary winding in pu. This parameter
is directly measured from the auxiliary winding and corresponds to
ω ⋅ llbs= a2 ⋅ ω ⋅ l′lbs in Figure 6.10.3.

rrpu: Resistance of the rotor winding in pu. This parameter corresponds to
(r′r) in Figure 6.10.3. If rotor resistances for bothmain and auxiliary
axes are given, use the one corresponding to the main axis (q−axis).

xlrpu: Leakage Reactance of the rotor winding in pu. This parameter
corresponds to (ω ⋅ l′lr) in Figure 6.10.3. If rotor leakage reactances
are given for bothmain and auxiliary axes, use the one corresponding
to the main axis (q−axis).

Figure 6.10.8 Motor Electrical Parameters (PU) Menu of _rtds_SPIM component.

6.10.8 THE MACHINE SATURATION CURVE MENUS

The “tysat” menu item in the “INDUCTION MACHINE CONFIGURATION”
menu prompts for an indication of whether saturation will be included in the model
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and, if so, whether the curve will be specified using points on the curve or using
saturation factors SE(1.0) and SE(1.2). The choices are “Linear”, “Points”, and
“Factors. If “Linear” is chosen, thenmachinewill not saturate. The other two choices
are explained below. The saturation curve for themainmagnetizing flux linkage path
of the induction machine model is specifiable in the SATURATION CURVEmenu.
The saturation curve which is entered should be the air−gap voltage versus
magnetizing current curve for the magnetizing branch “xms0” at rated frequency.

6.10.9 THE MACHINE SATURATION CURVE BY POINTS MENU

The MACHINE SATURATION CURVE BY POINTS menu appears as follows:

Figure 6.10.9 Machine Saturation Curve By Points Menu

This method requires a saturation curve for the machine to be entered using points
on the curve. The curve is a plot of air−gap voltage in per−unit versus magnetizing
current specified in units of the user’s choice. The first point in the curve ( C1, V1 )
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must be ( 0.0, 0.0 ). The second point in the curve ( C2, V2 ) must be on the
unsaturated part of the magnetizing curve. The position of the second point allows
to provide scaling information formagnetizing currents entered in themenu. If fewer
than 10 points are entered for the curve, then enter −1.0for the currents following the
last known point.

6.10.10 MACHINE SATURATION CURVE BY FACTORS MENU

The two factors to be specified in the above menu are defined in Figure 6.10.10. The
saturation curve defined by theSE( 1.0 ) andSE( 1.2 ) factors is displaced to the right
of the unsaturated curve by a quadratically increasing amount defined by the two
points. The two factors are also sufficient to define the point T where the saturation
curve becomes tangent to the unsaturated curve.

Figure 6.10.10 Machine Saturation Curve By Factors SE10 and SE12

1.0

1.2

imd ( normalized )1.0 1.2

Unsaturated

Curve
Vt per unit

ΔI( 1.2 )

ΔI( 1.0 )

SE = ΔI / Vt
SE( 1.0 ) = ΔI( 1.0 ) / 1.0

T

SE( 1.2 ) = ΔI( 1.2 ) / 1.2

The MACHINE SATURATION CURVE BY FACTORSmenu appears as shown in
Figure 6.10.11.
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Figure 6.10.11 Machine Saturation Curve By Factors Menu

6.10.11 MAIN WINDING BREAKER DATA

As mentioned, the user has the option of including an embedded breaker in series
with the main winding. The menu MAINWINDING BREAKERDATA appears as
shown in Figure 6.10.12. In this menu:

Figure 6.10.12Menu for the Main Winding Breake Menu

Mbkrof: Resistance of the breaker when it is open.

Mbkron: Resistance of the breaker when it is closed.

Mstat1: Initial status of the breaker.

Mswdnm: Integer signal that controls the status of the breaker.
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Mbit: Active bit number in “MSwdnm” that controls the status of the
breaker.

6.10.12 AUXILIARYWINDING BREAKER DATA

As mentioned, the user has the option of including an embedded breaker in series
with the auxiliary winding as well. The menu AUXILIARYWINDINGBREAKER
DATA appears as shown in Figure 6.10.13. In this menu:

Abkrof: Resistance of the breaker when it is open.

Abkron: Resistance of the breaker when it is closed.

Astat1: Initial status of the breaker.

Aswdnm: Integer signal that controls the status of the breaker.

Abit: Active bit number in “ASwdnm” that controls the status of the
breaker.

Figure 6.10.13 Menu for the Auxiliary Winding Breaker Data

6.10.13 THE MECHANICAL PARAMETERSMENU

In this model the mechanical swing equations of the rotor are solved inside the
model. Thismenu specifies the inertia constant (H) and frictional damping (D) of the
mass. The MECHANICAL PARAMETERS menu appears as shown in Figure
6.10.14.
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Figure 6.10.14 Mechanical Parameters Menu of _rtds_SPIM component

H: The “H” menu item prompts for the inertia of the machine. H ( in
MW−Sec / MVA ) is the rotational energy ( in MW−Sec. ) stored in
the machine rotor at rated speed per MVA of machine rating. The
MVA rating of the machine is as entered in the GENERALMODEL
CONFIGURATION menu in response to the “pbase” item.

D: The “D” menu item prompts for the frictional damping factor. The
resulting damping torque tends to resist the speed. The damping
torque factor “D” is in units of per−unit torque over per−unit speed
deviation from zero speed.

In locked speed mode, the pu speed of the machine is determined by
a control input F in the icon. In the free speed mode, the machine
speed ω is determined by the sum of the torques that act on the total
inertia of the machine. These include mechanical torque (Tm),
electrical torque (Te), and the damping torque. The following
equation shows this relation:

Tm(pu)− Te(pu)= 2H ⋅ d
dt
ω(pu)+ D ⋅ ω(pu)

Similar to other machine models in RTDS, when the speed is positive, positive
electric torque corresponds to generating operation of the machine and
negative electric torque corresponds to motoring operation of the machine.
When the speed is negative, positive torque corresponds to motoring operation
of themachine, and negative torque corresponds to generating operation of the
machine. This is shown in the following table:

Speed Positive Torque Negative Torque

+ Generator Motor

− Motor Generator
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Note that, positive speed according to our conventionmeans anti−clockwiserotation
of the rotor. For a two phase machine, if the current in the auxiliary winding leads
the current of themainwinding, then the rotation of the totalMMFwill be clockwise
and steady state speed will be negative. This phenomenon takes place in capacitor
single phase induction machines.

6.10.14 MONITORING OPTION MENU

The user has the option of using a low−pass filter  1
1+ S ⋅ T

when the active power
is monitored. The menu MONITORING OPTIONS appears as shown in Figure
6.10.15. In this menu:

tpwr: Specifies the time constant (T) that the first order low pass filter will
use on the signal for real power monitored from the machine.

Dpwr: Specifies the direction of active power monitored from the machine.

Figure 6.10.15 Menu for _rtds_SPIM Monitoring Options

6.10.15 THE ENABLEMONITORING IN RUNTIMEMENU

The _rtds_SPIM ENABLE MONITORING IN RUNTIME MENU appears as
shown in Figure 6.10.16.

Stator and Rotor Currents: The user has the option of monitoring the stator main
and auxiliary currents, neutral current, and the rotor winding currents in kA.

Rotor Angle, Electric Torque, and Rotor Speed: Mechanical quantities such as
rotor angle, electric torque and rotor speed can also bemonitored in Radians, pu , and
pu respectively.

Active Power and Power Loss of the Machine:The active power and resistive
losses of the machine can be monitored. The direction of monitored power can be
selected in the “Monitoring Options” menu.
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Figure 6.10.16 Menu for _rtds_SPIM Enable Monitoring in RUNTIME

6.10.16 THE SIGNAL NAMES FOR RUNTIMEMENU

The _rtds_SPIM SIGNAL NAMES FOR MONITORING IN RUNTIME MENU
appears as shown in Figure 6.10.17. The user must dedicate a unique name for the
monitored signals. A suffix can also be added to the signal names.

6.10.17 MACHINE INFORMATIONWRITTEN IN THE MAP FILE

After compiling a draft case containing an _rtds_SPIMmachinemodel, theMAP file
will contain information about this single phase induction machine model. Figure
6.9.18 shows an example of theMAP file. It contains the name of themachinemodel,
the electric parameters of the machine in the dq equivalent circuit, and the Aux./
Main winding turn ratio.
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Figure 6.10.17 Menu for _rtds_SPIM Signal Names for Monitoring

Figure 6.10.18 Machine Information Written in the MAP File
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6.10.18 EXAMPLE CASES

Few example cases are added to the “Samples” directory. These examples help in
understanding the analysis and operation of the single phase induction machine.
These examples include Capacitor−Start Induction Motors, Capacitor−Run
InductionMotors, Split−PhaseInductionMotors, and an inductionmachine inwhich
the main and auxiliary windings are supplied by different sources.

6.10.19 SUMMARY

The Cbuilder _rtds_SPIM, phase domain single phase induction machine (SPIM)
model, provides amodel that is flexible in configuration. Thismodel is an embedded
phase − domain model [4]. This model has the following assumptions and
specifications:

1. It is assumed that the machine windings produce a sinusoidal MMF,
thus space harmonics are ignored.

2. Similar to other machine models in RTDS, multi−pole single phase
IMs are modeled as an equivalent two pole machine.

3. As the rotor is a cylindrical round rotor, saturation is modeled similar
to the three phase induction machine by adjusting the magnetizing
inductance as a function of the total magnetizing current peak value.
Saturation in the leakage paths is ignored.

4. One computational load unit of RTDS is required for real−time
simulation of an _rtds_SPIM, single phase induction machine
(SPIM)model. Therefore 10 _rtds_SPIMcomponents can be stacked
on a RISC processor.

5. As explained, main types of single−phase induction motors are in the
forms of Split−PhaseInductionMotors, Capacitor InductionMotors,
and Shaded−Pole Induction Motors. Because of the flexibility of the
machine model, the above machine types can be implemented by
connecting main and auxiliary windings to passive elements.
Although a shaded−pole machine, can be simulated by shorting the
auxiliarywinding, the resultedmachinewill not be self starting. In the
model _rtds_SPIM, the main and auxiliary windings have an angular
shift of 90˚. This arrangement does not induce any current in the
shorted auxiliary winding when the rotor speed is zero.
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6.11 DC MACHINE MODEL (DCMAC)
6.11.1 INTRODUCTION

DC machines are the oldest electric machines in existence, designed based on
Faraday principle. The first rotating machines incorporating Ampere’s commutator
appeared in 1833 [20].

Although a DC machine can operate as either a generator or a motor, at present its
use as a generator is limited because of the widespread use of the AC power [21].
Almost all electric power supply networks are AC systems of generation,
transformation, transmission anddistribution; and asDCsupplies are readily derived
by rectification, there is little need for large DC generators. Additionally, the use of
ACmotors in industry is widely acceptable wherever they are inherently suitable or
can be given appropriate characteristic by means of power electronic devices.
However, there are important fields of application in which DC motors offer
technical advantages. DC machines can be designed for wide ranges of voltage /
current or speed / torque characteristic [20].

Larger DC motors are used in machine tools, industrial pumps, cranes, paper mills,
rolling mills, and etc.

DC motors are used in electric trains and battery−fed vehicles. Due to their highly
desirable torque−speed characteristic, DC series motors drive intercity and rapid
transit trains.

Smaller series DCmotors supplied by single phase AC serve portable drills, sewing
machines and hand tools. Miniature DC motors working from dry cells operate
razors, cameras, tape recorders and similar small tools. DC series motors are also
known as “universal motors”.

Many devices associated with closed−loopcontrol systems are operated using Small
DC machines ( in fractional horse power rating).

6.11.2 THEORY AND ANALYSIS

This chapter briefly describes the analysis and method of modeling direct−current
machines. For further information please see the references [15], [18], [20−24].
Conventional DC motors consist of one or more field windings positioned on the
stator, an armature winding located on a magnetic rotor or armature, and a magnetic
structure forming a stator (referred to as a yoke). The essential features of a two−pole
DCmachine are shown in Figure 6.11.1. The stator has salient poles that are excited
by one or more field windings. The field windings produce an air−gap flux
distribution that is symmetrical around the pole axis (also known as field axis or
d−axis).

The armature winding is located on the rotor. The voltage induced in the turns of the
armature winding is alternating. A commutator−brush combination is used as a
mechanical rectifier to make the armature terminal voltage unidirectional and also
to make the MMF wave due to the armature current fixed in space [21]. As a
consequence, theMMF due to the armature current is along the axis midway the two
adjacent poles, called the quadrature axis. The armature MMF axis can be changed
by changing the position of the brush assembly [20,21].
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Also, in larger DCmachines, additional windings exist that produce flux but are not
involved directly in the electromechanical energy conversion. These windings assist
in the commutation process.

The effects of armature reaction and utilization of Compensating windings will be
discussed later.

Figure 6.11.1 Diagram of an idealized two−pole DC Machine

The following assumptions are made in the analysis of DC machines in this
document:

− Similar to other machine models in RTDS, a multi−pole DC machine is modeled
as an equivalent two pole machine. Torque and speed are monitored in p.u..

− Space harmonics are ignored.

− It is assumed that armature and field self inductances are not affected by saturation.
However, effects of saturation on the armature back EMF is considered.
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EQUIVALENT CIRCUIT:

Voltage equations for a twopoleDCmachine are presented in the following equation.
This DC machine has one field winding f and one armature winding a. Here, vf and
if are the field winding voltage and current, and va and ia are the armature winding

voltage and current. Field and armature self inductances are shownby Lff and Laa, and
field and armature resistances are shown by rf and ra.

vfva = Lff0 0
Laa ⋅ ddt ifia+ rf0 0ra ⋅  ifia+  0Efe

v [L] i Efe[r]

Figure 6.11.2. represents the equivalent circuit of the DC machine with one field
winding. This circuit corresponds to the above equation.

Figure 6.11.2 Equivalent circuit of an idealized DC machine with one field winding

As mentioned previously, due to the effects of commutators, the MMF caused by
armature current is stationary. Hence, there is no induced voltage from armature on
the field winding (armature reaction phenomenon [20, 21, 23, 24] will be discussed
later). The term Efe is the effective induced voltage on the armature winding. It has
two components; the induced back EMF voltage due to the field winding (Ef0) and
the reduction in the back−EMFvoltage caused by armature reaction (AR). This can
be expressed as:

Efe= Ef0− AR

The back EMF voltage due to the field winding (Ef0) is a function of total flux under
each pole (Ä) and the speed of machine (ωm). In this equation k is a constant.
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Ef0= k ⋅ Ä ⋅ ωm

Flux (Ä) is due to the current ( if) flowing into the field winding. This relationship is
not usually linear, and is affected by saturation. Armature reaction (AR) is mostly
affected by the current ( ia) flowing into the armature winding. Method of modeling
the effects of saturation and armature reaction will be discussed later.

If the machine contains two field windings, the following equivalent circuit is used
to represent the machine dynamics:

Figure 6.11.3 Equivalent circuit of an idealized DC machine with two field windings

Here, the back−EMFis a function of total effective field current ( ife12= if1+
Nfe2
Nfe1
⋅ if2).

Nfe1 and Nfe2 are the effective turns of the first and second field windings.

DC machine data is usually available in the form of (Ohm) for machine resistances
and (H) formachine inductances. These parameters can bemeasured using standstill
step response test and standstill frequency response test [19]. The open−circuit
characteristic of themachine is also required for transient modeling ofDCmachines.

TORQUE EQUATION:

The following equation is used for calculating electromagnetic torque (Te) in the
equivalent two−pole DC machine model presented here. In this equation ia is the
armature current.

Te= k ⋅ Ä ⋅ ia
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6.11.3 MODEL SPECIFICATIONS AND CAPABILITIES

This chapter describes the DC Machine (DCMAC) model. The basic icon for the
_rtds_DCMAC component appears as shown in Figure 6.11.4. Armature and field
winding terminals are distinct. As themachine is a direct−current device, (+) and (−)
signs are used to differentiate terminals. This does not mean that AC signals cannot
be applied on this machine. This arrangement allows the user to easily configure a
DC machine as a separately excited, shunt or series connected type. The model is
capable of including an extra field winding as shown in Figure 6.11.4−b, facilitating
the simulation of compoundDCmachines. Commutatorwindings do not contribute
to electromechanical energy conversion, therefore these windings are not modeled
in this component.

Figure 6.11.4 _rtds_DCMAC DC Machine Icon

a) One Field Winding b) Two Field Windings

The control input S determines whether the machine operates in lock or free mode.
If S is set to 1, then the pu speed of the machine is determined by the control input
F, otherwise if S is set to 0, then the speed of themachine is determined bymechanical
swing equations. In this case, the mechanical torque comes from the control input T
in pu.

As mentioned earlier, pole flux (Ä) varies with the current ( if) flowing into the field
winding. This relationship is affected by saturation. To extract this relationship the
user needs to input DCmachine open−circuit characteristic. The user has the option
of considering a linear characteristic or considering a saturated characteristic.

Three options are available to enter saturated open−circuit characteristic:

−Entering p.u. open−circuitvoltages and corresponding p.u. field currents by points
on the open−circuit curve.

− Entering saturation factors SE( 1.0 ) and SE( 1.2 ) from the normalized
open−circuit curve.

−Representing the perunitized saturation curve using an exponential function. This
option is added to make this DC machine model compatible with the DC machine
model in PSCAD.



MACHINES

6.100

As mentioned earlier, the open−circuit voltage (or back−EMF) has the following
relationship with the pole flux (Ä). using this relationship and the entered saturation
curve, the relationship between pole flux (Ä) and field current ( if) can be identified.

Ef0= k ⋅ Ä ⋅ ωm

To the best of author’s knowledge, there is no standard formula to calculate armature
reaction (AR). Armature reaction is mostly affected by the armature current ( ia) and
not by the field current ( if). Experimental results show a quadratic relation between
the armature reaction and the armature current. The following equation is used to
calculate (AR) in the DC machine model _rtds_DCMAC. Constants arfc1 and arfc2
are proportional and quadratic constants entered by the user. ia is the armature
current.

AR= arfc1 ⋅ |ia |+ arfc2 ⋅ |ia|2

One computational load unit of RTDS is required for real−time simulation of a
_rtds_DCMAC, direct−current machine model (DCMAC) . Menus of the DC
machine model are explained below:

6.11.4 PROCESSOR ASSIGNMENTMENU FOR _rtds_DCMAC

Processor assignment menu is used to specify the processor which the model will be
assigned to. PROCESSOR ASSIGNMENT MENU appears as shown in Figure
6.11.5.

AorM: Specify if the model is automatically assigned to a processor
(Automatic) or manually assigned (Manual).

CARD: This parameter is only used if AorM parameter is set toManual. The
model can be manually assigned to an RTDS processor. The card
number that the model is to be assigned is entered here.

Rprc: This parameter is only used if AorM parameter is set to Manual. The
user can select the model be assigned to A or B processor.
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Figure 6.11.5 Processor assignment menu for _rtds_DCMAC

6.11.5 CONFIGURATION MENU FOR _rtds_DCMAC

Configuration menu for the component _rtds_DCMAC appears as shown in Figure
6.11.6. The following is the explanation of parameters in this menu:

Name: A unique name must be given for each instance of the component.

Vbsar: Rated Armature Voltage of the Machine (DC kV)

ibsar: Rated Armature Current of the Machine (DC kA)

ibsfld: Rated Current of the Field Winding (DC kA)

WbsRPM: Rated Speed of the Machine (RPM)

fldno: Number of FieldWindings in theMachine. The user may specify one
or two field windings. If “fldno” is set to two, “ibsfld” corresponds
to the rated current of the first field winding.

ocspd: Speed in which magnetizing data (open−circuit characteristic and
armature reaction) is measured.

tysat: The “tysat” menu item prompts for an indication of whether
saturation will be included in the model and, if so, whether the curve
will be specified using points on the curve, using saturation factors
SE(1.0) and SE(1.2), or estimated by an exponential curve. Select
“linear” if no saturation data is available.

tyar: The “tyar”menu itemprompts for an indication ofwhether the effects
of armature reaction will be included in the model.



MACHINES

6.102

prtyp: The “prtyp” parameter allows the user to select the type of processor
on which the model is to be run.

Figure 6.11.6 Configuration menu for _rtds_DCMAC

6.11.6 MACHINE ELECTRICAL PARAMETERSMENU FOR _rtds_DCMAC

DCmachine inductances and resistances are specified in the “DCMachineElectrical
Parameters Menu” as shown in Figure 6.11.7. The following is the explanation of
parameters in this menu:

ra: Resistance of the Armature Winding in (Ohm). This parameter
corresponds to (ra) in Figure 6.11.2.

Laa: Self Inductance of the Armature Winding in (H). This parameter
corresponds to (Laa) in Figure 6.11.2.

rf: Resistance of the Field Winding in (Ohm). This parameter
corresponds to (rf) in Figure 6.11.2.

Lff: Self Inductance of the Field Winding in (H). This parameter
corresponds to (Lff) in Figure 6.11.2.
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rf2: Resistance of the Optional Second Field Winding in (Ohm). This
parameter corresponds to (rf2) in Figure 6.11.3.

Lff2: Self Inductance of the Optional Second Field Winding in (H). This
parameter corresponds to (Lff2) in Figure 6.11.3.

Mf12: Mutual Inductance Between the First Field Winding and Optional
Second Field Winding in (H).

Figure 6.11.7 Machine Electrical Parameters Menu for _rtds_DCMAC

6.11.7 THE MECHANICAL PARAMETERSMENU

In this DC machine model the mechanical swing equations of the rotor are solved
inside themodel. Thismenu specifies the inertia constant (H) and frictional damping
(D) of the mechanical mass connected to the shaft. The MECHANICAL
PARAMETERS menu appears as shown in Figure 6.11.8.

H: The “H” menu item prompts for the inertia of the machine. H ( in
MW−Sec / MVA ) is the rotational energy ( in MW−Sec. ) stored in
the machine rotor at rated speed per MVA of machine rating.

D: The “D” menu item prompts for the frictional damping factor. The
resulting damping torque tends to resist the speed. The damping
torque factor “D” is in units of per−unit torque over per−unit speed
deviation from zero speed. In locked speed mode, the pu speed of the
machine is determined by a control input F in the icon. In the free or
speed mode, the machine speed ω is determined by the sum of the
torques that act on the total inertia of the machine. These include
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mechanical torque (Tm), electrical torque (Te), and the damping
torque. The following equation shows this relationship.

Tm(pu)− Te(pu)= 2H ⋅ d
dt
ω(pu)+ D ⋅ ω(pu)

Figure 6.11.8 Machine Mechanical Parameters Menu for _rtds_DCMAC

Similar to other machine models in RTDS, when the speed is positive, positive
electric torque corresponds to generating operation of the machine and
negative electric torque corresponds to motoring operation of the machine.
When the speed is negative, positive torque corresponds to motoring operation
of themachine, and negative torque corresponds to generating operation of the
machine. This is shown in the following table. Note that, positive speed according
to EMTDC and RTDS conventions means anti−clockwise rotation of the rotor.

Speed Positive Torque Negative Torque

+ Generator Motor

− Motor Generator

6.11.8 THE MACHINE SATURATION CURVE MENUS

The “tysat” menu item in the “DCMACHINE CONFIGURATION” menu prompts
for an indication of whether saturation will be included in the model and, if so,
whether the curvewill be specified using points on the curve, using saturation factors
SE(1.0) and SE(1.2), or using an exponential function. The choices are “Linear”,
“Points”, “Factors” and “Exponential Factors”. The menus are explained below:
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6.11.9 LINEARMAGNETIZING CURVE MENU

If “tysat” is chosen as “ Linear”, then machine will not saturate and a linear
relationship is assumed between the back EMF and the field winding current. The
LINEAR MAGNETIZING CURVE FOR MACHINE menu appears as shown in
Figure 6.11.9.

Figure 6.11.9 Linear O.C. Magnetizing Curve for _rtds_DCMAC

IFNORM: Assuming a linear relationship, the required p.u. field current to
generate 1.0 p.u open−circuit voltage is needed to generate the linear
open−circuit characteristic.

6.11.10 THE MACHINE SATURATION CURVE BY POINTS MENU

The MACHINE SATURATION CURVE BY POINTS menu appears as follows:

This method requires a saturation curve for the machine to be entered using points
on the curve. The curve is a plot of air−gap voltage (back−EMF) in per−unit versus
the field current also in per−unit. The first point in the curve ( C1, V1 )must be ( 0.0,
0.0 ). The second point in the curve ( C2, V2 ) must be on the unsaturated part of the
magnetizing curve. The position of the second point provides scaling information
for magnetizing currents entered in the menu. If fewer than 10 points are entered for
the curve, then enter −1.0 for the currents following the last known point.

6.11.11 MACHINE SATURATION CURVE BY FACTORS MENU

The two factors to be specified in this menu are defined in Figure 6.11.11. The
saturation curve defined by theSE( 1.0 ) andSE( 1.2 ) factors is displaced to the right
of the unsaturated curve by a quadratically increasing amount defined by the two
points. The two factors are also sufficient to define the point T where the saturation
curve becomes tangent to the unsaturated curve.

The MACHINE SATURATION CURVE BY FACTORSmenu appears as shown in
Figure 6.11.12.
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IFNORMF: As can be seen in Figure 6.11.11, the field current is expressed in
normal values not per−unit, therefore to generate the pu back−EMF
curve versus pu field current, the required p.u. field current to
generate 1.0 p.u open−circuit voltage on the air−gap line is needed.

Figure 6.11.10 O.C. Magnetizing Curve by Points for rtds DCMAC
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Figure 6.11.11 Machine Saturation Curve By Factors SE1.0 and SE1.2

1.0

1.2

if ( normalized )1.0 1.2

Vt per unit

ΔI( 1.2 )

ΔI( 1.0 )

SE = ΔI / Vt
SE( 1.0 ) = ΔI( 1.0 ) / 1.0

T

SE( 1.2 ) = ΔI( 1.2 ) / 1.2

Unsaturated

Curve

Figure 6.11.12 O.C. Magnetizing Curve by Factors for _rtds_DCMAC
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6.11.12 MACHINE SATURATION CURVE BY EXPONENTIAL FACTORS MENU

In this option, the saturation curve is approximated by an exponential function as
shown in the following equation. Here, Voc_sat is called the saturated armature
open−circuit voltage and represents the maximum open−circuit voltage that can be
achieved by increasing the field current as shown in Figure 6.11.13.

Figure 6.11.13 Machine Saturation Curve By Exponential Factors

1.0

if (pu)

Vt (pu)

Voc_sat

va(pu)= Voc_sat ⋅ 1− e−
if(pu)

Ifld_e

Air−Gap Line

In this figure, both back_EMF voltage and field current are presented in per−unit.
The saturation curve exponential constant is shown by Ifld_e.

va(pu)= Voc_sat ⋅ 1− e−
if(pu)

Ifld_e
The MACHINE SATURATION CURVE BY EXPONENTIAL FACTORS menu
appears as shown in Figure 6.11.14. Here is the description of menus:

VOCSAT: Saturated armature open−circuit voltage representing the maximum
open−circuit voltage that can be achieved by increasing the field
current. This parameter is shown as (Voc_sat) in the above equation.
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IFLDE: Saturation curve exponential constant shown as (Ifld_e) in the above
equation.

Figure 6.11.14 O.C. Magnetizing Curve by Exponential Factors for _rtds_DCMAC

6.11.13 MACHINE ARMATURE REACTION SPECIFICATION MENU

Asmentioned previously, the assumption is that armature reaction is mostly affected
by the armature current ( ia) andnot by the field current ( if). Experimental results show
a quadratic relation between the armature reaction and the armature current. The
following equation is used to calculate (AR) in the DC machine model
_rtds_DCMAC:

AR= arfc1 ⋅ |ia |+ arfc2 ⋅ |ia|2

The MACHINE ARMATURE REACTION menu appears as shown in Figure
6.11.15. Here is the description of menus:

ARFC1: Armature reaction proportional constant which represents arfc1 in the
above equation.

ARFC2: Armature reaction quadratic constant which represents arfc2 in the
above equation.

ARMAX: The user may specify the maximum allowed armature reaction.
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Figure 6.11.15 Armature reaction Menu for _rtds_DCMAC

6.11.14 MONITORING OPTION MENU

The user has the option of using a low−pass filter  1
1+ S ⋅ T

 when the power is
monitored. The menu MONITORING OPTIONS appears as shown in Figure
6.11.16.

Figure 6.11.16 Monitoring Option Menu for _rtds_DCMAC
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In this menu:

tpwr: Specifies the time constant (T) that the first order low pass filter will
use on the signal for real power monitored from the machine.

Dpwr: Specifies the direction of active power monitored from the machine.

6.11.15 THE ENABLEMONITORING IN RUNTIMEMENU

The _rtds_DCMAC ENABLE MONITORING IN RUNTIME MENU appears as
shown in Figure 6.11.17.

Armature and Field Currents: The user has the option of monitoring the armature
and field winding currents in kA.

Rotor Angle, Electric Torque, and Rotor Speed: Mechanical quantities such as
rotor angle, electric torque and rotor speed can also bemonitored in Radians, pu , and
pu respectively.

Active Power and Power Loss of the Machine:The active power of armature and
field windings also the resistive losses of the machine can be monitored. The
direction of monitored power can be selected in the “Monitoring Options” menu.

Figure 6.11.17 Enable Monitoring in Runtime Menu for _rtds_DCMAC
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6.11.16 THE SIGNAL NAMES FOR RUNTIMEMENU

The _rtds_DCMAC SIGNAL NAMES FOR RUNTIME MENU appears as shown
in Figure 6.11.18. The user must dedicate a unique name for the monitored signals.
A suffix can also be added to the signal names.

Figure 6.11.18 Signal Names for RunTime Menu for _rtds_DCMAC

6.11.17 MACHINE INFORMATIONWRITTEN IN THE MAP FILE

After compiling a draft case containing an _rtds_DCMACmachinemodel, theMAP
file will contain information about this DCmachine model. Figure 6.11.19 shows an
example of the MAP file. It contains the name of the machine model, rating of the
armature and field windings, inductances and resistances of these windings.
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Figure 6.11.19 DC Machine Information Written in the MAP File

6.11.18 EXAMPLE CASES

Example cases are added to the tutorial “samples” directory. These examples help in
understanding the analysis andoperation of the direct−currentmachinemodel. These
examples include a separately excitedDCmachine, seriesmotors and simple electric
traction circuits.

SEPARATELY EXCITED DCMACHINE:

The following exercise on a separately excited machine helps with the procedure of
data preparation for _rtds_DCMAC model. The data is taken from example 4.2 of
[21]. A simulation case containing this DC machine model is added to the samples
directory.

Parameter Symbol Value

Rated Armature Voltage vbsar 0.1 (kV)

Rated Armature Current ibsar 0.12 (kA)

Rated Field Current ibsfld 0.001 (kA)

Rated Speed of Machine WbsRPM 1000 RPM

Armature Winding Resistance ra 0.1 (Ohm)

Armature Winding Inductance Laa 0.05 (H)

Field Winding Resistance rf 80.0 (Ohm)

Field Winding Inductance Lff 5.0 (H)

The open circuit characteristic of this machine is given in the following table. The
field current is expressed in (A) and armature open−circuit voltage is expressed in
(V). As can be seen, due to remanence, even with no field current there exist a small
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6.38 (V) on the terminals of the machine. It must be noted that, in RTDS machine
models, saturation curvemust cross (0,0) and effects of hysteresis and remanence are
not included. Therefore this data must be modified so that the armature voltage is
zero when there is no current in the field winding.

Field Current (A) Armature O.C. Voltage (V)

0 6.38

0.064 10.25

0.15 25.14

0.20 34.62

0.3 50.48

0.38 63.06

0.50 74.08

0.60 81.04

0.79 91.88

1 100

1.20 105.42

1.40 110.44

1.52 111.99

This open−circuit data can be per−unitizedusing the rated values of the field current
and armature voltage. The perunitized data can be used in the menu for MACHINE
SATURATION CURVE BY POINTS.

Figure 6.11.20 shows the per−unitizedsaturation curve. As can be seen, the required
field current to achieve 1.0 p.u. open circuit voltage on the air−gap line is
If_norm= 0.6(p.u.)= 0.6(A). This parameter is used in the LINEAR MAGNETIZING
CURVE and SATURATION CURVE BY FACTORS menus.

Saturation factors (SE1.0 and SE1.2) are needed in the menu for SATURATION
CURVE BY FACTORS. Figure 6.11.21 shows the normalized saturation curve for
the above DC machine. According to the instructions listed in Section 6.11.11,
factors SE1.0 and SE1.2 are computed as follows:

SE(1.0)= 0.67
1.0
= 0.67

SE(1.2)= 1.8
1.2
= 1.5
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Figure 6.11.20 Per−unitized open circuit magnetizing curve

If(p.u.)

va(p.u.)

If_norm= 0.6(A)

Air−Gap Line

Figure 6.11.21 Normalized open circuit magnetizing curve

If(norm)

va(p.u.) Air−Gap Line

SE(1.0)= 0.67

SE(1.2)= 1.81.2= 1.5
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SERIES CONNECTED DCMOTOR:

In this motor the field winding is connected in series with the armature winding. In
a series motor, a high torque is obtained in low speeds and a low torque is obtained
in high speed. Series motors are therefore used where large starting torques are
required as in traction cars, cranes, automobile starters, blenders and various hand
tools [15], [21]. Another property of these motors is their ability to operate with AC
excitation. If a series connectedDCmachine is excitedwithACvoltage, the resulting
torque is pulsating but uni−directional [15], [21], therefore an average torque can be
achieved and the motor can be utilized. Series connected DCmotors are often called
universal motors as they can operate with both AC and DC. Examples including
series connected DC motors operating with both AC and DC are added to the
“samples” directory.

6.11.19 SUMMARY

The _rtds_DCMAC, direct−current machine model (DCMAC), provides a model
that is flexible in configuration. This model is an embedded phase − domain model
[4]. This model has the following assumptions and specifications:

1. Space harmonics and slot harmonics are ignored.

2. Similar to other machine models in RTDS, amulti−poleDCmachine
is modeled as an equivalent two polemachine. Torque and speed are
monitored in p.u.

3. It is assumed that armature and field self inductances are not affected
by saturation. However, effects of saturation on the armature back
EMF is considered. Effects of armature reaction are considered.

4. One computational load unit of RTDS is required for real−time
simulation of an _rtds_DCMAC, direct−current machine model
(DCMAC).

5. Both ends of each winding in this model are available for connecting
to other power system components. This arrangement allows the user
to easily configure theDCmachine as a separately excited, shunt and
series connected type. The model is capable of including an extra
field winding as shown in Figure 6.11.3−b,facilitating the simulation
of compound DC machines.

6. Commutator and compensating windings are not modeled in this

component.
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6.12 INDUCTION MACHINE MODELS (INDM)
This chapter describes the analysis, method of modeling, and specifications of
induction machine models (lf_rtds_risc_sld_INDM & _rtds_INDM).

6.12.1 INTRODUCTION

Electrical energy represents more than 30% of all used energy and it is on the rise
[14]. Part of electrical energy is used directly to produce heat or light, and the larger
part of that is converted intomechanical energy in electricmotors. Themost common
family of motors used in home, business and industry is the induction motor [15].
This type of machine is the most rugged and most widely used electric machine in
the industry [23].

Small power induction motors, in most home applications, are in the form of
single−phase induction machines described in Section 6.10.

For higher power applications (tens or hundreds of horsepower), three phase
induction machines are used. These applications include pumps, fans, compressors,
paper mills, textile mills, electric ships, electric trains, and so forth [14,15].

Induction machines can be used in the form of self−excited induction generators to
generate electricity. Doubly−fed induction generators are widely used in wind
turbines to produce electricity.

The induction machine (IM) gets its name from its method of transferring power
from the primary windings on the stationary part (stator) to the rotating part (rotor).
Thewinding arrangement on the part of themachine connected to the grid (the stator
in general) produces a traveling field in the machine airgap. This traveling field will
induce voltages in conductors on the part of the machine not connected to the grid
(the rotor, or themover in general), − the secondary. If the windings on the secondary
(rotor) are closed, A.C. currents occur in the rotor. The interaction between the
primary field and secondary currents produces torque from zero rotor speed onward.
The rotor speed at which the rotor currents are zero is called the ideal no−load (or
synchronous) speed [14].

The rotorwindingmay bemultiphase (wound rotors) ormade of bars short−circuited
by end rings (cage rotors). All primary and secondarywindings are placed in uniform
slots stamped into thin silicon steel sheets called laminations. The inductionmachine
has a rather uniform airgap of 0.2 to 3 mm. The largest values correspond to large
power, 1 MW or more [14,15].

The secondary windings may be short−circuited or connected to an external
impedance or to a power source of variable voltage and frequency. In the latter case
however the induction machine works as a synchronous machine as it is doubly fed
and both stator and rotor frequencies are imposed.
The above principle of operation is based on the rotatingmagnetic field concept. The
originalworkwas doneGalileo Ferraris in Italy andNicolaTesla in theUnitedStates.
Both machines were based on a two−phase a.c. system, however Tesla recognized
that more than two phases can be used [15]. In Ferrari’s patent the rotor was made
of a copper cylinder,while in theTesla’s patent the rotorwasmade of a ferromagnetic
cylinder provided with a short−circuited winding. Economic advantages of
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three−phase system over two−phase led to the world−wideadaptation of three phase
induction machines.

The induction motor with the wound rotor was invented by Dolivo−Dobrovolsky in
1889. Subsequently the cage rotor and double−cage rotor with a very similar
topology were also invented by him.

Thus, around 1900 the induction motor was ready for wide industrial use. In early
1900, in Europe, locomotives provided with induction motor propulsion, were
capable of delivering 200 km/h. However, it wasn’t until 1985, when IGBT PWM
inverters with sufficient switching frequency promoted the return of induction
motors in electric tractions for high speed trains [14].

6.12.2 THEORY AND ANALYSIS

This chapter briefly describes the analysis and method of modeling induction
machines. For further information please see the references [14], [16], [23] and [26].

Here the analysis starts with a wound rotor induction machine, and later expands to
induction machines with cage rotors. As mentioned above, a three phase induction
machine consists of three stator windings known as phases as, bs and cs with the
angular space of normally 120˚ electrical. The stator windings are usually
symmetric. The rotor also has three windings ar , br and cr located in an angular
displacement of 120˚ electrical.

Figure 6.12.1 shows the diagram of an idealized two−pole three−phase induction
machine. Windings as, bs and cs represent stator windings and windings ar , br and
cr represent rotor windings. Stator axis is shown by as− axis representing the angle
of MMF produced by phase A on the stator. Rotor axis is shown by ar− axis
representing the angle of MMF produced by phase A on the rotor. Rotor angle is the
angle between as− axis and ar− axis, shown by θr and rotor speed is shown by ωr.
The ratio of stator effective turns over rotor effective turns Ns∕Nr is shownby symbol
a.

The following assumptions are made in this analysis:

− Similar to other machine models in RTDS, multi−pole IMs are modeled as an
equivalent two pole machine. Torque and speed are monitored in p.u..

− It is assumed that the machine windings produce a sinusoidal MMF, thus space
harmonics are ignored.

− As the rotor is a cylindrical round rotor, saturation is modeled by adjusting the
magnetizing inductance as a function of the total magnetizing current peak value.

− Saturation in the leakage paths is ignored.
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Figure 6.12.1 Diagram of an idealized three phase induction machine.

Voltage equations for a three phase inductionmachine are presented in the following
equation. Here, vabcs and vabcr are vectors of stator and rotor voltages. Stator and rotor
currents and flux−linkages are shown by iabcs , iabcr , ψabcs , and ψabcr respectively.
Resistance matrices of stator and rotor are shown by [rs] and [rr].
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Also, the relation between flux linkages and currents is shown in the flux linkage
equations. Ψas, Ψbs and Ψcs are flux linkages for stator windings a, b and c, and Ψar, Ψar
and Ψcr are flux linkages for rotor windings. [Lss] and [Lrr] are the inductance matrices
for stator and rotor windings, and [Lsr] is the inductance matrix for the mutual
inductances between the stator and rotor windings.
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The values of these inductances are functions of rotor position. In a machine with
sinusoidally distributed windings, these inductances vary with rotor position in a
sinusoidal manner. They also vary with saturation.

6.12.2.1 EQUIVALENT CIRCUIT

The above voltage and flux linkage equations can be transferred to a frame of
reference so that the inductances do not depend on the rotor position. For transient
simulation, rotor frame of reference is the most suitable frame [16]. This change of
variables to the rotor frame of reference is done using Park’s transformation, hence
d− q− and 0−axis equivalent circuits can be achieved. This procedure can be found
in electric machine textbooks [9], [14] and [23], therefore it’s not explained further
here. RTDS induction machine models lf_rtds_risc_sld_INDM and
_rtds_vsc_INDM model use the d− and q−axis equivalent circuits for transient
simulation of induction machines [25], [27]. The induction machine model
_rtds_INDM solves themachine differential equations directly in the phase−domain
[4], [5]. Simulation results for all these models are identical, the difference is in the
features provided for these models which will be discussed later.

Figure 6.12.2 shows the d− and q−axis transient equivalent circuits of the wound
rotor induction machine. Here rs and rr are stator and rotor resistances respectively.
Stator and rotor leakage inductances are shown by Lls and L′lr, and Lm is the
magnetizing inductance. Note that rotor parameters are referred to stator side.
Machine impedances and resistances are usually available in p.u. which is required
by the induction machine models developed for RTDS. These parameters can be
measured using standard no−load and lock rotor test and standstill frequency
response test [19], [23].

Steady−state equivalent circuit for a symmetric three−phase induction machine can
be extracted by analyzing the machine in the stator frame of reference and utilizing
phasors. Details of this procedure are not mentioned here. For a wound−rotor
induction machine the steady−state equivalent circuit is shown in Figure 6.12.3.
Here, Vs ,Vr , Is and Ir are phasors of stator and rotor voltages and currents. Operating
frequency on the stator side is the synchronous frequency ωs and for the rotor side
is s ⋅ ωs= ωs− ωr. Slip is shown by s and rotor speed by ωr. This steady−state
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equivalent circuit and the ones discussed later in this document are used for
initialization of the induction machine models in RTDS.

Figure 6.12.2 DQ0 equivalent circuit of an idealized three phase in-
duction machine (one winding in the rotor)

Figure 6.12.3 Steady−state equivalent circuit of an idealized three
phase induction machine (one winding in the rotor)

External Windings on the Rotor:

Assuming external set of windings exists on the rotor, a similar approach as above
can be used to extract the transient dq0 and steady−state equivalent circuit of a
symmetric three phase induction machine. Figure 6.12.4 shows the d− and q−axis
equivalent circuits of the induction machine with two sets of three−phase rotor
windings. Here, L′lr1 and L′lr2 are the leakage inductances of rotorwinding 1 and 2 and
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L′lr12 is the representation of the leakage flux which links rotor windings 1 and 2 but
not the stator. Resistances of rotor winding 1 and 2 are shown by r′r1 and r′r2 . Note
that rotor parameters are referred to stator side.

For this machine, the steady−state equivalent circuit is shown in Figure 6.12.5.
Similarly, this equivalent circuit can be used for initialization of the induction
machine with extra rotor windings.

Having two separate set of rotor windings is a rare arrangement for an induction
machine, however deep bar and double squirrel−cage rotor bars can be analyzed in
amanner similar to that of an inductionmachinewith two sets of rotorwindings. This
is explained further in the following paragraphs:

Figure 6.12.4 DQ equivalent circuit of an idealized three phase induc-
tion machine (two windings in the rotor)
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Figure 6.12.5 Steady−state equivalent circuit of an idealized three
phase induction machine (two windings in the rotor)

Cage Rotor:

Amore common formof rotorwinding in inductionmotors is the squirrel−cagerotor.
Squirrel−cage rotors consist of copper, aluminium, or alloy bars inserted or cast into
rotor slots [23]. A desired rotor resistance can be obtained by appropriate choice of
the size and the material of the rotor bars. For lower rated slips and consequently
higher efficiency, lower rotor resistance is required. Higher starting torque can be
achieved by higher rotor resistances [23].

To achieve a high starting torque as well as high efficiency, a double−cage rotor can
be utilized:

Double Squirrel Cage Rotor [23]:

Arrangement of rotor bars in a double cage rotor is shown in Figure 6.12.6. Both
sets of bars are connected to shorting end rings in a squirrel−cage form. The upper
bars have small cross−sections and can be made of higher resistivity material,
therefore they have high resistance. Lower bars are larger in cross−section and have
lower resistance. Upper bars are located close to the rotor surface and rotor slots are
widened so that a high reluctance path is provided for leakage flux of these bars
resulting in a low leakage inductance. Narrow and (relatively) long slots between
upper and lower bars provide a low−reluctancepath for the leakage flux of the lower
bars, therefore a high leakage inductance. In Figure 6.12.6, φ1 and φ2 are flux
leakages of upper and lower bars and φ12 is the leakage fluxwhich links both bars but
not the stator. With the above description, path reluctance of φ1 is much smaller than
that of φ12, and path reluctance of φ12 is much smaller than path reluctance of φ2. This
means (<1 << <12 << <2) . The equivalent magnetic equivalent circuit of this
magnetic system is also shown in Figure 6.12.6 . Magneto−motive force created by
upper and lower bars are shown by F1 and F2. Electric equivalent circuit for this
magnetic circuit can be extracted as shown in Figure 6.12.6. Here, as discussed
above, the leakage inductance of lower bars Llr2 are larger than mutual leakage
inductance Llr12and leakage inductance of the lower bars Llr1 (Llr1<< Llr12<<Llr2 ).Also
resistance of upper bars are larger than resistance of lower bars (rr1 > rr2).
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The frequency of rotor currents is s ⋅ ωs= ωs− ωr, where, ωs is the stator side
synchronous frequency, ωr is the rotor speed and s is slip. At standstill, s= 1, and in
the rotor equivalent circuit inductances are dominant over resistances. As Llr12<<Llr2,
most current flows into upper bars, and high resistance of this bar causes a high
starting torque. At rated speed s ⋅ ωs << 1 therefore, resistances dominate
inductances. As rr1 > rr2 most current flows into lower bars, and low resistance of
these bars causes a high efficiency. By adjusting the relative areas and materials of
two sets of bars and dimensions of slots between them, a combination of high starting
torque and high rated efficiency can be achieved.

Figure 6.12.6 Arrangement of rotor bars in a double cage rotor iduc-
tion machine

The equivalent circuit in Figure 6.12.6 is identical for the rotor equivalent circuit of
an induction machine with two rotor windings provided in Figure 6.12.4 and Figure
6.12.5. Due to the fact that path reluctance of φ1 is much smaller than that of φ12, the
leakage inductance of upper rotor winding is ignored in some literature [10], [23].
This feature is utilized in induction machine models provided by software packages
such as PSSE, PSCAD/EMTDC and ATP. In RTDS induction machine models, this
leakage inductance is not ignored. However, the user has the option of entering very
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small values for this leakage inductance, thus making RTDS induction machine
model compatible with the above software packages.

Deep Bar Rotor:

A torque−speedrelation similar to that of a double−cagerotormay be achieved using
deep and narrow rotor bars as shown in Figure 6.12.7. Leakage flux produced by
current in the top section encounters a relatively high−reluctance path whereas the
leakage flux produced by the lower sections encounter lower reluctances. At high
rotor frequencies for which the leakage impedances dominate, the current is
concentrated toward the top of the conductor, therefore the effective resistance is
high. At low rotor frequencies, the current is approximately uniformly distributed
and the effective rotor resistance is low. Ladder form equivalent circuit similar to the
ones in Figure 6.12.4 and Figure 6.12.5 can represent the deep bar rotors [23]. For
deep bars to be effective, a minimum depth of 1.0 cm is required [23], therefore deep
bars are not utilized for small induction motors.

Figure 6.12.7 Deep rotor bar in the induction machine

TORQUE EQUATION:

The following equation is used for calculating electromagnetic torque (Te) in the
equivalent two−polethree phase inductionmachinemodel presented here [16], [26].
In this equation ids, iqs are d−andq−axiscomponents of stator currents shown inFigure
6.12.2 and Figure 6.12.4 and i′dr, i′qr are total d− and q−axis components of rotor
currents reflected to the stator winding. Lm is the magnetizing inductance in those
figures.

Te= Lm ⋅ ids ⋅ i′qr− iqs ⋅ i′dr
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ZERO SEQUENCE:

For full transient modelling of induction machines, zero sequence component and
zero sequence equivalent circuit need to be considered for both stator and rotor
(unless rotor winding/bars are shorted). This is especially important for correct
modeling of single−phase faults.

In RTDS, small time−step induction machine model (rtds_vsc_INDM) assumes an
open neutral for both stator and rotor, thus zero sequences are ignored.

Induction machine model (lf_rtds_risc_indm) considers stator zero sequence, also
accepts values for neutral impedance. Neutral point is not accessible.

Induction machine model (_rtds_INDM) considers zero sequence in both stator and
rotor as thismodel is a phase−domaininductionmachinemodel. Both stator and rotor
neutral points are available for the user.

SATURATION:

As the rotor is a cylindrical round rotor, total magnetizing MMF and magnetizing
flux are aligned, therefore saturation is modeled by adjusting the magnetizing
inductance as a function of totalmagnetizing flux peak in lf_rtds_risc_indmmachine
model [27] and as a function of total magnetizing current peak in _rtds_INDM
phase−domain induction machine model.

PARAMETERMEASURMENT:

As mentioned previously, induction machine models in RTDS require stator and
rotor resistances and leakage inductances, also the magnetizing inductance shown
inFigure 6.12.3 andFigure 6.12.5. These parameters can bemeasured using standard
no−load and lock rotor test and standstill frequency response test [19], [23].

PER−UNITBASES:

The following are the per−unitbase values used inRTDS3−phaseinductionmachine
models.

Voltage: Rated Stator Voltage of the Machine (Line−to−NeutralRMS) is used
as the base value for the voltage.

Power: Rated MVA of the Machine is used as the base value for the power.

Current: Rated Stator Current of theMachine (Line−to−NeutralRMS) is used
as the base value for the current.

Impedance: Voltage base value / Current base current is used as the base value for
the impedance.

Electric Speed:Rated frequency of the Machine * 2π is used as the
base value for the electric speed.

Torque: Base power / base electric speed is used as the base value for the
torque.
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6.12.3 SPECIFICATIONS OF INDUCTIONMACHINE MODEL
(IF_RTDS_RISC_INDM)

This chapter describes themenus for InductionMachineModel (lf_rtds_risc_indm).

6.12.3.1 MODEL SPECIFICATIONS AND CAPABILITIES

This chapter describes the three−phase Induction Machine Model
(lf_rtds_risc_indm). The basic icon for the lf_rtds_risc_indm component appears as
shown in Figure 6.12.8. The terminals for stator windings are respectively shown by
A, B and C. Stator windings are star−connected with the neutral grounded through
a user−defined impedance. The neutral point is not accessible to the user. The rotor
in this model is shorted. The user has the option of having one or twowindings in the
rotor. Two computational load units of RTDS is required for real−timesimulation of
a lf_rtds_risc_indm, three−phase Induction Machine Model. The control signal
whichdetermineswhether themachine operates in lockor freemode is received from
the CONTROL COMPILER INPUT MENU. This menu is described below.

The Interface approach [25], [27] is used to implement this model in the
environment of the real−timedigital simulator (RTDS). For the purpose of numerical
stability, machine terminals are connected through 300 pu un−compensated
resistances.

The menus for this machine explained below:

Figure 6.12.8 lf_rtds_risc_INDM component icon.

6.12.3.2 THE MENU FOR INDUCTIONMACHINE CONFIGURATION

The menu for induction machine configuration appears as shown in Figure 6.12.9.
The following is the explanation of parameters in this menu:

Name: A unique name must be given for each instance of the component.

tysat: The “tysat” menu item prompts for an indication of whether
saturation will be included in the model and, if so, whether the curve
will be specified using points on the curve or using saturation factors
SE(1.0) and SE(1.2).
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nmrt: Number of winding sets in the rotor (one or two).

rf2in: This option allows an added internal rotor resistance. The value of
this resistance is controlled using a CC input defined in the
CONTROLCOMPILER INPUTMENU.With (rf2in = yes) icon for
the lf_rtds_risc_indm component appears as shown in Figure
6.12.10.

radd1: The initial value of the added resistance if (rf2in = yes).

spcsp: The induction machine can be initialized either using the initial slip
or initial power.

zroc: Enabling this option forces all initial currents to zero.

prtyp: The prtyp parameter allows the user to select on which type of
processor themodel is to be run. Thismodel is currently available for
GPC and PB5 processor types.

Figure 6.12.9 configuration menu for lf_rtds_risc_sld_INDM

6.12.3.3 THE MENU FOR PROCESSOR ASSIGNMENT

The menu for induction machine processor assignment appears as shown in Figure
6.12.11. The following is the explanation of parameters in this menu:

AorM: Specify if the model be automatically assigned to a processor
(Automatic) or manually assigned (Manual).
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CARD: Parameter is only used if AorM parameter is set to Manual. The
model can be manually assigned to an RTDS processor. The card
number that the model is to be assigned is entered here.

Rprc: Parameter is only used if AorM parameter is set to Manual. The user
can select the model be assigned to A or B processor.

Figure 6.12.10 lf_rtds_risc_INDM component icon (rf2in = yes ).

Figure 6.12.11 Processor assignment menu for lf_rtds_risc_sld_INDM
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6.12.3.4 THE MENU FOR INDUCTIONMACHINE INITIAL
CONDITIONS

The menu for induction machine initial conditions appears as shown in Figure
6.12.12. As mentioned earlier, the induction machine with shorted rotor windings
can be initialized either using the initial slip or initial power. The effects of loading
and saturation are included in the initialization calculations. The following is the
explanation of parameters in this menu:

Figure 6.12.12 Initial condition menu for lf_rtds_risc_sld_INDM

vmag: The magnitude “vmag” defines the magnitude of the stator terminal
voltage in pu.

fpu: “fpu” defines the initial frequency of the terminal voltage in pu.

vang: The angle “vang” defines the angle of the “A” phase terminal
voltage sine wave in Degrees at time = 0.

theta: “theta” defines the initial rotor angle with respect to “A” phase
terminal voltage sine wave in Degrees at time = 0.

radd2: The initial added external resistance of the rotor. This parameter is not
active in lf_rtds_risc_indm component.

slip: “slip” defines the initial slip relative to stator voltage in pu.

pinpu: Initial input active power at time = 0.
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qinpu: Initial input reactive power at time = 0. This parameter is not active
in lf_rtds_risc_indm component.

The machine model initializes the winding currents based on the requested initial
conditions, also writes various calculated initial conditions in the MAP file.

6.12.3.5 THE MENU FOR INDUCTIONMACHINE LOAD FLOW

Unlike the synchronous machine model, the load flow program is not capable of
including induction machines at the moment. However, a menu is provided in this
machine model for the results of load flow program. The values in this menu are not
used in the induction machine model presently.

6.12.3.6 THE CONTROLS COMPILER INPUT MENU

The CONTROLS COMPILER INPUT Menu for the induction machine appears as
shown in Figure 6.12.13. Similar to other machine models in RTDS, the induction
machine model can operate in a LOCK or FREE mode. In LOCK mode, the speed
of the machine is forced to a value which is a control input to the machine. In FREE
mode, the speed of themachine is determined bymechanical swing equations. In this
case, the mechanical torque comes from the control input T in pu.

Figure 6.12.13 Control compiler menu for lf_rtds_risc_sld_INDM

modnm: “modnm” is the name of CC input integer signal which defines the
induction machine mode of operation: If this signal is 0, then the
machine operates in the “LOCK” mode, if this signal is 1, then
machine operates in “FREE” mode.

spdnm: “spdnm” is the name of CC input signal which defines the speed of
induction machine if the mode of operation is “LOCK”.
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trqnm: “trqnm” is the name of CC input signal which defines themechanical
torque applied to the shaft of the induction machine if the mode of
operation is “FREE”.

rf2nm: “rf2nm” is the name of CC input signal which defines the value of
added rotor resistance if the option “rf2in = yes” in the CONFIGURATION

menu.

6.12.3.7 MOTOR ELECTRICAL PARAMETERS

The menu MOTOR ELECTRICAL PARAMETERS appears as shown in Figure
6.12.14. In this menu:

Figure 6.12.14 Motor Electrical Parameters menu for lf_rtds_risc_sld_INDM

Vbsll: Rated Stator Voltage of the Machine (Line−to−LineRMS)

trato: Effective Ratio of Turns (Rotor over Stator). This parameter
corresponds to (1∕a) in Figure 6.12.5

pbase: Rated MVA of the Machine.



MACHINES

6.133

hrtz: Rated Operating Frequency of the Machine in Hz. (ωs= 2π ⋅ hrtz)

ra: Resistance of the Stator Winding in pu. This parameter corresponds
to (rs) in Figure 6.12.5.

xa: Leakage Reactance of the Stator Winding in pu. This parameter
corresponds to (ωs ⋅ Lls) in Figure 6.12.5.

xmd0: Unsaturated Magnetizing Reactance in pu. This parameter
corresponds to (ωs ⋅ Lm) in Figure 6.12.5.

rfd: Resistance of First Rotor Cage (or Winding) in pu. This parameter
corresponds to (r′r1) in Figure 6.12.5.

xfd: Leakage Reactance of First Rotor Cage (or Winding) in pu. This
parameter corresponds to (ωs ⋅ L′lr1) in Figure 6.12.5.

rkd: Resistance of Second Rotor Cage (orWinding) in pu. This parameter
corresponds to (r′r2) in Figure 6.12.5.

xkd: Leakage Reactance of Second Rotor Cage (or Winding) in pu. This
parameter corresponds to (ωs ⋅ L′lr2) in Figure 6.12.5.

xkf: Rotor Mutual Leakage Reactance in pu. This parameter corresponds
to (ωs ⋅ L′lr12) in Figure 6.12.5.

rntrl: Neutral Resistance in pu.

xntrl: Neutral Reactance in pu.

6.12.3.8 THE MACHINE SATURATION CURVE MENUS

The “tysat” menu item in the “INDUCTION MACHINE CONFIGURATION”
menu prompts for an indication of whether saturation will be included in the model
and, if so, whether the curve will be specified using points on the curve or using
saturation factors SE(1.0) and SE(1.2). The choices are “Linear”, “Points”, and
“Factors. If “Linear” is chosen, thenmachinewill not saturate. The other two choices
are explained below. The saturation curve for themainmagnetizing flux linkage path
of the induction machine model is specifiable in the SATURATION CURVEmenu.
The saturation curve which is entered should be the air−gap voltage versus
magnetizing current curve for the magnetizing branch at rated frequency.

Induction machine resistances and inductances are in p.u. with the base values
described previoiusly in Section PER−UNITBASES.

6.12.3.9 THE MACHINE SATURATION CURVE BY POINTS MENU

The MACHINE SATURATION CURVE BY POINTS menu appears as follows.
This method requires a saturation curve for the machine to be entered using points
on the curve. The curve is a plot of air−gap voltage in per−unit versus magnetizing
current specified in units of the user’s choice. The first point in the curve ( C1, V1 )
must be ( 0.0, 0.0 ). The second point in the curve ( C2, V2 ) must be on the
unsaturated part of the magnetizing curve. The position of the second point allows
to provide scaling information formagnetizing currents entered in themenu. If fewer
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than 10 points are entered for the curve, then enter −1.0for the currents following the
last known point.

Figure 6.12.15 Machine Saturation Curve By Points Menu

6.12.3.10 MACHINE SATURATION CURVE BY FACTORS MENU

The two factors to be specified in the menu are defined in Figure 6.12.16. The
saturation curve defined by theSE( 1.0 ) andSE( 1.2 ) factors is displaced to the right
of the unsaturated curve by a quadratically increasing amount defined by the two
points. The two factors are also sufficient to define the point T where the saturation
curve becomes tangent to the unsaturated curve.
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Figure 6.12.16 Machine Saturation Curve By Factors SE10 and SE12
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1.2

imd ( normalized )1.0 1.2
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ΔI( 1.2 )

ΔI( 1.0 )

SE = ΔI / Vt
SE( 1.0 ) = ΔI( 1.0 ) / 1.0

T

SE( 1.2 ) = ΔI( 1.2 ) / 1.2

The MACHINE SATURATION CURVE BY FACTORSmenu appears as shown in
Figure 6.12.17.

Figure 6.12.17 Machine Saturation Curve By Factors Menu
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6.12.3.11 THE MECHANICAL PARAMETERSMENU

In this model, in FREEmode, themechanical swing equations of the rotor are solved
inside themodel. Thismenu specifies the inertia constant (H) and frictional damping
(D) of the mass. The MECHANICAL PARAMETERS menu appears as shown in
Figure 6.12.18.

Figure 6.12.18 Mechanical Parameters Menu

H: The “H” menu item prompts for the inertia of the machine. H ( in
MW−Sec / MVA ) is the rotational energy ( in MW−Sec. ) stored in
the machine rotor at rated speed per MVA of machine rating. The
MVA rating of the machine is as entered in the GENERALMODEL
CONFIGURATION menu in response to the “pbase” item.

D: The “D” menu item prompts for the frictional damping factor. The
resulting damping torque tends to resist the speed. The damping
torque factor “D” is in units of per−unit torque over per−unit speed
deviation from zero (or synchronous) speed.

In locked speed mode, the pu speed of the machine is determined by a control input
spdnm in the icon. In free speedmode, themachine speed ω is determined by the sum
of the torques that act on the total inertia of the machine. These include mechanical
torque (Tm), electrical torque (Te), and the damping torque. The following equation
shows this relation:

Tm(pu)− Te(pu)= 2H ⋅ d
dt
ω(pu)+ D ⋅ ω(pu)

syndm: The “syndm” menu allows the user to decide whether the frictional
torque is relative to speed (D ⋅ ω(pu)) by selecting “syndm=Zero” or
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relative to the deviation of speed from synchronous speed
(D ⋅ (ω(pu)− 1)) by selecting “syndm=Rated”. The default value for
this option is “Zero”.

telfr: The “telfr” menu allows the user to monitor electric torque as
calculated using the equation discussed previously, or add the
frictional torque to it aswell. The default value for this option is “nil”.

Similar to other machine models in RTDS, when the speed is positive, positive
electric torque corresponds to generating operation of the machine and
negative electric torque corresponds to motoring operation of the machine.
When the speed is negative, positive torque corresponds to motoring operation
of themachine, and negative torque corresponds to generating operation of the
machine. This is shown in the following table. Note that, positive speed according
to RTDS and EMTDC convention means anti−clockwise rotation of the rotor.

Speed Positive Torque Negative Torque

+ Generator Motor

− Motor Generator

6.12.3.12 MONITORING OPTION MENU

The user has the option of using a low−pass filter  1
1+ S ⋅ T

when the active power
is monitored. The menu MONITORING OPTIONS appears as shown in Figure
6.12.19.

Figure 6.12.19 Monitoring options menu for induction machine
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In this menu:

tpwr: Specifies the time constant (T) that the first order low pass filter will
use on the signal for real power monitored from the machine.

Dpwr: Specifies the direction of active power monitored from the machine.

6.12.3.13 THE ENABLEMONITORING IN RUNTIMEMENU

The lf_rtds_risc_sld_INDM ENABLE MONITORING IN RUNTIME MENU
appears as shown in Figure 6.12.20.

Figure 6.12.20 Enable monitoring in RUNTIME menu

Stator and Rotor Currents: The user has the option of monitoring the stator and
rotor currents in kA.

Rotor Angle, Electric Torque, and Rotor Speed: Mechanical quantities such as
rotor angle, electric torque and rotor speed can also bemonitored in Radians, pu , and
pu respectively.



MACHINES

6.139

Active and Reactive Power of the Machine: The active and reactive power of the
machine can be monitored. The direction of monitored power can be selected in the
“Monitoring Options” menu.

Neutral Voltage and Current: Neutral voltage and currents can be monitored.

6.12.3.14 THE SIGNAL NAMES FOR RUNTIMEMENU

The SIGNAL NAMES FOR MONITORING IN RUNTIME MENU appears as
shown in Figure 6.12.21. The user must dedicate a unique name for the monitored
signals.

Figure 6.12.21 Signal Names for RUNTIME menu

6.12.3.15 MACHINE INFORMATIONWRITTEN IN THE MAP FILE

After compiling a draft case containing an lf_rtds_risc_sld_INDM machine model,
the MAP file will contain information about this induction machine model. It
contains the name of the machine model, initial required P, Q and torque, and initial
speed and magnetizing reactance.
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Figure 6.12.22 Written information in the MAP file
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6.12.4 SPECIFICATIONS OF INDUCTIONMACHINE MODEL (_RTDS_INDM)

This chapter describes the menus for Induction Machine Model (_rtds_INDM).

6.12.4.1 MODEL SPECIFICATIONS AND CAPABILITIES

This chapter describes the three−phase Induction Machine Model (_rtds_INDM).
The basic icon for the _rtds_INDM component appears as shown in Figure 6.12.23.
Stator windings are respectively shown by AS, BS and CS. Stator windings are
star−connectedwith the neutral available as a power system node and it is shown by
NS.At themoment, the user has the option of having one set of windings in the rotor.
Rotor windings are respectively shown by AR, BR and CR. Rotor windings are
star−connectedwith the neutral also available as a power systemnode and it is shown
by NR.

The control signal which determines whether the machine operates in lock or free
mode is received from the CONTROL COMPILER INPUT MENU. This menu is
described later.

The embedded phase domain approach [4] is used to implement this model in the
environment of the real−time digital simulator (RTDS). The term phase domain
means that the values of machine inductances change with the change in rotor
position and level of saturation. The term embeddedmeans that the network solution
is incorporated in solving the differential equations of the machine. This approach
shows superior numerical performance compared to the conventional interfaced
approach [5]. Stator and rotor zero sequences are automatically included in the
solution.

Five computational load units of RTDS are required for real−time simulation of a
_rtds_INDM, three phase induction machine model.

The menus for this machine are explained below:

Figure 6.12.23 _rtds_INDM component icon.



MACHINES

6.142

6.12.4.2 THE MENU FOR INDUCTIONMACHINE CONFIGURATION

The menu for induction machine configuration appears as shown in Figure 6.12.24.
The following is the explanation of parameters in this menu:

Name: A unique name must be given for each instance of the component.

tysat: The “tysat” menu item prompts for an indication of whether
saturation will be included in the model and, if so, whether the curve
will be specified using points on the curve or using saturation factors
SE(1.0) and SE(1.2).

sngnd: This option allows the user to ground the stator neutral. With (sngnd
= yes) , the _rtds_INDM component appears as shown in
Figure 6.12.25.

rngnd: This option allows the user to ground the rotor neutral. With (rngnd
= yes), the _rtds_INDM component appears as shown in
Figure 6.12.25.

zroc: Enabling this option forces all initial currents to zero.

prtyp: The prtyp parameter allows the user to select which type of
processor themodel is to be run. Thismodel is currently available for
GPC and PB5 processor types.

Figure 6.12.24 configuration menu for _rtds_INDM
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Figure 6.12.25 _rtds_INDM component icon (sngnd = rngnd = yes ).

6.12.4.3 THE MENU FOR PROCESSOR ASSIGNMENT

The menu for induction machine processor assignment appears as shown in Figure
6.12.26. The following is the explanation of parameters in this menu:

Figure 6.12.26 Processor assignment menu for _rtds_INDM

AorM: Specify if the model be automatically assigned to a processor
(Automatic) or manually assigned (Manual).

CARD: Parameter is only used if AorM parameter is set to Manual. The
model can be manually assigned to an RTDS processor. The card
number that the model is to be assigned is entered here.
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Rprc: Parameter is only used if AorM parameter is set to Manual. The user
can select the model be assigned to A or B processor.

6.12.4.4 THE MENU FOR INDUCTIONMACHINE INITIAL
CONDITIONS

The menu for induction machine initial conditions appears as shown in Figure
6.12.27.

Figure 6.12.27 Initial condition menu for _rtds_INDM

As mentioned earlier, the _rtds_INDM induction machine with active rotor
windings can be initialized using both initial slip and power. The results of
initialization will be initial winding currents and rotor initial voltage which will be
written in the MAP file. The effects of saturation are included in the initialization
calculations. The following is the explanation of parameters in this menu:

vmag: The magnitude “vmag” defines the magnitude of the stator terminal
voltage in pu.

fpu: “fpu” defines the initial frequency of the terminal voltage in pu.

vang: The angle “vang” defines the angle of the “A” phase terminal
voltage sine wave in Degrees at time = 0.

theta: “theta” defines the initial rotor angle with respect to “A” phase
terminal voltage sine wave in Degrees at time = 0.

slip: “slip” defines the initial slip relative to stator volatge in pu.
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pinpu: Initial input active power at time = 0.

qinpu: Initial input reactive power at time = 0.

The machine model initializes the winding currents based on the requested initial
conditions, also writes various calculated initial conditions in the MAP file.

6.12.4.5 THE CONTROLS COMPILER INPUT MENU

The CONTROLS COMPILER INPUT Menu for the induction machine appears as
shown in Figure 6.12.28. Similar to other machine models in RTDS, the induction
machine model can operate in a LOCK or FREE mode. In LOCK mode, the speed
of machine is forced to a value which is a control input to the machine. In FREE
mode, the speed of themachine is determined bymechanical swing equations. In this
case, the mechanical torque comes from the control input T in pu.

modnm: “modnm” is the name of CC input integer signal which defines the
induction machine mode of operation: If this signal is 0, then the
machine operates in the “LOCK” mode, if this signal is 1, then
machine operates in “FREE” mode.

spdnm: “spdnm” is the name of CC input signal which defines the speed of
induction machine if the mode of operation is “LOCK”.

trqnm: “trqnm” is the name of CC input signal which defines themechanical
torque applied to the shaft of induction machine if the mode of
operation is “FREE”.

Figure 6.12.28 Control compiler menu for _rtds_INDM
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6.12.4.6 MOTOR ELECTRICAL PARAMETERS

The menu MOTOR ELECTRICAL PARAMETERS appears as shown in Figure
6.12.29. In this menu:

Vbsll: Rated Stator Voltage of the Machine (Line−to−LineRMS)

trato: Effective Ratio of Turns (Rotor over Stator). This parameter
corresponds to (1∕a) in Figure 6.12.5

pbase: Rated MVA of the Machine.

hrtz: Rated Operating Frequency of the Machine in Hz. (ωs= 2π ⋅ hrtz)

ra: Resistance of the Stator Winding in pu. This parameter corresponds
to (rs) in Figure 6.12.5.

xa: Leakage Reactance of the Stator Winding in pu. This parameter
corresponds to (ωs ⋅ Lls) in Figure 6.12.5.

xmd0: Unsaturated Magnetizing Reactance in pu. This parameter
corresponds to (ωs ⋅ Lm) in Figure 6.12.5.

rfd: Resistance of First Rotor Cage (or Winding) in pu. This parameter
corresponds to (r′r1) in Figure 6.12.5.

xfd: Leakage Reactance of First Rotor Cage (or Winding) in pu. This
parameter corresponds to (ωs ⋅ L′lr1) in Figure 6.12.5.

Figure 6.12.29 Motor Electrical Parameters menu for _rtds_INDM
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6.124.7 THE MACHINE SATURATION CURVE MENUS

The “tysat” menu item in the “INDUCTION MACHINE CONFIGURATION”
menu prompts for an indication of whether saturation will be included in the model
and, if so, whether the curve will be specified using points on the curve or using
saturation factors SE(1.0) and SE(1.2). The choices are “Linear”, “Points”, and
“Factors. If “Linear” is chosen, then the machine will not saturate. The other two
choices are explained below. The saturation curve for the main magnetizing flux
linkage path of the induction machine model is specifiable in the SATURATION
CURVE menu. The saturation curve which is entered should be the air−gap voltage
versus magnetizing current curve for the magnetizing branch at rated frequency.

6.12.4.8 THE MACHINE SATURATION CURVE BY POINTS MENU

The MACHINE SATURATION CURVE BY POINTS menu appears as follows.

This method requires a saturation curve for the machine to be entered using points
on the curve. The curve is a plot of air−gap voltage in per−unit versus magnetizing
current specified in units of the user’s choice. The first point in the curve ( C1, V1 )
must be ( 0.0, 0.0 ). The second point in the curve ( C2, V2 ) must be on the
unsaturated part of themagnetizing curve. The position of the second point provides
scaling information for magnetizing currents entered in the menu. If fewer than 10
points are entered for the curve, then enter −1.0 for the currents following the last
known point.
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Figure 6.12.30 Machine Saturation Curve By Points Menu

6.12.4.9 MACHINE SATURATION CURVE BY FACTORS MENU

The two factors to be specified in the menu are defined in Figure 6.12.31. The
saturation curve defined by theSE( 1.0 ) andSE( 1.2 ) factors is displaced to the right
of the unsaturated curve by a quadratically increasing amount defined by the two
points. The two factors are also sufficient to define the point T where the saturation
curve becomes tangent to the unsaturated curve.
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TheMACHINE SATURATION CURVE BY FACTORSmenu appears as shown in
Figure 6.12.32.

Figure 6.12.31 Machine Saturation Curve By Factors SE10 and SE12
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1.2

imd ( normalized )1.0 1.2

Unsaturated

Curve
Vt per unit

ΔI( 1.2 )

ΔI( 1.0 )

SE = ΔI / Vt
SE( 1.0 ) = ΔI( 1.0 ) / 1.0

T

SE( 1.2 ) = ΔI( 1.2 ) / 1.2

Figure 6.12.32 Machine Saturation Curve By Factors Menu
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6.12.4.10 THE MECHANICAL PARAMETERSMENU

In this model, in FREEmode, themechanical swing equations of the rotor are solved
inside themodel. Thismenu specifies the inertia constant (H) and frictional damping
(D) of the mass. The MECHANICAL PARAMETERS menu appears as shown in
Figure 6.12.33.

Figure 6.12.33 Mechanical Parameters Menu

H: The “H” menu item prompts for the inertia of the machine. H ( in
MW−Sec / MVA ) is the rotational energy ( in MW−Sec. ) stored in
the machine rotor at rated speed per MVA of machine rating. The
MVA rating of the machine is as entered in the GENERALMODEL
CONFIGURATION menu in response to the “pbase” item.

D: The “D” menu item prompts for the frictional damping factor. The
resulting damping torque tends to resist the speed. The damping
torque factor “D” is in units of per−unit torque over per−unit speed
deviation from zero (or synchronous) speed.

In locked speed mode, the pu speed of the machine is determined by a control input
spdnm in the icon. In the free speed mode, the machine speed ω is determined by the
sum of the torques that act on the total inertia of the machine. These include
mechanical torque (Tm), electrical torque (Te), and the damping torque. The following
equation shows this relation:

Tm(pu)− Te(pu)= 2H ⋅ d
dt
ω(pu)+ D ⋅ ω(pu)

syndm: The “syndm” menu allows the user to decide whether the frictional
torque is relative to speed (D ⋅ ω(pu)) by selecting “syndm=Zero” or
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relative to the deviation of speed from synchronous speed
(D ⋅ (ω(pu)− 1)) by selecting “syndm=Rated”. The default value for
this option is “Zero”.

telfr: The “telfr” menu allows the user to monitor electric torque as
calculated using the equation discussed previously, or add the
frictional torque to it aswell. The default value for this option is “nil”.

Similar to other machine models in RTDS, when the speed is positive, positive
electric torque corresponds to generating operation of the machine and
negative electric torque corresponds to motoring operation of the machine.
When the speed is negative, positive torque corresponds to motoring operation
of themachine, and negative torque corresponds to generating operation of the
machine. This is shown in the following table. Note that, positive speed according
to RTDS and EMTDC convention means anti−clockwise rotation of the rotor.

Speed Positive Torque Negative Torque

+ Generator Motor

− Motor Generator

6.12.4.11 MONITORING OPTION MENU

The user has the option of using a low−pass filter  1
1+ S ⋅ T

when the active power
is monitored. The menu MONITORING OPTIONS appears as shown in Figure
6.12.34.

Figure 6.12.34 Monitoring options menu for induction machine

In this menu:
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tpwr: Specifies the time constant (T) that the first order low pass filter will
use on the signal for real power monitored from the machine.

Dpwr: Specifies the direction of active power monitored from the machine.

dcrt: This parameter allows the user to determine the direction of
monitored current (into thewinding or out of winding). The direction
of monitored currents will be shown by arrows on the _rtds_INDM
icon in the draft canvas.

6.12.4.12 THE ENABLEMONITORING IN RUNTIMEMENU

The _rtds_INDM ENABLE MONITORING IN RUNTIME MENU appears as
shown in Figure 6.12.35.

Figure 6.12.35 Enable monitoring in RUNTIME menu

Stator and Rotor Currents: The user has the option of monitoring the stator and
rotor winding and neutral currents in kA.
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Rotor Angle, Electric Torque, and Rotor Speed: Mechanical quantities such as
rotor angle, electric torque and rotor speed can also bemonitored in Radians, pu , and
pu respectively.

Active and Reactive Power of the Machine: The active and reactive power of the
stator and rotor can be monitored. The direction of monitored power can be selected
in the “Monitoring Options” menu.

6.12.4.13 THE SIGNAL NAMES FOR RUNTIMEMENU

The SIGNAL NAMES FOR MONITORING IN RUNTIME MENU appears as
shown in Figure 6.12.36. The user must dedicate a unique name for the monitored
signals. A suffix can also be added to the name of signals.

Figure 6.12.36 Signal Names for RUNTIME menu
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6.12.4.14 MACHINE INFORMATIONWRITTEN IN THE MAP FILE

After compiling a draft case containing an _rtds_INDM machine model, the MAP
file will contain information about this induction machine model. It contains the
name of the machine model and electrical parameters. Also initial conditions: stator
and rotor initial voltages, active and reactive power. Required initial speed and
torque and initial magnetizing reactance.

Figure 6.12.37 Written information in the MAP file
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6.12.5 COMPARISONWITH INDUCTIONMACHINE MODELS IN PSCAD / EMTDC,
ATP AND PSSE

This section describes some of the differences between the induction machine
models in RTDS and induction machine models in other software packages such as
PSSE,ATP and PSCAD/EMTDC.The goal is tomake the process of conversion and
comparison between circuits in RTDS and the above packages more convenient.
As far as we know, two main induction machine models exists in PSCAD/EMTDC
library: The ”sqc100” squirrel cage induction machine model, and the
”wound_rotor”wound rotor inductionmachinemodel. Similarly, PSSEcontains two
induction machine model Type 1 and Type 2.

Here, main differences are divided into the following categories:

− Electrical Equivalent Circuit

− Torque and Speed Control

−Mechanical Swing Equations

− Saturation

6.12.5.1 ELECTRICAL EQUIVALENT CIRCUIT & PARAMETERS

In RTDS, the equivalent circuit for the induction machine models, whether
wound−rotor or cage rotor, is as shown in Figure 6.12.4 and Figure 6.12.5. Due to
the fact that path reluctance of φ1 in Figure 6.12.6 is much smaller than that of φ12,
the leakage inductance of upper rotorwinding is ignored in some literature [10], [23].
This feature is utilized in induction machine models provided by software packages
such as PSSE (Type 2), PSCAD/EMTDC (sqc100) and ATP. In RTDS induction
machine models, this leakage inductance is not ignored. However, the user has the
option of entering very small values for this leakage inductance, thus making RTDS
induction machine model compatible with the above software packages.

Users also need to pay attention to the menu for the base voltage: Some machine
models accept rated Line−Line voltage as the base voltage and others accept rated
Line−Neutral voltage of the machine.

6.12.5.2 TORQUE AND SPEED CONTROL

In RTDS and EMTDC machine models a switch decides whether the machine
operates in the lock (speed) mode or in the free (torque) mode. In the speed mode,
the mechanical equations are ignored, and the speed of the machine is decided by a
control input. In the torquemode, themechanical torque on the shaft is an input from
a control signal and the speed of machine is decided by solving the swing equations.

− RTDS induction machine model lf_rtds_sharc_sld_INDM (available for 3PC,
GPC and PB5 cards) accepts the speed in Hz, whereas other machine models in
RTDS receive the speed in pu.

− In torque mode, all models in RTDS receive the input mechanical torque in pu.

− In all RTDS machine models positive torque corresponds to generating operation
and negative torque corresponds to motoring operation. However in EMTDC,
”sqc100” induction machine model; positive torque means motoring operation and
negative torque corresponds to generating operation of the machine.
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6.12.5.3 MECHANICAL SWING EQUATIONS

In RTDS induction machine models, the “syndm” menu allows the user to decide
whether the frictional torque is relative to speed (D ⋅ ω(pu)) by selecting “syndm =
Zero” or relative to the deviation of speed from synchronous speed (D ⋅ (ω(pu)− 1))
by selecting “syndm = Rated”. The default value for this option is “Zero”. If the
option ”syndm” is set to ”Zero”, the following equation applies:

Tm(pu)− Te(pu)= 2H ⋅ d
dt
ω(pu)+ D ⋅ ω(pu)

If ”syndm” is set to ”Rated”, then the following equation applies:

Tm(pu)− Te(pu)= 2H ⋅ d
dt
ω(pu)+ D ⋅ (ω(pu)− 1)

In PSCAD/EMTDC sqc100 induction machine model, the following equation
applies:

Te(pu)− Tm(pu)= J ⋅ d
dt
ω(pu)+ D ⋅ ω(pu)

6.12.5.4 SATURATION IN THE LEAKAGE PATH

As the rotor is a cylindrical round rotor, total magnetizing MMF and magnetizing
flux are aligned, therefore saturation in themagnetizing path ismodeled by adjusting
the magnetizing inductance as a function of peak of the total magnetizing flux in
lf_rtds_risc_indm machine model [27] and peak of the total magnetizing current in
_rtds_INDM phase−domain induction machine model. This is something that is
common between RTDS and PSCAD/EMTDC.

During the start−up of induction machines, due to the large flow of currents in the
windings, leakage paths may also saturate. PSCAD/EMTDChas an option to enable
the users to include saturation in the leakage path.

As far as we know, there is no standard procedure to include this saturation
phenomenon, because each phase and each slot of the machine may saturate
differently based on the flow of current sheet into that particular slot. Therefore,
saturation in the leakage path is not enabled in RTDS induction machine models.

6.12.6 EXAMPLE CASES

Few example cases are added to Chapter 5 of “Tutorials” directory. These examples
help in understanding the analysis and operation of the three phase induction
machine. These examples include start−upand torque−speedoperation of induction
machines. Data for this machine is taken from an example in Chapter 7.6.2 of [10].
Chapter 5 simulation cases demonstrate performance of this machine in start−up
transients and various operation conditions. In [10], no leakage inductance is
assumed for the first rotor cage in a double−cage induction machine model. As
mentioned earlier, RTDS users has the option of entering very small values for this
leakage inductance in lf_rtds_risc_INDM induction machine model. This action is
shown in Figure 6.12.38 which represents the electric parameters of the induction
motor in Chapter 7.6.2 of [10].
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Figure 6.12.38 Motor Electrical Data for the induction motor
in Ch. 5 of Tutorial Examples

For the purpose of validation, the above induction machine steady−state
torque−speed characteristics were calculated analytically and compared against the
RTDS simulation results from RTDS induction machine model. Figure 6.12.39
shows this comparison. As can be seen there is an excellent agreement between these
two graphs.
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Figure 6.12.39 Induction machine steady−state torque−speed
characteristics: Comparison between RTDS simulation results
and analytical solution plotted in Mathcad.

6.12.7 SUMMARY

The three−phase Induction Machine Models (lf_rtds_risc_indm & _rtds_INDM)
were described here. The Interface approach [25], [27] is used to implement this
lf_rtds_risc_indm induction machine model and The embedded approach is used
for implementation of _rtds_INDM machine model in the environment of the
real−time digital simulator (RTDS). Induction machine model _rtds_INDM,
provides a model that is flexible in configuration; it provides access to the stator and
rotor neutral. The above models has the following assumptions and specifications:

1. It is assumed that the machine windings produce a sinusoidal MMF,
thus space harmonics are ignored.

2. Similar to other machine models in RTDS, multi−pole three phase
IMs are modeled as an equivalent two pole machine. Torque and
speed are monitored in p.u.

3. As the rotor is a cylindrical round rotor, total magnetizing MMF and
magnetizing flux are aligned, therefore saturation is modeled by
adjusting themagnetizing inductance as a function of peak of the total
magnetizing flux in lf_rtds_risc_indm machine model [27] and peak
of the total magnetizing current in _rtds_INDM phase−domain
induction machine model. Saturation in the leakage paths is ignored.
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4. Five computational load units of RTDS are required for real−time
simulation of an _rtds_INDM induction machine model. Two
computational load units are is required for real−time
simulation of an lf_rtds_risc_INDM, induction machine model.

5. For full transient modelling of induction machines, zero sequence
component and zero sequence equivalent circuit need to be
considered for both stator and rotor (unless rotor winding/bars are
shorted). This is especially important for correct modeling of
single−phase faults.

In RTDS, small time−step induction machine model
(rtds_vsc_INDM) assumes an open neutral for both stator and rotor,
thus zero sequences are ignored.

Induction machine model lf_rtds_risc_indm) considers stator zero
sequence, also accepts values for neutral impedance. Neutral point is
not accessible.

Induction machine model (_rtds_INDM) considers zero sequence in
both stator and rotor as this model is a phase−domain induction
machine model.

6. For the purpose of numerical stability, the terminals of
lf_rtds_risc_indm induction machine model are connected through
300 pu un−compensated resistances.
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6.13 CONCLUSIONS AND REFERENCES
This chapter describes the general properties of the machine models in RTDS and
outlines the references.

6.13.1 CONCLUSIONS

Various electric machine models are developed for the real−time digital simulator
(RTDS). These include synchronous machines, induction machines and permanent
magnet synchronous machines for both normal (≃ 50 μs) and small time−step
modules. Additionally, a synchronous machine model capable of modeling internal
faults (_rtds_PDSM_FLT_v1), a single−phase induction machine model
(_rtds_SPIM) ,a DC machine model (_rtds_DCMAC) and a three−phase induction
machine model (_rtds_INDM) have also been added to the power system library to
be used in normal time−step (≃ 50 μs) module.

Some of the above models use the interfacing approach of modeling electric
machines for electro−magnetic transient programs [25], [27]. Others, use the
phase−domain embedded approach of modeling electric machines [4], [5].

These electric machine models have the following common specifications:

1. For each model, the computational load unit of RTDS, required for
real−time simulation of that model is specified.

2. Space harmonics and slot harmonics are ignored.

3. Effects ofmagnetic saturation are included in most machine models
in the library. The users have the option of entering saturation curve
data using the points on the saturation curve or saturation factors.

4. Multi−pole electric machines are modeled as equivalent two pole
machines. Torque and speed are monitored in p.u.

5. When the speed is positive, positive electric torque corresponds to
generating operation of the machine and negative electric torque
corresponds to motoring operation of the machine. When the speed
is negative, positive torque corresponds to motoring operation of the
machine, and negative torque corresponds to generating operation of
the machine. This is shown in the following table. Note that, positive
speed according to EMTDC and RTDS conventions means
anti−clockwise rotation of the rotor.

Speed Positive Torque Negative Torque

+ Generator Motor

− Motor Generator
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7 MEASUREMENT TRANSDUCERS

To determine or evaluate proper operation of protective relays under transient condi-
tions, it is important to be able to reproduce the sometimes complex response ofmea-
surement transducer outputs such as current transformers ( CT’s ) and capacitive
voltage transformers ( CVT’s ).

7.1 CAPACITIVE VOLTAGE TRANSFORMER ( CVT ) [ rtds_sharc_CVT3 ]

Capacitive potential devices have long been used in power systems as inputs to pro-
tective relays and protective relay systems. In a digitally simulated system it is al-
ways possible to simply calculate and scale down system voltages at various points
throughout the network. In fact, node voltages for every node within a system simu-
lated on the RTDS are always available for monitoring, both on the simulators’ Run-
Time Operator’s Console and on analogue output channels. RunTime sliders associ-
ated with the analogue output channels allow the user to vary the level of output
which represents the actual system voltage. This approach for voltage measurement
and monitoring may be, and is, acceptable for many applications. However, under
certain conditions, in particular where protective relay systems are being tested or
included in the simulation, the response of the more complicated voltage measure-
ment system as used in the physical power system will often be required.

In a real power system the voltage levels are normally many hundreds of thousands
of volts and hence direct connection of voltage measurement devices for relay input
is obviously not possible. Relay input levels are generally less than a few hundred
volts and therefore straight potential transformation is often not economical. Capaci-
tive potential devices such as the CVT being described here include tapped capacitor
divider strings together with potential transformers. This arrangement allows the
system voltage to be reduced to a more practical intermediate level before applica-
tion to the potential transformer hence reducing the difficulties associated with the
transformer design. As will become apparent, more than just a capacitor stack and
a potential transformer are required in the make up of a typical CVT installation.
Interactions between these and other components required to complete the CVT de-
sign tend to introduce various oscillatory modes under transient conditions. In par-
ticular, subsidence transients resulting from a sudden significant reduction in prima-
ry system voltage, typically caused by a nearby line to ground fault can cause
significant error in the voltage waveform presented at the relay input. Ferro−reso-
nance developed between the capacitor and the non−linear variable magnetizing in-
ductance of the potential transformer is also a concern in physical CVT installations.
Normally filter circuits are included as part of the overall CVT design to help deal
with these undesirable phenomena. The model must be capable of generating this
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same type of ferro−resonance effect and must include filter circuitry to reduce or
eliminate it as in the real system.

A typical CVT arrangement is illustrated below.

Filter Burden

7.1.1 CVT −BASIC THEORY

The main parts making up a typical CVT installation can be categorized as follows;

i) Capacitive divider stack
ii) Tuning reactor
iii) Potential transformer
iv) Ferro−resonance filter circuitry
v) Burden

A more detailed representation of the model as implemented on the RTDS is shown
in Figure 7.1. In the figure each of the main parts have been shown in the form of
equivalent circuits.

The capacitive divider stack is essentially a string of capacitors which can be tapped
at various points to achieve different voltage divider ratios. In Figure 7.1 the capaci-
tive divider is shown as two capacitors C1 and C2. In the actual system the values of
C1 and C2 can generally be varied by choosing appropriate tap points in order to
achieve the desired voltage ratio.

The capacitor string is connected to the high voltage system bus at voltage level
VSYS. Depending on the ratio of C1 to C2 the intermediate voltage V1 is determined.
In order to determine the intermediate voltage level Equation 7.1 must be applied.

V1 = VSYS * C1 / ( C1 + C2 ) Equation 7.1



SHARC MEASUREMENT TRANSDUCERS

−7.3−

C 2

LT RP LP RSLS

CF

LF2

RF2

LF1

RF1

RF

LB

RB

V2 V3

V4

RBP

I BURI 1 I 2
IMAG + ILOSS

C 1

Figure 7.1 CVT Equivalent Circuit
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A tuning reactor is placed on the intermediate voltage bus in order to provide imped-
ance and phase angle compensation. In order to properly reproduce the primary or
system side voltage in both phase angle and magnitude, the phase angle shift
introduced by the presence of the capacitor must be compensated by an inductive re-
actance component. Although the potential transformer itself introduces inductance,
this is not nearly enough to compensate that introduced by the capacitance. A large
inductor is then typically placed at the intermediate voltage bus as shown in Figure
7.1. This forms a series resonance circuit to provide the required compensation. To
calculate the approximate value of required compensation Equation 7.2 can be ap-
plied. It should be noted that Equation 7.2 does not take into account the potential
transformer contribution to the inductive reactance.

L = 1 / ( ωo2 * C ) Equation 7.2

where ωo = ( 2π * system frequency ) and C = ( C1 + C2 ).

The tuning reactor is then connected to a step−downpotential transformer which has
a secondary side voltage rating that will be that required by the relay ( typically 115
volts, line to line rms ). Thepotential transformermodel used in theRTDSCVTmod-
el includes the effects of core saturation and hysteresis.

On the low voltage side of the step−down transformer the ferro−resonance filter cir-
cuitry and the burden are connected. The ferro−resonancecircuit must be present in
any CVT design to avoid the undesirable and possibly damaging effects which could
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result if a ferro−resonancecondition were excited. It should be noted that ferro−reso-
nance is generally not a transient phenomena although it may be initiated by a tran-
sient condition on the system. In fact ferro−resonance,once initiated, may persist in
steady state for an indefinite amount of time.

As already mentioned, ferro−resonance is caused by the interaction of the series ca-
pacitor and the potential transformer. It can occur in many different modes, each
characterized by its own waveshapes of current , voltage and transformer flux link-
age and by its frequency. The non−linear nature of the transformer core may cause
inrush phenomena. Normally the extent of inrush current is effected by the flux level
in the transformer core and the point on the wave at which a disturbance occurs. A
single pulse of inrush current may increase, decrease, remove or reverse the charge
which exists on the capacitor ( again depending on the point on the wave and on the
flux level ). The charge then left on the capacitor by the single inrush current pulse
simply acts as an additional voltage source which tends to alter the transformer flux.
A positive voltage on the capacitor, for example, would cause continuous displace-
ment of the transformer flux towards negative saturation ( voltage across a capacitor
is 180 degrees out of phase with that of an inductor ). In the negative saturation re-
gion, inrush currents which tend to reduce or reverse the capacitor voltage would be
generated. The reversal of the capacitor voltage then tends to push the transformer
towards positive saturation in which positive inrush currents would result and so on.
In this way it can be seen that such a phenomenon could continuewith undefined and
changing frequency and magnitude for an indefinite length of time.

The CVT burden is generally some combination of resistance and inductance. The
burden configuration and power factor will have an effect on the shape and magni-
tude of the subsidence transient. For the purpose of modelling, a series R −L branch
in parallel with a resistor have been provided, as can be seen in Figure 7.1.

7.1.2 CVT EQUIVALENT CIRCUIT

From the RTDS standpoint, the CVT is an auxiliary device which picks up voltages
from the simulated system, applies them to amodelledCVT installation andprovides
an output voltage signal which accurately represents that resulting in the actual pow-
er system. The output voltage is then displayed on one of the auxiliary processor’s
D/A output ports for possible connection to external monitoring, control or protec-
tion devices. The usermay also choose to display this quantity on theRunTimeOper-
ator’s Console.

The CVT installation does not in any way contribute to, or affect the overall subsys-
tem solution. For this reason, its internal circuitry ( see Figure 7.1 ) can be solved in-
dependently.

Based on theCVTcircuit shown inFigure 7.1, an equivalent circuit as given inFigure
7.2 can be derived. Variable current sources in parallel with fixed resistances form
the basis of the CVT algorithm.
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The equivalent circuit is made up of three distinct portions, these being ; capacitive
potential divider ; potential transformer ; ferro−resonance filter / burden. Each por-
tion of the equivalent circuit is solved in a unique manner, and then the solutions are
combined and used to formulate the overall final solution for each time step.

Is

Y1/2 IH1 Imag IlossYlmag Gloss Ytot/2 IH

Capacitive Poten-
tial

Divider

Potential
Transformer

Ferro−resonance
Filter and Burden

Figure 7.2 CVT Equivalent Circuit

I2I1

Portion 1 of the equivalent circuit ( Capacitive Potential Divider ) includes the ca-
pacitor stack ( C1 and C2 ), the compensating reactor ( LT ) and the intermediate po-
tential transformer primary resistance ( RP ) and primary inductance ( LP ).

Portion 3 of the equivalent circuit ( Ferro−resonanceFilter andBurden ) includes the
intermediate potential transformer secondary resistance ( RS ) and inductance ( LS ),
all components associated with the filter itself ( CF, RF1, LF1, RF2, LF2, RF ) and the
two parallel branches which make up the burden ( RBP, RB and LB ).

By far the most involved part of the equivalent circuit is the Potential Transformer
portion ( ie portion 2 ). This part of the circuit is used to model the non−linearities
associated with the core of the potential transformer. Included are core saturation ef-
fects and core losses, including both eddy current and hysteresis loss. Non−linearef-
fects are introduced by on−line calculations of non−integer power series equations
whose solution approximates the shapes of the non−linear characteristics.

The core saturation characteristic is represented by the dynamic solution of Equation
7.3.
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H( t ) = B1*B( t ) + B2*B35( t ) Equation 7.3

The user, throughDraftmust supply pairs of points from the B−Hcurve ( ie: magnet-
ic flux density vs magnetic field intensity ) of the transformer being modelled. In
general, the B−Hcharacteristic is a property of the core material and is quite readily
available. The pairs of points then define a reference curve on which a LSE ( Least
Square Error ) curve fitting technique is automatically applied in order to determine
coefficients B1 and B2 of Equation 7.3.

The first term of Equation 7.3 is linear and dominates the characteristic in the non
saturated regionwhenmagnitude of B is low. The second term is a power termwhich
dominates in the saturated regionwhenmagnitude of B is high. Provided that B1 and
B2 are properly chosen, Equation 7.3 will yield a good representation of the original
B−H curve.

Core losses are also represented in the intermediate potential transformer. Currently,
core losses can only be approximated using the CVT component. Using the approxi-
mation approach to modelling the core losses of the CVT component, the user is re-
quired to enter a loop width. The loop width is defined as a percentage of the known
1 p.u. magnetizing current.

In the case of the CVT, the user enters a value in % ranging anywhere between 0 and
100% . A value of 0% would result in a single valued B−H ( and hence flux vs cur-
rent ) characteristic. A value other than 0% will define the major or parent loop of
the flux vs current characteristic. The width of the parent loop ( ie the % value en-
tered ) is definedwith reference to a current called the kneepoint current ( 1 p.u.mag-
netizing cureent ). From theB−Hcurve enteredby the user, the kneepoint is automat-
ically determined along with the corresponding knee point current. Applying the
loop width to the knee point current defines the parent loop.



SHARC MEASUREMENT TRANSDUCERS

−7.7−

7.1.3 CVT INPUT DATA

CVT Model

C2

RP LP RSLS

CF1

LF2

RF2
LF1

RF1

RF3

LB

RB
RBP

C1

LC

The RTDS sharc library contains a CVTmodel in which default values for a typical installation are
already entered. If the user wishes, this default CVT can be used without modification to input pa-
rameters. The default CVT is intended for use on a 230 kV system when a desired burden voltage
level of 110 to 120 volts is required ( ie typical for relay input voltage level ). The user may modify
parameters as required to suit his or her particular application. Note however that the CVT circuit
configuration cannot be changed.

Three single phaseCVTmodels have been lumped together to create the CVTmodel. The user need
only enter data for one phase in themenu items provided. TheCVTmodel requires one sharc proces-
sor to perform the required computations.

Main Data Menu
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Name −The CVT name can be any name beginning with a letter. Following the first
letter the name can contain up to nine more alpha−numeric characters. This name is
then used in all cross−referencing between Draft and RunTime. If the user fails to
assign an appropriate name, an error will be issued upon compiling the circuit.

F − The user must specify the system base frequency in Hz.

C1 −This represents the capacitance of the first portion of the capacitor divider stack
( see C1 of Figure 7.1 ). C1 is entered in µf.

C2 − This represents the capacitance of the second portion of the capacitor divider
stack. C2 is entered in µf.

Lt − This represents the CVT compensating reactor. Lc is entered in Henries ( H ).

csa −This is the cross−sectional area of the core in the CVT’s intermediate potential
transformer. The area is entered in m2.

PLen −This is the flux path length in the potential transformer core. The path length
is entered in m.

Rini −This represents the remenant flux in the potential transformer core upon start-
ing of the simulation run. This gives the user the option of starting a simulation with
an offset or non−zero core flux. Remenant flux values are entered in p.u. with base
Bknee ( saturation knee point ). Bknee may be found by plotting the B−H loop and
locating the approximate knee point value on the curve.

PlCrv − This parameter is disabled. Currently only approximated core losses may
be modelled in the CVT component.

ReqP −TheCVTmodel may be assigned to a sharc processor using Automaticmode
or Manual mode. In Automatic mode, the processor assignment is performed by the
compiler. In Manual mode, the processor assignment is specified by the user.

ShrC − In Manual mode, the 3PC card number that the CVTmodel is to be assigned
must be specified. This parameter refers to the 3PC card number −not the card num-
ber of the RTDS rack. For example, if the CVT component is to be assigned to 3PC
card1 processor A, this information would be entered into the correspondingmenus.
The 3PC board number entered is 1 even though the 3PC card may actually be card
17 in the RTDS rack.

ShrP − In Manual Mode, the processor that the CVT model is to be assigned must
be specified. The processor selected corresponds to the 3PC card number entered
above.
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Transformer Data Menu

Rp − Intermediate potential transformer primary side resistance is entered in Ω .

Lp − Intermediate potential transformer primary side inductance is entered in H.

Np −Number of primary side turns on the intermediate potential transformer wind-
ing.

Rs − Intermediate potential transformer secondary side resistance is entered in Ω .

Ls − Intermediate potential transformer secondary side inductance is entered in H.

Ns−Number of secondary side turns on the intermediate potential transformerwind-
ing.

Burden Menu

RB −Burden series resistance is entered in Ω .

LB −Burden series inductance is entered in H .

RBP −Burden parallel resistance is entered in Ω .
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Ferro−Resonance Filter Menu

RF1 − Filter branch resistance is entered in Ω .

LF1 − Filter branch inductance is entered in H .

CF − Filter branch capacitance is entered in µf.

RF2 − Filter branch resistance is entered in Ω .

LF2 − Filter branch inductance is entered in H .

RF − Filter branch resistance is entered in Ω .
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B vs H Characteristic Menu

The saturation characteristic for the CVT’s intermediate potential transformer is spe-
cified in terms of it’s B−H( magnetic flux density vsmagnetic field intensity ) curve.
B is entered in Tesla ( T=Wb/m2 ) andH is entered inAmps/m. TheB−Hcurve repre-
senting any transformer core is primarily a function of the material used and repre-
sents data which is typically available. Ten pairs of points defining the B−Hcharac-
teristic must be entered.

P−LossMenu
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As previously mentioned, core losses currently can only be approximated. For sim-
plified or approximated loss representation the user must enter only the so−called
loop width in percent ( % ). The % loop width is defined as a function of the knee
point current from the single valued saturation characteristic.

Monitoring Menu

TheMonitoringmenu gives the user a choice as to which signals of the CVT compo-
nent should be available for RunTime monitoring.

Since the Burden voltage is normally the quantity of interest in the CVT, it is always
available for monitoring.

Bmon−The core flux of theCVT transformermay bemonitired as either Flux ( Wb )
or B ( Wb/m2 ). Alternatively no monitoring can be selected. If monitoring is se-
lected, signal names can be entered in the SIGNAL NAMES menu.

Hmon −Themagnetizing current of the CVT transformer can bemonitored as either
Imag ( Amps ) or H ( Amps/m ). Alternatively no monitoring can be selected. If
monitoring is selected, signal names can be entered in the SIGNAL NAMESmenu.
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Signal Names Menu

Vb* − Signals names for the burden voltage are required.

Flux* − If the flux of the CVT transformer is to be monitored, signal names for A,B
andCphases are required. IfMonitorMagnetizingFlux is set to “No” in theMonitor-
ing menu, then these items will appear “greyed out”.

Hmag* − If the magnetizing current is to be monitored, signal names for A,B and C
phases are required. IfMonitorMagnetizingCurrent is set to “No” in theMonitoring
menu, then these items will appear “greyed out”.

D/A Monitoring Menu

Monitored signals canbe sent to the 12−bitD/A’s located on the front of the 3PC card.
Signals can also be sent to an optional high precision16−bitD/Acard. TogglingYES
in the appropriatemenuwill enable the selected signals to be sent to the selected des-
tination, and will create a new menu tab: D/A Channel Assignments in the case of
DAC12 monitoring, and DAC 16 Scaling in the case of DAC16 monitoring. Only
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one set of signals can be sent to the DAC16 at one time. The CVT component com-
putations are performed on one processor. Each processor has one digital port avail-
able − the DAC16 cards requires the use of the digital port.

D/A Channel Assignments Menu

The D/A Channel Assignments menu tab will only appear if monitored signals are
being sent to theDAC12. EightD/A channels are available on the front of a 3PC card.
Each signal can be assigned aD/A channel number 1−8. Entering a value of zerowill
cause the signal to be not to the D/A. Each D/A monitored signal must be given a
unique D/A channel number. If more than one signal is assigned the sameD/A chan-
nel number, an error messagewill be issued. Signal scaling parameters are also pro-
vided. The value enteredwill result in 5 volts being produced by the analogue output
channel.
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DAC16 Scaling Menu

The DAC16 Scaling menu tab will only appear if monitored signals are being sent
to the DAC16 card. Scale values to produce 5 volts out of the DAC16 card are re-
quired.

The MAP file should always consulted before connecting external equipment to
the RTDS to avoid risk of equipment damage.

If the RTDS is interfaced to external equipment via the analogue channels, the user
should ensure that the signals present on the D/A’s do not unduly stress the external
equipment. Particular caution should be exercised when the RTDS is interfaced via
power amplifiers. Certain power system component models generate and display dc
signals on the analogue output channels. These dc signals can range anywhere be-
tween the D/A output limits of +/−10 volts. Inadvertently running a case which pro-
vides the wrong signal to the amplifiers may in turn cause damage to the amplifiers
or any external equipment being supplied at their outputs.

It should be noted that whenever a simulation case is stopped, the output values of
all analogue channels are forced to zero volts. Thus, if an unexpected or incorrect sig-
nal is being passed to the interfaced equipment, the case may be halted by pressing
the STOP action box on the RSCAD/RunTimewindow. Such action will immediate-
ly zero the output of all analogue channels.

Always consult MAP file before making external connections to the RTDS !

7.2 CURRENT TRANSFORMERS ( CT ) ( rtds_sharc_CT2 )

The other commonly usedmeasurement transducer is the current transformer ( CT ).
As in the case of the CVT, the CT is commonly used to transform a system quantity
( in this case a current ) to some lower level appropriate for a given application. A
typical example is again in the area of protective relaying where the primary system
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current may be several hundreds or thousands of amperes, while the required relay
input level would be only a few amperes ( typically 5 Amps ).

In the digitally simulated system running on the RTDS, any branch current can be
directly monitored by the placement of a current monitoring icon in the circuit. D/A
output scaling could then be used togetherwith external voltage to current amplifica-
tion hardware to achieve virtually any output level. Such an approach may be, and
certainly is acceptable under some circumstances, however, situations do exist in
which the transient behavior of a real CT must be included in the simulation.

An ideal current transformer, if one existed, would be able to accurately reproduce
the primary system current in its secondary side circuit over any operating range. The
current measurement method described in the preceeding paragraph represents such
a situation. In a physical CT however, accurate duplication of the primary side cur-
rent in the secondary side circuit would only occurwithin the linear operating region.
When the CT operating point encroaches on the saturation knee point, significant
measurement error is introduced.

Usually a CT is designed and dimensioned such that its normal operation is within
the linear region of the flux−current plane, between the so−called ankle and knee
points.Within this region, the core loss andmagnetizing losses though variable, gen-
erally remain at values which do not appreciably effect the accuracy of the measure-
ment device. However, under abnormal operating conditions, such as may exist
when a fault occurs on the power system, currentsmay rise tomany times their steady
state levels hence causing the CT operating point to reach and exceed the saturation
knee point. Figure 7.3 shows a typical flux ( φ ) current ( I ) characteristicwith losses
ignored in order to illustrate the sections or regions of operation.

flux φ

Current Imag

ankle region

knee point

linear region

Figure 7.3 Typical CT Magnetizing Characteristic

CT’s are normally designed to operate well below the saturation knee point to allow
plenty of vertical movement ( ie in the flux direction ) in the event of high transient
current conditions which may result when nearby faults occur. This type of design
philosophy ensures a maximum range over which the CT can accurately reproduce
primary system current conditions in its secondary circuit.
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7.2.1 CT BASIC THEORY

The simplest andmost widely used type of current transformer consists of a ring type
core with secondary side turns toroidally wound around it The primary side consists
of a single conductor passing through the centre of the ring. The flux path length and
cross sectional area are then defined by the dimensions of the ring. The current trans-
formation ratio is defined by the ratio of secondary to primary turns, where in this
arrangement the number of primary turns is one. Figure 7.4 illustrates the general
concept of this type of CT.

Burden

Primary Single Winding

Secondary Windings
( Continue Around whole

Ring )

Core Material

Figure 7.4 Physical CT Configuration

In general, the primary side resistance and inductance of theCT can be ignored hence
resulting in the equivalent circuit representation shown in Figure 7.5.

BurdenLmagIsec

Lsec Rsec

Figure 7.5 General CT Equivalent Circuit

IBUR

Rloss

Imag

In the equivalent circuit, the current injection represents the secondary side current
as ;

Isec = Iprim / N

where Iprim is the primary side, or line side current and N is the CT ratio.

The magnetizing branch ( Lmag // Rloss ) of Figure 7.5 will draw very little current
as long as the CT is operated in the linear region of the flux−current characteristic.
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Under such operating conditions, the secondary side current which is presented to
the connected burden will be a good reproduction of the primary side current. As the
operating point moves towards the saturation knee point level, the magnetizing
branch begins to drawmore current. The current which will now be available to flow
through the burden will no longer be ( Iprim / N ), but will be this quantity minus the
component that flows down the magnetizing branch. That is ;

IBUR = Isec − Imag
The magnetizing branch shown in Figure 7.5 is composed of a non−linear reactor in
parallel with a non−linear resistor. The reactor represents core saturation effects
while the resistor is intended to represent core losses. Core loss is basically com-
prised of both hysteresis and eddy current loss components.

Themodel developed for theRTDS is basedon the equivalent circuit shown in Figure
7.5 and includes both saturation and core loss effects.

7.2.2 CT EQUIVALENT CIRCUIT

From the RTDS standpoint, the CT is an auxiliary device which picks up currents
from the simulated system, applies them to a modelled CT device and provides an
output current signal which accurately represents that whichwould result in the actu-
al power system.Theoutput current ( or burden current ) andother internal quantities
may be displayed on the RSCAD RunTime Operator’s Console.

In its present form, the RTDS CT model represents a three phase unit. Each three
phaseCT requires one sharc processor to compute the required calculations. TheCT
model does not in anyway contribute to, or effect the overall subsystemmatrix repre-
sentation or solution.

The nonlinear branches of the CT equivalent circuit ( see Figure 7.5 ) are modelled
using variable current sources. Themagnetizing inductance branch and the core loss
( resistance ) branch are treated separately, resulting in two separate current injection
components. Figure 7.6 illustrates the equivalent circuit based on the current source
approach.

The CT core model is handled in exactly the same manner as that described for the
intermediate potential transformer of the CVT. The single valued saturation charac-
teristic is again represented by the dynamic solution of an integer power series equa-
tion as defined in Equation 7.5 below :

H( t ) = B1*B( t ) + B2*B35( t ) Equation 7.5
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Isec

Lsec

Rsec

Figure 7.6 RTDS CT Equivalent Circuit

IBUR

IlossImag

Ymag Gloss

Lsec

As in the case of the CVT, the user enters pairs of points from the B−Hcharacteristic
for the particular CT being represented by the model. A Least Square Error ( LSE )
curve fitting technique is then automatically applied to determine constants B1 and
B2 of Equation 7.5.

Hysteresis and eddy current losses are lumped into a single component and collec-
tively referred to as core loss. Similar to the CVT component, the core losses of the
CT component can only be approximated. Using the approximation approach to
modelling core losses, the user is required to enter a loop width. The loop width is
defined as a percentage of the known 1 p.u. magnetizing current.
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7.2.3 CT INPUT DATA

CT Model

BurdenIsec Burden

The RTDS sharc library contains a CT model in which default values for a typical
installation are already entered. If the user wishes, this default CT can be used with-
out modification to input parameters. The default CT has a turns ratio of 100. The
user may modify parameters as required to suit his or her particular application.

Main Data Menu

NAME − Each CT component must be given a unique name.

SIG* − The phase A,B and C signal names are required. The entered signal names
must have the same name as assigned to a breaker or branch current. The CT compo-
nent requires a current as input. If the entered signal names do not reference a branch
or breaker current name, an error will be issued by the compiler.
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F − The system base frequency in Hz.

csa −Cross−sectional area of the CT core. The area is entered in m2.

PLen − The flux path length of the CT core is required in meters.

Rini−The initial remenant flux density is required in p.u.with a baseofBknee ( satu-
ration knee point ). This gives the option of starting a simulation with an offset or
non−zero core flux. PlCrv − This parameter has been disabled. Currently only
approximated core losses may be modelled in the CT component.

PlCrv − This parameter is disabled. Currently only approximated core losses may
be modelled in the CT component.

ReqP −The CT model may be assigned to a sharc processor using Automatic mode
or Manual mode. In Automatic mode, the processor assignment is performed by the
compiler. In Manual mode, the processor assignment is specified by the user.

ShrC − In Manual mode, the 3PC card number that the CT model is to be assigned
must be specified. This parameter refers to the 3PC cardnumber and the cardnumber
of the RTDS rack. For example, if the CT component is to be assigned to 3PC card
1 processor A, this informationwould be entered into the correspondingmenus. The
3PC board number entered is 1 even though the 3PC card is actually card 17 in the
RTDS rack.

ShrP − In Manual mode, the processor that the CT model is to be assigned must be
specified. The processor selected corresponds to the 3PC card number entered
above.

Transformer Data Menu

Rs −CT secondary side resistance is entered in Ω .

Ls −CT secondary side inductance is entered in H.
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Ratio −CT ratio.

Burden Menu

RB −Burden series resistance is entered in Ω .

LB −Burden series inductance is entered in H .

B vs H Characteristic Menu

The saturation characteristic for the CT is specified in terms of it’s B−H ( magnetic
flux density vs magnetic field intensity ) curve. B is entered in Tesla ( T=Wb/m2 )
and H is entered in ( Amps.m ). The B−H curve representing any transformer core
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is primarily a function of the material used and represents data which is typically
available. Ten pairs of points defining the B−H characteristic must be entered.

P−LossMenu

As already mentioned, core losses currently can only be approximated.

For simplified or approximated loss representation the so−called loop width in per-
cent ( % ) must be entered. The % loop width is defined as a function of the knee
point current from the single valued saturation characteristic.

Monitoring Menu

Since the burden current is normally the quantity of interest in the CT, it is always
available for monitoring.

Bmon − The core flux of the CT may be monitored as either PHI( Wb ) or B ( Wb/
m2 ). Alternatively no monitoring can be selected. If monitoring is selected, signal
names can be entered in the SIGNAL NAMES menu.

Hmon −Themagnetizing current of the CT can bemonitored as either Imag( Amps )
or H( Amps/m ). Alternatively no monitoring can be selected. If monitoring is se-
lected, signal names can be entered in the SIGNAL NAMES menu.

Signal Names Menu
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Ibur* − Signal names for the burden currents are required.

Flux* − If the flux of the CT is to be monitored, signal names for A,B and C phases
are required.

Hmag* − If the magnetizing current is to be monitored, signal names for A,B and C
phases are required.

D/A Monitoring Menu

Monitored signals canbe sent to the 12−bitD/A’s located on the front of the 3PC card.
Signals can also be sent to an optional high precision 16−bitD/A card. TogglingYES
in the appropriatemenuwill enable the selected signals to be sent to the selected des-
tination and will create a new menu tab: D/A Channel Assignments in the case of
DAC12 monitoring, and DAC 16 Scaling in the case of DAC16 monitoring. Only
one set of signals canbe sent to theDAC16 at one time. TheCT component computa-
tions are performed on one processor. Each processor has one digital port available,
the DAC16 card requires the use of the digital port.
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D/A Channel Assignments Menu

Eight D/A channels are available of the front of a 3PC card. Each signal can be as-
signed a D/A channel number 1−8. Entering a value of zero will cause the signal not
to be sent to the D/A. Each D/Amonitored signal must be given a unique D/A chan-
nel number. If more than one signal is assigned the same D/A channel number, an
errormessagewill be issued. Signal scaling parameters are also provided. The value
entered will result in 5 volts being produced by the analogue output channel.

DAC16 Scaling Menu
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The DAC16 Scaling menu item will only appear if monitored signals are being sent
to the DAC16 card. Scale values to produce 5 volts out of the DAC16 card are re-
quired.

The MAP file should always be consulted before connecting external equipment to
the RTDS to avoid risk of equipment damage.

If the RTDS is interfaced to external equipment via the analogue channels, the user
should ensure that the signals present on the D/A’s do not unduly stress the external
equipment. Particular caution should be exercised when the RTDS is interfaced via
power amplifiers. Certain power system component models generate and display dc
signals on the analogue output channels. These dc signals can range anywhere be-
tween the D/A output limits of +/−10 volts. Inadvertently running a case which pro-
vides the wrong signal to the amplifiers may in turn cause damage to the amplifiers
or any external equipment being supplied at their outputs.

It should be noted that whenever a simulation case is stopped, the output values of
all analogue channels are forced to zero volts. Thus, if an unexpected or incorrect sig-
nal is being passed to the interfaced equipment, the case may be halted by pressing
the STOP icon on the RSCAD/RunTimewindow. Such actionwill immediately zero
the output of all analogue channels.

Always consult MAP file before making external connections to the RTDS !
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8 SIX−PULSEHVDC VALVE GROUP

This chapter discusses the model represented by the icon: rtds_sharc_VGP6V4.

8.1 INTRODUCTION

The Six−Pulse Valve Group model has been developed for use with the Sharc Net-
work Solution ( referenceChapter 2 ) andwith theRPC network solution. Themodel
implements the improved firing accuracy algorithm first introduced with the
rtds_sharc_vgrp6model. The newmodel continues to support a broad range of valve
faults, both between internal nodes and also to external nodes.

CT

R

AN

AV

BV

CV

SHARC Vgrp1

LAG
30

A

B

C
TMVA = 440.0

500.0 110.0

FAULT SWITCH

AV F F

One Sharc processor is required for the Six−Pulse Valve Group model when trans-
former saturation is not enabled.
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The Sharc Valve Group model has several features:

1. The valves have been implemented in the Valve Groupmodel to pro-
vide improved firing accuracy. The signals required by the Valve
Group model in support of improved firing can come either from the
Digital Input Time Stamp ( DITS ) card when external HVDC con-
trols are used, or from a control system modeled in the RTDS Con-
trols Compiler.

The DITS card samples a 6−bit firing−pulse word from external
HVDC controls every 60 nanoseconds in each time−step. Based on
this sampling rate, the DITS card generates information for the Valve
Group model as to the exact time of arrival of firing pulses in the
time−step. This information is used by the valves to correct for late
sampling of firing pulses. In general, the use of the DITS card is de-
scribed in more detail in the TCSC Chapter 11. However, the DITS
card can now be connected directly to the digital I/O port of the valve
group processor for model rtds_sharc_VGP6V4.

As illustrated in the following diagram, the voltage on a valve in a
conventional valve group model can be made to collapse at the end
of a time−stepby changing the representation of theValve fromahigh
resistance value to a low resistance value.

Valve Forward
Voltage

Time
steps

Time of
“On”
Pulse

Conventional
Fixed Time
Step Solution

Theoretical

In the Sharc Valve Group model, the voltage on the valve is made to
collapse in a controlled manner by including a voltage source ( Vr )
in series with the “On” resistance during the first time−step of “On”
conduction as illustrated in the figure below.
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Valve Forward Voltage

Time
steps

Time of
“On”
Pulse

RTDS

Theoretical

+

−

“On”
Resistance

Vr

Vr

+

−

Pre−Firing Valve
Forward Voltage

The voltage source Vr during the first time−step of conduction is se-
lected as “fraction” times “Pre−Firing Valve Forward Voltage”.
“Fraction” is the fractional position into the previous time−step
where the firing pulse changewas recorded. The voltage source is set
to zero in subsequent time−steps.

The error in firing of a valve without improved firing is inconsistent
between 0 and 1 time−steps and there is no continuous response to
small changes in firing angle.

The error in firing of a valve with improved firing is consistently
about 1 time−step and there is continuous response to small changes
in firing angle. This consistent 1 time−step error is an improvement
because most control systems are not seriously degraded by small
fixed delays such as that introduced by bus voltage transducers. In
addition, the continuous response to changes in firing delay angle
makes the model much more suitable for such applications as SSR
( sub−synchronous resonance ) studies.

With or without improved firing, the use of the trapezoidal integra-
tion method in the Dommel algorithm introduces an additional 0.5
time−step delay in the effective collapse of the valve voltage. This
delay occurs even if a firing pulse arrives exactly at the beginning of
a time−step. In that case, the 0.5 time−step delay occurs because the
commutating inductance is affected in the next time−stepby the aver-
age of the pre−firing voltage on the inductance ( zero kV ) and the
voltage on the inductance at the end of the time−step ( V line−to−
line ).
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If the firing pulse input from external physical controls is brought
from a DITS ( Digital Input Time Stamp ) card through a controls
processor and passed on the backplane to the valve groupmodel, then
an additional 0.5 time−stepsof delay can be expected associatedwith
the communication time. This additional 0.5 time−stepdelay doesnot
occur if firing pulse information is generated internally in the RTDS
using the Controls Compiler firing pulse generation block:
rtds_sharc_ctl_FPGEN. Also, this delay can be eliminated when us-
ing the rtds_sharc_VGP6V4 valve groupmodel by connection of the
DITS card directly to the digital I/O port of the valve group processor
rather than to the digital I/O of a CC controls processor.

Consequently, when firing pulses are generated by an internal RTDS
controls block, ( example: rtds_sharc_ctl_FPGEN ), it is appropriate
to increase the angle provided to the firing pulse generation block
from the Phase Phase Locked loop block ( example:
rtds_sharc_PLLT2 ) by an angle corresponding to approximately 1.5
time−stepsat fundamental frequency. Alternatively, in order to cause
the correct firing angle to occur effectively in the simulation, the fir-
ing delay angle order provided to the firing pulse generator could be
temporarily reduced by an anglewhich corresponds to 1.5 time−steps
at fundamental frequency.

In the casewhere firing pulses are generated by external physical con-
trols and the firing pulse information created by theDITS card is con-
nected to the digital I/O port of valve group processor, then the net
delay due to all factors is approximately 1.5 time−steps: 0.5 time−
steps due to trapezoidal integration; and 1.0 time−step of consistent
delay due to the improved firing algorithm. Consequently, in order
to cause the correct firing angle to occur effectively in the simulation,
either the output angle of the phase locked oscillator in the external
controls can be temporarily increased by an angle corresponding to
1.5 time−steps at fundamental frequency, or the firing delay angle in
the external controls can be temporarily decreased by an angle which
corresponds to 1.5 time−steps at fundamental frequency.

To provide commutating bus voltages to external controls, theDDAC
or FDAC cards ( discussed in the HardwareManual ) can be used re-
spectively with the rtds_sharc_DAOVR2 or rtds_sharc_FDA-
COVR2 icons ( discussed in the Interfacing Manual ). In each case,
the STEPSADV slider in RunTime should be set to 1.0 in order to
avoid effective delay in providing commutating bus voltages to the
external controls.
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2. There is no interface between the Valve Group and the Sharc Net-
work. The Valve Group and the Network are solved as one seamless
Dommel trapezoidal network solution.

The techniqueused to solve theValveGroups as additional embedded
networks is similar to that described in Chapter 2 on the Sharc Net-
work Solution. The use of the embedded network concept can easily
be explained by reference to the following figure:

A B

C D

V1
=

V2

I1

I2
=G V I

A V1 + B V2 = I1

C V1 + D V2 = I2

Eqn 1

Eqn 2

V1 = A −1 I1 − BV2 Eqn 3

D −CA
−1
B V2 = I2 − CA

−1
I1 Eqn 4

The Dommel algorithm requires the solution of the basic equation
[ G ] [ V ] = [ I ] for the node voltage vector [ V ]. The G matrix can
be partitioned into portions for one or more embedded sets of nodes
( such as A ) and a portion for connector nodes ( D ). A few simple
matrix operations yield the equations which must be solved for han-
dling the embedded networks.

Eqn. 3, which defines V1, can be produced from Eqn. 1 by a simple
inversion and some re−arrangement. Eqn. 3 can then be substituted
into Eqn. 2 to produce Eqn. 4 after some additional re−arrangement.

Note that the dimension of the left−handmatrix in Eqn. 4 is reduced
to the dimension of V2, the number of connector nodes. This reduc-
tion in dimensionmakes it practical to apply LUdecomposition to the
matrix in Eqn. 4 in each time−step in order to solve for the voltage
vector V2. Subsequently, V2 can be substituted back into Eqn. 3 to
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solve for the voltage vector V1.

Of course, the matrix products within Eqns. 3 and 4 ( e.g. CA−1B )
can be pre−calculated before a simulation for each combination of
switch states in the embedded Valve Group.

This rigorous solution of the overall [ G ] [ V ] = [ I ] equation allows
for the elimination of any interface. The removal of the interfacewill
produce slightly improved representation of harmonic impedances
looking into the valve group.

The removal of the interface also allows both internal valve faults and
faults from internal nodes to external Sharc Network Connector
nodes and ground.

3. The transformermodel allows theUser to separately specify the posi-
tive−sequence and zero−sequence resistance and inductance of the
transformer. The transformer may also be replaced by series induc-
tances with resistance between theAC bus terminal and the AC valve
nodes.

4. TheValveGroupmodel produces it’s own signal forMeasuredGam-
ma. The noise in the Gamma signal due to time−step effects is very
low because the reversal of current in the valve and subsequent ap-
plication of forward voltage are both located with precision by inter-
polation. The Gamma signal is available for use in RTDS based
HVDC control systems or as a D/A output.

5. The User can choose from among 24 possible signals for D/A and
RunTime monitoring. Of course, discretion should be applied in se-
lecting only those signalswhich are required in order to keep the com-
munication load on the backplane at a minimum and thus to keep the
time−step from growing needlessly.

6. Each 3PC Network solution ( see Chapter 2 ) can accommodate a
maximumof 4 embeddedvalve groups. Similarly, eachRPCnetwork
solution can accommodate 12 embedded valve groups. When using
the valve groupwith the 3PCNetwork Solution, the embeddedValve
Groups must connect to Connector type nodes or to ground. This lat-
ter requirement has been eliminated when using the RPC network
solution in which all nodes are effectively connector nodes.

7. A Valve Group can optionally include a dc reactor with specifiable
resistance as shown on page −8.1−of this Chapter. A back−to−back
link with no reactor can be created by connecting four Sharc Valve
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Groups without reactors in series.

Several other features are described in the detailed explanations which follow.

8.2 USEOFTHEVALVEGROUPMODELWITHTHE SHARCNETWORKSOLUTION

The valve group model must be used with the 3PC Network Solution discussed in
Chapter 2 or with the RPC network solution. In addition to the network solution, two
3PC cards in an a RTDS rack are required to model the valve groups in a 12−pulse
back−to−backHVDC link. If the 3PC network solution is to be used then two 3PC
cards must be connected together to create a DUAL 3PC unit.

At present, the transformer saturation model is “rtds_sharc_SA−SAT” ( see Chapter
4 ).

It is possible to use the valve group model with external HVDC controls, with or
without a DITS card. However, firing accuracy will be degraded if the DITS card is
not used.

The Valve Group model must be attached to Connector type nodes in the Sharc
NetworkSolution or to ground nodes. AnERRORmessagewill be issued if this
rule is not followed. The RPC network solution does not impose this require-
ment.

8.3 PARAMETER ENTRY FOR THE VALVE GROUP MODEL

Due to the large number of menu tabs for the rtds_sharc_VGP6V4 valve groupmod-
el, the menu tabs will not be displayed in the menus throughout this chapter. The
complete set of menu tabs available by default, as well as the partial CONFIGU-
RATION menu appear below:
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The various menus are described in the following sections.

8.4 THE CONFIGURATION MENU

The CONFIGURATION menu is shown above. The CONFIGURATION menu
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prompts for a name ( Name ) for theValveGroup beingmodeled. This name appears
on the icon after being specified.

According to the “trfcn” item in the CONFIGURATION menu, the valves can be
connected to the ac system through a transformer ( either wye−wye or wye−delta )
or through inductors. When a transformer is chosen, as opposed to inductors, the
transformer is always connected in wye on the primary.

The “itzro” item allows theYneutral point to be connected to ground so as to provide
a zero sequence path in the wye−delta ( Yd ) connected transformer. The valve−side
connection of the transformer is specified by selecting the wye ( Yy ) or delta ( Yd )
response to the “trfcn”menu item. The lag in degrees for the connection is requested
in the TRANSFORMER−INDUCTOR PARAMETERS menu.

Thedirection ( dirc ) of the valve group in the icon,must be selected as eitherUpward
or Downward. The Upward side of the Icon is closest to the AV node shown in the
Valve Group icon. The Downward side of the Icon is closest to the CV node shown
in the Valve Group icon.

The menu requests the specification of whether there is a DC reactor to be modeled
in the Valve Group ( ract ) or not, and whether it is located at the Top of the icon ( by
node AV ) or at the Bottom of the icon ( by node CV ). When a DC reactor is re-
quested, a node “R” appears on theValveGroup icon between the valves and the reac-
tor, and a REACTOR PARAMETERS menu tab is added.

The rtds_sharc_VGP6V4 valve group can receive firing pulse information as speci-
fied by the “srfpi” menu item from the controls compiler ( CTLs_Comp ) or directly
from aDITS card ( Local_DITS ) connected to the digital I/O port on the back of the
valve group processor. When “CTLs_Comp” is selected, then a “FIRING PULSE
INPUT FROM CC” menu tab is available for specifying the names of firing pulse
input.When “Local_DITS” is selected, then a “FIRINGPULSE INPUTFROMLO-
CAL DITS” menu tab appears for specifying the input from the DITS and for moni-
toring firing pulse input.

The item “dblki” allows the User to request that a valve group deblocking signal
should be included in the general inputs for the model. The input signal must be
named in the GENERAL CONTROL INPUTS menu.

The type of fault branch that should be included in themodel ( falt ) is then requested.
This can be “None”, “Internal” or “External”. An “Internal” fault branch can be lo-
cated between two ( 2 ) nodes in the set A, B, C, AV, BV, CV, CT, AN and R, shown
on the Valve Group icon. An External fault branch can be connected between one
of the foregoing nodes and an external node connection, “F” which appears when an
“External” fault branch is requested. The resulting external connection point shown
in the icon must be connected to aConnector type node or aGround nodewhen using
the 3PC Network Solution. In an RPC Network Solution the external fault connec-
tion point can be connected to any node. The actual fault nodes and the fault imped-
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ances are specified in the FAULT BRANCH CONNECTIONmenu which becomes
available when a fault branch is requested.

The Valve Group model allows specified firing pulses to be blocked for a specified
period of time in response to a signal from the Controls Compiler. The parameter
“BlkCtl” allows the User to enable this feature. When firing pulse blocking is en-
abled, a FIRING PULSE BLOCKING menu tab appears.

The Valve Group model allows for a tap changer “TapCtl” to be included within the
Valve Group transformer. When this feature is enabled, a per unit tap factor ( 0.6
to 1.4 ) must be provided from the Controls Compiler into the model. The input sig-
nal must be named in the GENERAL CONTROL INPUTS menu.

The valve group is solved as an embedded part of themainDommel network.Conse-
quently, there is no interface between the network and the valve group. However,
when the tap changer function is requested, then a supplementary series voltage
source and shunt current source are used to implement an effective change of turns
ratio for the transformer. The presence of these supplementary sources is similar in
some aspects to an interfaced model which depends completely on interfacing
sources. However, when working at nominal tap these sources have zero output.

The optional presence of the tap changer supplementary sources makes it prudent to
provide interface stabilizing methods within the model. The CONFIGURATION
menu allows the user to request Y−connected damper branches on the primary side
of the transformer and delta−connecteddamper branches on the secondary side. The
damper branches on each side consist of a resistive branch in parallel with an RC se-
ries branch.

When the User specifies “Default” in response to the “enpdm” item in the above
CONFIGURATION menu, then a 500.0 per unit resistance is connected to ground
on the transformer primary. The “Default” RC branch on the primary is determined
according to a well−known interface stabilizing technique [REF 1] which is referred
to as the compensated conductancemethod. The compensated conductancemethod
involves adding a small conductance ( G ) at the terminals of the model ( i.e. the
transformer ) and compensating the G in each time−step with a parallel current
source. The current source is set to precisely offset the current through the G in the
previous time−step. For the “Default” selection, the conductanceG is chosen accord-
ing to the equation G = 0.5 *delt/L where L is the leakage inductance of the trans-
former and delt is the time−stepsize. It is lesswell−knownthat the compensated con-
ductance branch is equivalent to a series resistor−capacitor ( RC ) branch where 2R
= 1/G and C = G*delt. The impedance of the RC branch is effectively that of the ca-
pacitance C for frequencies to a few kiloHertz because the RC time constant is
0.5*delt and thus R is relatively small. In order to inform the User of the size of the
damper branches, entries aremade in theMAP file which describe the per unit resist-
ance of the parallel R and the per unit Xc of the RC branch. The R value in the RC
branch is described in the MAP file according to the RC time constant expressed in
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time−steps.

When the User specifies “Default” in response to the “ensdm” item in the above
CONFIGURATIONmenu, then a delta−connected4500.0 per unit resistance is con-
nected on the transformer secondary. The base impedance is the line−to−groundbase
impedance on the secondary. The “Default” RC branch ( in parallel to the 4500 per
unit R ) consists of a capacitor C with Xc = 4500.0 per unit in series with an resistor
R where the RC time constant is equal to 0.5*delt.

If the User selects “Specify” in response to either the “enpdm” or “ensdm” items,
then a DAMPER BRANCH PARAMETERS menu tab becomes available. The
DAMPERBRANCHPARAMETERSmenu and the entries therein are discussed be-
low.

The CONFIGURATION menu also asks if the model should prepare certain output
signals forD/AorRunTimemonitoring. These include dc current in the valve group;
primary ac currents into the valve group transformer; secondary ac currents out of
the valve group transformer; a selected forward valve voltage; and the Gamma sig-
nal. The Gamma signal is the angle in radians between valve turn−off and the re−ap-
plication of forward valve voltage. The details concerning output of these signals is
specified in later menus.

The CONFIGURATION menu also asks if saturation is to be enabled in the trans-
formermodel. At present, the saturationmodel planned for themodel is not enabled.
Therefore, the saturation model ( Saton = Yes ) should not be requested. If it is re-
quested then an ERROR message will appear.

TheCONFIGURATIONmenu also asks if themodel should be automatically placed
on an available Sharc processor or manually placed. If Manual placement is re-
quested, then an additional menu tab ( MANUALASSIGNMENTOFMODELON
PROCESSOR ) will appear. The MANUAL ASSIGNMENT OF MODEL ON
PROCESSOR menu appears as follows:

For Manual placement, a specific Card must be requested using the “ShrC” item in
the above menu. A 3PC card number of 1 means the first 3PC card in a rack. The
3PC card number is not the same as the slot number. For instance, slot number 1may
contain a NEC−based card in mixed NEC/Sharc racks.

Depending on the saturation request in the CONFIGURATION menu, either the
“ShrPns” item or the “ShrPs” item in the above menu, will be grey and inaccessible.
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If saturation has not enabled, the item “ShrPns” item will be accessible. In that case,
themodelmaybeplacedon theAorBprocessor. Alternatively, if saturation hasbeen
enabled, the “ShrPs” itemwill be accessible and either “A and half C” or ”B and half
C” may be chosen. The “half C” part means that the C processor will contain the de-
tailed saturationmodel. In this way, 2ValveGroups on 1 card can share the C proces-
sor for solving the saturation routine.

It is noted above that the saturation Model is not yet enabled ( Saton must = No ) so
that the “ShrPs” item is not yet useful. These menus are included to accommodate
continuing development.

8.5 THE TRANSFORMER−INDUCTOR PARAMETERS MENU

The TRANSFORMER−INDUCTOR PARAMETERS menu appears as follows:

The six ( 6 ) possible Yy and Yd connections can be selected by the 1st and 2nd items
concerning lag ( trlg1 and trlg2 ) in the TRANSFORMER−INDUCTOR PARAME-
TERS menu. The 1st item will be greyed out if a wye−grounded−delta( Yd ) trans-
former is requested in the CONFIGURATION menu. The 2nd item will be greyed
out if a wye−wye ( Yy ) transformer is requested in the CONFIGURATION menu.
Both the 1st and 2nd items will be greyed out if “Inductors” is selected in the CON-
FIGURATION menu.

The remaining eight ( 8 ) items in the TRANSFORMER−INDUCTOR PARAME-
TERS menu are basically self−explanatory. The “vbsrc” item will be greyed out if
“Inductors” is selected in the CONFIGURATION menu. The “trzro” and “txzro”
items relating to zero sequence will be greyed out in the menu unless a wye−delta
( Yd ) transformerwith a zero−sequencepath is requested in theCONFIGURATION
menu.
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8.6 THE DAMPER BRANCH PARAMETERS MENU

The DAMPER BRANCH PARAMETERS menu tab appears when “Specify” is se-
lected in response the “enpdm” or “ensdm” items in the CONFIGURATIONmenu:

The first three items in the menu are available if “Specify” is selected in response to
the “Tap Damper Branches on Primary ?” item ( “enpdm” ) in the CONFIGU-
RATIONmenu. The first menu item allow the User to specify a resistance to ground
connected on the primary of the transformer. The 2nd and 3rd items allow the User
to specify a dampedRCbranch connected to ground on the transformer primary side.
The “pdmpx” item allows the User to specify the fundamental frequency impedance
of the capacitor C. The “pdmpt” item allows theUser to specify the RC time constant
of the dampedRCbranch.AnRC time constant of less than 0.5 time−stepsin not per-
mitted.

The last three items in the menu are available if “Specify” is selected in response to
the “Tap Damper Branches on Secondary ?” item ( “ensdm” ) in the CONFIGU-
RATION menu. The “sdmpr” item allows the User to specify a line−to−line resist-
ance connected on the secondary of the transformer. The base impedance for usewith
items “sdmpr” and “sdmpx” is the normal line−to−groundsecondary−side base im-
pedance. The “sdmpx” and “sdmpt” items allow the User to specify a damped RC
branch connected line−to−lineon the transformer secondary side. The “sdmpx” item
allows the User to specify the fundamental frequency impedance of the capacitor C.
The “sdmpt” item allows the User to specify the RC time constant of the dampedRC
branch. An RC time constant of less than 0.5 time−steps in not permitted.
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8.7 THE VALVE PARAMETERS MENU

The VALVE PARAMETERS menu appears as follows:

The first four items in the menu are self−explanatory. However, the time constant
of the snubber ( rsn * csn ) should be maintained at about 2 time−steps in duration
or longer.

The final entry in the menu allows valve recovery time to be expressed as a number
of degrees for recovery at fundamental frequency.

8.8 THE REACTOR PARAMETERS MENU

The REACTOR PARAMETERS menu appears as follows:

If a dc reactor is requested in the CONFIGURATIONmenu, then this menu becomes
available. The entries are self−explanatory. The reactor resistance may be made
equal to zero if desired.
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8.9 THE FAULT BRANCH CONNECTION MENU

The FAULT BRANCH CONNECTION menu appears as follows:

This menu appears if an “Internal” or “External” fault branch type is requested in the
CONFIGURATION menu.

If a dc reactor has been specified within the model, the 5th and 6th lines of the above
menu are greyed out. Alternatively, if no dc reactor has been specified, then lines 3
and 4 of the menu are greyed out. This corresponds with the absence or presence of
the “R” node in the model.

In the casewhere an “Internal” fault branch type has been specified, both the TOnode
and the FROM node must be selected using the toggle boxes.

In the casewhere an “External” fault branch type has been specified, only the FROM
node may be selected from the toggle box. The TO node item will be greyed out in
that situation.

When a fault is requested, the FROM node and TO node will be identified at either
end of a FAULTSWITCHon theValveGroup icon alongwith the fault current refer-
ence direction arrow. In the case of an “External” fault type, the TO node will be
shown as node “F” on the icon and a conductor connection will be provided on the
icon for connecting from the “F” node to any external Connector type node or to a
Ground node.

The switching of the fault branch is controlled from the Controls Compiler as dis-
cussed in Section 8.13 in relation to the GENERAL CONTROLS INPUTS menu.

Fault branch current can be monitored in RunTime or using a D/A channel, as dis-
cussed below.
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8.10 THE FIRING PULSE BLOCKING MENU

The FIRING PULSE BLOCKING menu appears as follows:

This menu appears only if Firing Pulse Blocking is requested in the CONFIGU-
RATION menu.

The above menu allows one or more valves to be specified to which the firing pulse
will be blocked for a specified period. The initiation of the firing pulse blocking peri-
od is triggered from the Controls Compiler as discussed below in the Section 8.13
describing the GENERAL CONTROLS INPUTS menu.

8.11 THE FIRING PULSE INPUT FROM CCMENU

The FIRING PULSE INPUT menu appears when “CTLs_Comp” is selected in re-
sponse to the “srfpi” item in theCONFIGURATIONmenu. TheFIRINGPULSE IN-
PUT FROM CC appears as follows:

This menu enables the external source of firing pulse information to be specified for
the Valve Group model, as three named words passed on the backplane in the RTDS
rack. The three named words may be generated in Control Blocks described below.

The first word ( “nmfp” ) is the integer firing pulse word, having a permitted range
of values from binary 000000 to binary 111111. Each bit represents a firing pulse bit,
the least significant bit ( LSB ) corresponding to the firing pulse bit for valve number
1. A one bit asserts firing a valve.
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The second word ( “nmlst” ) is an integer identifying the last bit in the firing pulse
word to transition ON in the last time−step. If no bit transitioned ON, then the word
“nmlst” should contain zero.However, if a bit did transitionON, then that bit number
should be contained within “nmlst”. For instance, if firing pulse bit 4 transitioned
ON 2/3 of the way through the last time−step, then the integer 4 would be passed on
the backplane in the “nmlst” word. In this last case, the third namedword ( “nmfrc” )
should contain a floating point number, between 0.0 and 1.0, which describes the
fractional position in the time−step when the ON transition occurred ( Example:
0.66667 ).

The firing of 1 out of 6 valves can be improved in each time−step.

The set of three firing−pulsewordsmay come from a control system simulated in the
RTDS as illustrated below, or from a Digital Input Time Stamp ( DITS ) card, as de-
scribed in the next section.
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The Phase Locked Loop ( PLL ) in the above Controls Compiler schematic is con-
trols component rtds_sharc_ctl_PLL. The Firing Pulse Generator is controls block
rtds_sharc_ctl_FPGEN. In the above schematic, a constant angle corresponding to
1.5 time−steps at fundamental frequency could be added to the output of the PLL in
order to remove delay inherent to the trapezoidal integration method and the im-
proved firing method as discussed in section 8.1 above.

The Firing Pulse Generator must be set to produce a firing pulse width of 120
degrees duration rather than 180 degrees.
These components represent basic control blocks which are not optimized for any
particular purpose. More detailed control systemsmay be assembled using the lower
level control blocks which are available in the Controls Compiler library.
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Setting the DISABLE switch to 1 disables the improved firing output words FLST
and FRAC. Therefore, for operation with improved firing, the DISABLE switch
must be set to 0. FLST is the number ( 1 to 6 ) of the last firing pulse to transition
ON in the time−step. The switch DBLK ( in the 1 position ) causes firing pulses to
be generated. FRAC is the fraction of the way through the time−stepwhere the ON
transition occurred. When there is no firing−pulseON transition in the time−stepor
when DISABLE = 1, then FLST will be equal to integer 0 and FRAC will be equal
to floating−point 0.0. With the latter outputs for FLST and FRAC, the Valve Group
will obey the firing pulses in FP, but no improvement in firing accuracy will occur.
FLST and FRAC may be monitored in RunTime.

8.12 THE DIGITAL INPUT TIME STAMP CARD

Access of DITS Card Using Component: rtds_sharc_ctl_DITS

Use of theDigital Input Time Stamp ( DITS ) card is required in support of improved
firing accuracy for the Valve Group during testing of physical HVDC controls. The
DITS card can be connected by a ribbon cable to the digital I/O port on the back of
a Controls Compiler processor or it can be similarly connected by a ribbon cable to
the digital I/O port on the back of the valve group processor. Starting with the
rtds_sharc_VGP6V4 valve group model, it is recommended that the connection be
made to the back of the valve group processor. Connection to the back of the valve
group processor eliminates about1/2 time−stepsof delay in obtaining the firing pulse
information as explained in Section 8.1. However, it is still possible to use the
rtds_sharc_ctl_DITS component executed on a controls processor to obtain the fir-
ing pulse information from the DITS card.

DITS

Frac

ACT

FP −−Firing Pulse word ( integer: 0 to 63 )

−−Last Firing Pulse Bit to transition
in the time−step

( integer: 0 to 6 )
Enable Improved
Firing switch

( integer: 0 or 1 )

Controls Input

Controls Output

−−Fraction of the way through the
time−step where the last transition
occurred ( 0.0 to 1.0 )

When using the rtds_sharc_ctl_DITS component on a controls processor, it is useful
to force theDITS control component to be serviced late in the time−step. In this way,
the firing information is not unnecessarily delayed before being passed on the back-
plane to the valve group model at the end of the time−step.

The use of the DITS card is explained in detail in Chapter 11 which discusses the
TCSC model.
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Access of DITS Card directly through the digital I/O on the VG processor

As noted above, the recommended method of using the DITS card with the
rtds_sharc_VGP6V4 valve groupmodel is to connect the DITS card by ribbon cable
to the digital I/O port on the back of the valve group processor. In that case the User
must specify in the CONFIGURATION menu that the “Source of the Firing Pulse
Input:” is “Local_DITS”.With that selectionmade amenu tab “FIRINGPULSE IN-
PUT FROM LOCAL DITS” appears. This menu allows the User to make certain
choices for receiving the firing pulse input into the valve groupmodel and tomonitor
the usual firing pulse word ( FP ), active valve number ( FL ), and fraction ( FRC ).
The menu appears as follows:

In Section 11.5 there is a simple functional schematic of the DITS card showing the
terminal connections, resistors for limiting current, and light emitting diodes. As ex-
plained in that section, the resistors can be replaced by the User and should be ade-
quate in power and resistance rating for the voltage levels applied on the terminals
of the DITS card. Depending on whether the User wishes an “On” pulse to corre-
spond to a conducting or non−conducting LED, the User makes the appropriate
selection in response to the 1st item ( “ ledmd” ) in the above menu.

If the User wishes to be able to turn improved firing off, then an optional input can
be created for that purpose according to the 2nd, 3rd, and 4th items ( “IMPF”,
“IMPN”, and “IMPB” ) in the above menu. There is no need to create this input if
the User intends to leave improved firing ON at all times.

The final 6 items in the above menu allow the User to optionally monitor the usual
output words of the DITS card in RunTime and the Controls Compiler.

8.13 THE GENERAL CONTROL INPUTS MENU

The GENERAL CONTROL INPUTS menu appears as follows:
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Based on selections in the CONFIGURATION menu, four items of input may be
needed from the Controls Compiler. In particular, the CONFIGURATIONmenu al-
lows requests for Tapchanger operation, for the presence of a fault branch, for the
ability to block selected firing pulses for a specified period, and/or the presence of
a deblock input.

In the case of Tapchanger operation, the name of a floating point word to be commu-
nicated on the backplanemust be provided for the Controls Compiler. If Tapchanger
operation is not requested, then the first item in the menu will be greyed out and the
floating point number is not required.

TheGENERALCONTROL INPUTSmenu allows the nameof an integerword con-
taining the fault application control bit to be specified. The menu prompts for the bit
that should be monitored in the integer word. A one bit causes the fault branch to
physically closed. A zero bit causes the fault branch to physically open. However,
a physically open fault will not extinguish until a current zero. Lines 2 and 3 of the
menu are greyed out when no fault branch has been requested.

TheGENERALCONTROL INPUTSmenu allows the nameof an integerword con-
taining the pulse blocking control bit to be specified. The menu prompts for the bit
that should monitor in the integer word. A transition of the control bit from zero to
one causes the beginning of the pulse blocking period to commence. Lines 4 and 5
of the menu are greyed out when no pulse blocking has been requested.

TheGENERALCONTROL INPUTSmenu allows the nameof an integerword con-
taining the valve group deblock control bit to be specified. Themenu prompts for the
bit that should monitor in the integer word. A transition of the control bit from zero
to one causes the valve group to deblock. Lines 6 and 7 of the menu are greyed out
when no deblock input has been requested in the CONFIGURATION menu.
The following DRAFT diagram illustrates, by example, the creation of various con-
trol words:
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FLT ON

0

1
CWDVG1+

<< 1

PULSE BLK

0

1

+

TAPFCT++

0.0

In the above diagram, theControl inputs are shown as switches and sliders accessible
in RunTime. However, the integer inputs could have been brought into the controls
processor through a Controls Compiler digital input port icon. Alternatively, the
slider and switches could be replaced by the output of a more complicated controls
circuit containing timers, pulse counters, and similar devices.

The Valve Group model passes the Tap Changer per unit factor through a real−pole
lag filter with a time constant of 20milliseconds in order to avoid step changes in the
applied per unit factor.

8.14 THE OUTPUT OPTIONS MENU

The OUTPUT OPTIONS menu appears as follows:

Preparation of a valve group dc current may be requested in the CONFIGURATION
menu. If a fault branch is enabled in the Valve Group, the current out of the node CT
is not necessarily equal to the current into node AN ( see page 8.1 ). In that case, the
OUTPUT OPTIONS menu must be used to select the position for monitoring the
Valve Group dc current. It should be noted that the position of measurement of the
dc current is on the outside of the CT and AN node.

Generally, the calculation of currents in the Valve Group appear in RunTime with a
one time−step delay. This delay can be avoided in the case of the dc current signal
by specifying that the “RunTime dc Crt plotting alignment” should be “Early”.
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If preparation of dc current is not enabled in the CONFIGURATIONmenu, then the
first and second line of this menu will be greyed out.

The CONFIGURATIONmenu allows transformer secondary current to be prepared
for output. If the transformer is connected wye−wye( Y−Y) then the secondary cur-
rents into the valve group ( line currents ) can bemonitored. If the transformer is con-
nected wye−delta then secondary current can be monitored. However, in the wye−
delta case, the User must make a selection in the OUTPUT OPTIONS menu to
choose whether to monitor the phase currents into the valve ( Line ) or the currents
in the delta connected winding ( Winding ). If secondary current is not to be moni-
tored, or if the transformer is wye−wyeconnected, the 3rd line in the OUTPUT OP-
TIONS menu will be greyed out.

When Tap Damper Branches are enabled in the CONFIGURATION menu ( items
“enpdm” and “ensdm” ), these branches have a small effect on the ac currents which
effectively flow into and out of the valve group transformer. The User can choose
whether the damper branch currents should be included in the actual transformer cur-
rents for purposes of monitoring using the item “incdi”.

The CONFIGURATION menu allows a Valve Forward voltage to be monitored. In
this case, the valve number must be indicated using the “vvnum” toggle in the OUT-
PUT OPTIONS menu.

8.15 THE SIGNAL MONITORING IN RUNTIME & CONTROLS MENU

Thesemenus ( SIGNALMONITORING INRUNTIME andCONTROLS and SIG-
NAL MONITORING ( CONTINUED ) )list the signals which can be produced by
the Valve Group model. If “YES” is selected for a particular entry, that signal will
be available for input to the Controls Compiler and for monitoring in RunTime. All
of the signals are floating point numbers except for the “Valve Turn−Off Word” and
the “BitwiseWord for Valve−Off”which are integers. If “YES” is given formonitor-
ing a signal, or the signal is to be output through aD/A ( as discussed below ), a name
must be specified in the SIGNAL NAMES FOR RUNTIME and D/A menus.
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The two Signal Monitoring menus appear as follows:

The electrical signals listed in the abovemenus are in units of kA and kV. The refer-
ence direction for dc current and transformer currents are illustrated on page 8.1
when output is enabled.

The Valve Group DC current is measured either outside of node CT or node AN of
the Valve Group depending on a selection in the OUTPUT OPTIONS menu.

The reactor and fault currents are only available for monitoring if a reactor or fault
is requested in the CONFIGURATION menu.

The “Valve Turn−Off Word” is a 6 bit integer word which indicates all the valves
which turn Off in a given time−step. Valve 1 is indicated by the least significant bit
( LSB ). Valve 6 is indicated by the most significant bit of the six ( 6 ).
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The “Max Abs Valve Phase I” is the maximum of the absolute values of the phase
currents out of the transformer on the valve−side.

Transformer primary phase currents can be monitored when they are specified for
preparation in the CONFIGURATION menu. The reference direction of the Trans-
former primary phase currents is into the transformer.

Transformer secondary phase currentsmay bemonitoredwhen they are specified for
preparation in the CONFIGURATION menu and, in the case of a wye−delta trans-
former, that the Position of ac Valve−Side current is “Line” ( see OUTPUT OP-
TIONS menu ). The reference direction of the Transformer secondary phase cur-
rents is out of the transformer and into the valves. The reference direction is shown
on the icon when “Line” is selected.

Transformer delta winding currents may be monitored when “Prepare secondary ac
currents” is specified for preparation in the CONFIGURATIONmenu and the Posi-
tion of ac Valve−Side current is “Winding” in the OUTPUT OPTIONS menu. The
reference direction of the winding currents is shown on the icon when “Winding” is
selected.

The valve number which provides the Valve Forward Voltage can be specified in the
OUTPUT OPTIONS menu when “Prepare Valve Forward Voltage” is specified in
the CONFIGURATION menu.

The Gamma signal produced by the Valve Group can be monitored by responding
to the “mon8” prompt. The GammaMeasured output signal is based on the shortest
available measured recovery period among the six valves in the Valve Groupmodel.
Therefore, the GammaMeasured signal is updated 6 times per cycle. For each valve,
a recovery timer is set to zerowhenever the valve is conducting.When the valve cur-
rent zero−crossingoccurs, then the timer begins to ramp toward PI radians.When the
zoneof possible commutation ends for the valve ( determined fromcommutating bus
voltages ), then the timer for the valve is sampled to determineGamma for the valve.
If the recovery period ends while the valve is still conducting, then Gamma for the
valve and the valve group will be 0.0.

Other algorithms for calculating Gamma can be created in the Controls Compiler.
Three output signals are available for that purpose ( see entries mon9, mon21 and
mon22 ). The “Valve Turn−Off Word” ( mon9 ) indicates all valves that turned Off
in a time−step. The “BitwiseWord for Valve−Off” signal ( mon22 ) provides a 6−bit
integerwordwhich indicates a single valvewhich turnedOff in the time−step ( with
a 1 bit ). The LSB corresponds with Valve 1. A one bit indicates a turn−off. The
“Fraction in Valve−Off Step” ( mon21 ) is a floating point number which indicates
the fraction of the time−step which occurred after the valve turned off. This value
is generated by interpolating the valve current signal to the turn off point. The “Valve
Turn−Off Word” ( mon9 ) and the “Fraction in Valve−Off Step” ( mon21 ) are the
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values typically passed to the DOPTO card icon for improved accuracy output of
zero crossing pulses.

8.16 SPECIFYING D/A OUTPUT ON 3PC FACEPLATES

The ENABLE D/A OUTPUT menus list the signals which may be assigned to D/A
output channels located on the faceplate of the 3PC card. These signals include all
of the signals in the SIGNAL MONITORING IN RUNTIME and CONTROLS
menu except for the two integer signals: “Valve Turn−Off Word” and the “Bitwise
Word for Valve−Off”.

There are only 8 D/A output channels on a Sharc processor, 24 per 3PC card. Ifmore
than 8 are needed, the additional signals canbe passed to aControls Compiler proces-
sor and routed to a D/A output channel on the controls processor. In order to pass
a signal on the RTDS backplane, it must be selected in the SIGNALMONITORING
IN RUNTIME and CONTROLS menu discussed in the preceding section.

For requestedD/A signals, the D/ACHANNELASSIGNMENTSmenumust speci-
fy unique D/A channel numbers between 1 and 8. Signal magnitude, which corre-
sponds with a 5 Volt D/A output level, must also be supplied.

In the menu SIGNALNAMES FORRUNTIME and D/A discussed below, a unique
Name must be supplied for each signal that is either assigned to a D/A channel or
passed on the backplane for monitoring in RunTime, or in the Controls Compiler.

In the case of signals assigned to D/A channels, Offset and Unity Gain sliders can
be created in RunTime based on signal names. In addition, for each signal name, a
switch can be created in RunTime for lighting an LED on the faceplate of the 3PC
card. The LED for a named signal is located immediately above the output pin for
the signal.

8.17 THE SIGNAL NAMES FOR RUNTIME & D/A MENU

In this menu, a name must be specified for all signals which have been requested in
either the SIGNALMONITORING INRUNTIME and CONTROLSmenu or in the
ENABLED/AOUTPUTmenu as discussed above. An example of this type ofmenu
may be seen in Chapter 11 on the TCSC model.

The signals which can be accessed using the specified signal names are discussed in
the previous two sections above.

8.18 INTERPOLATED ZERO CROSSING COMPONENT
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RSCAD/Draft components are available to write interpolated zero−crossing pulses
as digital output, either directly to a 3PC digital output port, or optionally using a
DOPTO card ( see RTDS Hardware Manual Ch. 12 for DOPTO documentation ).

The zero−crossing pulse information is produced by the Valve Group model and
passed to the zero−crossing component. The required zero−crossing information
produced by the Valve Group model is provided in two parts: “Valve Turn−Off
Word” ( item “mon9” ) and “Fraction in Valve−Off Step” ( item “mon21” ). The
fraction describes the portion of the time−step after the zero−crossing. The zero−
crossing component uses the information to generate a pulse whose rising edge rep-
resents the time at which the valve current became zero and is accurate to within a
few microseconds, but delayed by two time−steps as illustrated below.

ivlv

0.0
∆t time

0.0
time

ivlv

Zc

2 x ∆t 2 x ∆t

Generally, Gamma ( extinction margin angle ) is determined by comparing the rela-
tive phase of the zero−crossingpulses and the commutating bus voltages. The delay
of the zero−crossing pulses by two time−steps will cause the Gamma measured by
external controls to be two time−steps too small if there is no effective delay in the
output of the commutating bus voltages. Therewill be no effective delay in the output
of commutating bus voltages if the “rtds_sharc_FDACOVR2” model is used with
an FDAC cardwith the STEPSADV slider set to 1.0 in RunTime. If there is effective
delay in providing analog output of the commutating bus voltages for use in the gam-
ma calculation, then the error would be reduced. For instance, if the
“rtds_sharc_FDACOVR2” model is used to provide an oversampled analog output
of the voltages, and if a step advance of zero ( STEPSADV=0.0 ) is used, then there
will be a delay in the analog output voltages of 1.0 time−steps. For an explanation
of the “rtds_sharc_FDACOVR2”model, see Section1.2 of the INTERFACINGPor-
tion of the RTDS USER’s MANUAL SET. The delay of analog output voltages by
1.0 time−step would result in the external HVDC controller hardware computing a
Gammawhich is 1.0 time−step ( not 2.0 times−steps ) too small. This error would be
a fixed, constant error equal to 1 time−step ( eg. 1.08 degrees at 60 Hz. with a time−
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step of 50 µs ) in steady−state.

8.19 ZERO CROSSING DIGITAL OUTPUT PORT COMPONENT

The zero−crossing component used to write zero−crossing pulses to a 3PC digital
port is named “rtds_sharc_ZCPDIG”. This componentmust be assigned to either the
A or B processor on a 3PC card. No other power system or control system compo-
nentsmaybe allocated to the processor towhich theZCPDIGcomponent is assigned.

EachZCPDIG component can handle the zero−crossingpulse sets ( 6 pulses per set )
for either one or two valve groups. Each12 pulse inverter requires only oneZCPDIG
component.

In order to permit maximum usage of the processor’s digital I/O port the user may
optionally specify that unused digital port output bits, aswell as, the digital input port
can be used for other signals.

Parameters associated with the ZCPDIG component are described below.

DIO

ZERO X−INGS
TO DIGITAL
OUTPUT
PORT

DIN

16 BITS

DOUT

4 BITS

ZCP1

FRAC1

ZCP2

FRAC2

rtds_sharc_ZCPDIG

DOUT
DIN
ZCP1
ZCP2

INTEGER

FRAC1
FRAC2

FLOAT

Name: A unique name identifying the ZCPDIG component is required. The name
is used to identify signals associated with the ZCPDIG component when selecting
signals for monitoring in RSCAD/RunTime.
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num: The number of zero−crossing sets, either one six−pulse set or two six−pulse
sets. If two is selected, then input signals ZCP2 and FRAC2 become active.

invo: If yes, then all the bits in the zero−crossing pulse digital output are inverted.
If no, then there is no inversion.

dout: If yes, the DOUT input signal to the icon becomes active. The user can use this
signal to write either 10 bits ( num=1 ) or 4 bits ( num=2 ) to the digital output port
on the processor to which the ZCPDIG component is allocated. Digital output port
pin allocation is as follows:

num=1: pins 2−7 used for zero−crossing pulses corresponding to thyristors
1,2 ... 6 respectively.

pins 8−17 used for DOUT signal

num=2: pins 2−7 used for zero−crossing pulses corresponding to ZCP1
thyristors 1,2 ... 6 respectively.
pins 8−13 used for zero−crossing pulses corresponding to ZCP2
thyristors 1,2 ... 6 respectively.
pins 14−17 used for DOUT signal.

As an example, if an integer ‘3’ was written to the DOUT signal and num=1, then
digital output port pins 8 and 9 would be high and pins 10 through 17 would be 0.
If num=2 then pins 14 and 15 would be high and pins 16 and 17 low.

din: Specifieswhether the digital input port signals are to be used. Since theZCPDIG
component does not actually make use of the digital input port, a feature is included
in the component which allows the digital input port to be read and the signal written
to the DIN output signal. All 16 digital input port bits ( pins 2−17 ) may be used.
When din is specified as yes, then the DIN signal becomes active on the icon.

ReqP: Allows the RTDS compiler to automatically allocate the processor to which
the ZCPDIG component is allocated, or alternatively specifies that the ShrC and
ShrP parameters are to be used to manually specify the processor. Since external
hardwarewill be connected to the processor’s digital I/O port it is recommended that
the Manual option be chosen.

ShrC: The Sharc processor card allocated to run the ZCPDIG component. Active
only if ReqP set to Manual.

ShrP: The A or B processor on the allocated sharc processor card to be used to run
the ZCPDIG component. Active only if ReqP set to Manual.

defpi: This parameter is only pertinent when the ZCPDIG component is allocated to
an RTDS rackwhich contains both TPC and 3PC cards. In this case BP_MODE sets
the floating point format used by the ZCPDIGmodel to that determined by theRTDS
compiler or forces the floating point format to be IEEE.

INPUT SIGNALS
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Two input signals are required for each six−pulse zero−crossing set. The ZCP1 and
the optional ZCP2 signals are integer and are produced as output by the valve−group
models ( rtds_sharc_vgrp6 and rtds_sharc_vgrp6i ). The necessary Zero−Crossing
signal is obtained from the valve group model by specifying ‘Yes’ for parameter
mon9 under the valve group’s SIGNAL MONITORING IN RUNTIME and CON-
TROLS menu. The corresponding signal name is then specified for parameter
“nam9” under the SIGNAL NAMES FOR RUNTIME and D/A menu.

The FRAC1 and the optional FRAC2ZCPDIG component input signals are Floating
Point and are also obtained from the valve−group model. The FRAC signal is en-
abled using parameter mon21 located under the SIGNAL MONITORING ( CON-
TINUED ) menu and its name specified as parameter nam21 under the SIGNAL
NAMES ( CONTINUED ) menu.

Use IMPORT/EXPORT signals to transfer the signal names from the valve−group
model to the ZCPDIG component as shown below.

DIO

ZERO X−INGS
TO DIGITAL
OUTPUT
PORT

DIN

16 BITS

DOUT

4 BITS

ZCP1

FRAC1

ZCP2

FRAC2

rtds_sharc_ZCPDIG

ZCOUT1

ZCFRAC1

ZCOUT2

ZCFRAC2

import/export component names must match those specified
for the zero crossing word and fraction outputs in the valve
group model.

OUTPUT SIGNALS
Zero−crossing pulses are written to the digital output port of the processor to which
the ZCPDIG component is allocated. Zero crossing pulses associatedwith ZCP1 are
allocated to digital output port pins 2−7corresponding to thyristors 1−6respectively.
Zero crossing pulses associated with ZCP2 are allocated to digital output port pins
8−13 corresponding to thyristors 1−6 respectively. DOUT signals are allocated to
digital output port pins immediately above the last used zero crossing pin.

Connection from the 3PC digital I/O port is usually via ribbon cable to a MUX card
installed in the rear of the RTDS cubicle. From the MUX card signals may be trans-
ferred to terminal blocks for connection to the user’s external equipment.
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Note that the maximum source current for each digital output port signal is 15 mA
and maximum sink current is 24 mA.

The 3PC digital output port pin locations are shown below.

3PC Digital Input/Output Port ( View from rear of Cubicle )

LSB ( pin 2 )

MSB ( pin 17 )

‘B’ Processor Digital Input Port
‘B’ Processor Digital Output Port

‘A’ Processor Digital Input Port
‘A’ Processor Digital Output Port

A B

8.20 ZERO CROSSING DOPTO COMPONENT

The zero−crossing component used to write zero−crossing pulses to a DOPTO card
is named “rtds_sharc_ZCPDOPT”. This component must be assigned to the C proc-
essor on a 3PC card which is connected via link ports to a DOPTO card. No other
power system or control system components may be allocated to the processor to
which the ZCPDOPT component is assigned.

Each ZCPDOPT component can handle the zero−crossing pulse sets ( 6 pulses per
set ) for up to four valve groups. Two 12 pulse inverters require only one ZCPDOPT
component.

In order to permit maximum usage of the processor’s digital I/O port, the user may
optionally specify that unused digital port output bits, aswell as, the digital input port
can be used for other signals.

Parameters associated with the ZCPDOPT component are described below.
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IO

ZERO X−INGS
OUTPUT

TO
DOPTO
CARD

DIN

24 BITS

DOUT

3 BITS

ZCP1

FRAC1

ZCP2

FRAC2

rtds_sharc_ZCPDOPT

DOUT
DIN
ZCP1
ZCP2
ZCP3
ZCP4

INTEGER

FRAC1
FRAC2
FRAC3
FRAC4

FLOAT
ZCP3

FRAC3

ZCP4

FRAC4

Name: A unique name identifying the ZCPDOPT component. The name is used to
identify signals associated with the ZCPDOPT component in RSCAD/RunTime.

num: The number of zero−crossingsets. Either one, two, three or four six−pulsesets.
Input signal pairs ZCP2 −FRAC2, ZCP3 −FRAC3 and ZCP4 −FRAC4 become ac-
tive only when “num” is set to 2, 3 or 4 respectively.

invo: If yes, then all the bits in the zero−crossing pulse digital output are inverted.
If no, then there is no inversion.

dout: If yes, the DOUT input signal to the icon becomes active. The user can use this
signal to write either 18 bits ( num=1 ) or 12 bits ( num=2 ) or 6 bits ( num=3 ) to the
DOPTO card’s output port. If num=4 no additional digital output port signals are
available. Typically the DOPTO’s digital output port is connect via ribbon cable to
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a DOPTO Connector Card ( CC ). Terminal block allocation for the DOPTO CC is
shown below.

num=1: terminal blocks 1−6 used for zero−crossing pulses corresponding to
thyristors ZC1: 1,2 ... 6 respectively.
terminal blocks 7−24 used for DOUT signal

num=2: terminal blocks 1−6 used for zero−crossing pulses corresponding to
thyristors ZC1: 1,2 ... 6 respectively.
terminal blocks 7−12used for zero−crossingpulses corresponding to
thyristors ZC2: 1,2 ... 6 respectively.
terminal blocks 13−24 used for DOUT signal

num=3: terminal blocks 1−6 used for zero−crossing pulses corresponding to
thyristors ZC1: 1,2 ... 6 respectively.
terminal blocks 7−12used for zero−crossingpulses corresponding to
thyristors ZC2: 1,2 ... 6 respectively.
terminal blocks 13−18 used for zero−crossing pulses corresponding
to thyristors ZC3: 1,2 ... 6 respectively.
terminal blocks 18−24 used for DOUT signal

num=4: terminal blocks 1−6 used for zero−crossing pulses corresponding to
thyristors ZC1: 1,2 ... 6 respectively.
terminal blocks 7−12used for zero−crossingpulses corresponding to
thyristors ZC2: 1,2 ... 6 respectively.
terminal blocks 13−18 used for zero−crossing pulses corresponding
to thyristors ZC3: 1,2 ... 6 respectively.
terminal blocks 19−24 used for zero−crossing pulses corresponding
to thyristors ZC4: 1,2 ... 6 respectively.
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As an example, if an integer ‘3’ was written to the DOUT signal and num=1 then
DOPTO CC terminal blocks 7 and 8 would be high and terminal blocks 9 through
24 would be 0. If num=2 then terminal blocks 13 and 14 would be high and terminal
blocks 15 through 17 low.

doutn: Specify the number of additional digital output bits to use. If num=1 and dout
set to “Yes” then this value can be set between 1 and 18; if num=2 then between 1
and 12; if num=3 then between 1 and 6; and if num=4 then dout must be set to No.
Unused bits are set to 1 so that the user may optionally use the DOPTO front panel
inputs for available signals.

din: Specify whether the digital input signals are to be used. Since the ZCPDOPT
component does not actually make use of the digital input signals, a feature is in-
cluded in the component which allows digital input to be read and the signal written
to the DIN icon output signal. All 24 digital input bits may be used. When din is
specified as yes the DIN signal becomes active.

ReqP: Allow the RTDS compiler to automatically allocated the card to which the
ZCPDOPT component is allocated, or alternatively specify that the ShrC parameters
be used to manually specify the processor. Since the DOPTO will be connected to
a specific C processor’s link port it is recommended that the Manual option be cho-
sen.

ShrP: The 3PC card to which the ZCDOPT component is allocated. The selected
3PCmust be connected to a DOPTO card via the C processor’s link port Active only
if ReqP set to Manual.

defpi: The parameter is only pertinent when the ZCPDOPT component is allocated
to an RTDS rack which contains both TPC and 3PC cards. In this case selecting
BP_MODE sets the floating point format used by theZCPDOPTmodel to that deter-
mined by the RTDS compiler. Selecting IEEE forces the floating point format to be
IEEE.

INPUT SIGNALS
Two input signals are required for each six−pulse zero−crossing set. The ZCP1 and
the optional signals ZCP2, ZCP3 and ZCP4 which are integer and are produced as
output by the valve group models ( rtds_sharc_vgrp6 and rtds_sharc_vgrp6i ). The
necessary Zero−Crossing signal is obtained from the valve group model by specify-
ing ‘Yes’ for item “mon9” under the valve group’s SIGNAL MONITORING IN
RUNTIME and CONTROLS menu. The corresponding signal name is then speci-
fied for parameter “nam9” under the SIGNAL NAMES FOR RUNTIME and D/A
menu.

The FRAC1 and optionally FRAC2, FRAC3 and FRAC4ZCPDOPT component in-
put signals are Floating Point and are also obtained from the valve groupmodel. The
FRAC signal is enabled using the item “mon21” located under the SIGNALMON-
ITORING ( CONTINUED )menu and its name specified as parameter “nam21” un-
der the SIGNAL NAMES ( CONTINUED ) menu.

Use IMPORT/EXPORT signals to transfer the signal names from the valve group
model to the ZCPDIG component as shown below.
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ZCOUT1

ZCFRAC1

ZCOUT2

ZCFRAC2

import/export component names must match those specified
for the zero crossing word and fraction outputs in the valve
group model.

IO

ZERO X−INGS
OUTPUT

TO
DOPTO
CARD

DIN

24 BITS

DOUT

3 BITS

ZCP1

FRAC1

ZCP2

FRAC2

ZCP3

FRAC3

ZCP4

FRAC4

ZCOUT3

ZCFRAC3

ZCOUT4

ZCFRAC4

OUTPUT SIGNALS
Zero−crossing pulses are written DOPTO output port and transferred via ribbon
cable to a DOPTO CC card. Zero−crossing pulses associated with ZCP1 are allo-
cated toDOPTOCC terminal blocks 1−6corresponding to thyristors 1−6respective-
ly. Zero−crossingpulses associatedwith ZCP2 are allocated toDOPTOCC terminal
blocks 7−12 corresponding to thyristors 1−6 respectively. Zero−crossing pulses as-
sociated with ZCP3 are allocated to DOPTOCC terminal blocks 13−18correspond-
ing to thyristors 1−6 respectively. Zero−crossing pulses associated with ZCP4 are
allocated to DOPTO CC terminal blocks 19−24 corresponding to thyristors 1−6 re-
spectively. DOUT signals are allocated to DOPTO CC terminal blocks numbered
immediately higher than the last allocated zero−crossing terminal block.

Note that the maximum source current for each DOPTO output port signal is 5 mA
and maximum sink current is 250 mA.

8.21 REFERENCES
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9 SWITCHED FILTER BRANCH

9.1 SWITCHED FILTER BRANCH USAGE IN A SUBSYSTEM ( rtds_sharc_SWBRC )

The switched filter branch model can be used with the Sharc−based or RISC−based
Network Solutions in order to permit the switching of many shunt filter branches
which are commonly connected to HVDC system commutating buses. The switched
filter branch model provides up to 12 parallel single−phase filters which may be
dynamically switched. Any filter branch can be used to provide a fault branch. The
model also permits the inclusion of a bus arrestor model.

The single−phase Sharc filter branch requires the use of one Sharc processor.
Therefore, one 3PC card is required in order to simulate a three−phaseswitched filter
bank consisting of 3 switched filter branch models. The switched filter branch may
also be used on aGPC/PB5 processor. A single phase switched filter branch requires
1 unit of load. The model icon is as illustrated below except that filter types and
current names have been omitted from the illustration.

F1

F2

F3

F4

F5

F6

F7

F8

F9

F10

F11

F12

ARR

The model may only be used in conjunction with a Sharc−based or RISC−based
Network solutions. When used with Sharc−based Network Solution, the switched
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branch model must only be connected between two Connector nodes or between a
Connector node and Ground. Please refer to Chapter 2 for an explanation of the
Sharc−based Network solution. The model will issue an error message if a
Sharc−based Network solution does not exist or if the model is not connected to
Connector type nodes or ground nodes in the Sharc−based Network Solution. The
model can be connected between any nodes in the RISC−based network solution.

9.2 SWITCHED FILTER BRANCH PARAMETER ENTRY

The above figure illustrates the CONFIGURATION ( ARRESTOR & FILTER
ENABLE ) menu. Each of the twelve filter branches and the arrestor branch may be
enabled by selecting ‘Yes’ in the appropriate item in the CONFIGURATION
( ARRESTOR& FILTER ENABLE ) menu. The filters may be enabled or disabled
in the model, independently of each other. Filter data for disabled filters are
preserved, though not used. In this way, data previously entered for filters which are
not required for the given simulation can be saved, and used in future simulations.

The last 3 entries in the CONFIGURATIONmenu shown above, allow the model to
be automatically assigned to a processor ( Automatic ) or manually assigned to a
specified processor. If automatic assignment is requested, the subsequent two entires
in the menu are ignored. If manual assignment is requested, a specific processor can
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be requested by indicating a 3PC card number, beginning with 1, and whether the
model will be on processor A, B, or C. A 3PC card number of 1 means the first 3PC
card in a rack.

There is a second configuration menu named CONFIGURATION ( GENERAL
AND OUTPUT ) as illustrated below. The menu covers two main areas.

This menu specifies output from the overall model which does not relate to any
particular filter or the arrestor. For example, the total of all filter currents can be
monitored in RunTime and the controls, as a single signal. Also, the calculation of
total reactive power flowcanbe calculated,without passing all of the individual filter
currents on the backplane. This is an important advantage because it allows the
model to be used without causing a large increase in communication traffic and a
corresponding significant increase in time−step size. The total current may be sent
to a D/A channel on the front of the Sharc card. The model also allows a filter status
integer word to be passed on the backplane. Within this word, bit 1will be highwhen
filter 1 conducts, bit 2 will be high when filter 2 conducts and so on. Note that the
arrestor on/off status is not included within the filter status word. The menu also
allows a Rated Peak Branch Voltage to be specified to set the default minimum and
maximum of Plots in RunTime when monitoring voltages within individual filters.

The CONFIGURATION ( GENERAL AND OUTPUT ) menu also allows a
parallel resistance branch and a parallel damped capacitance branch to be
individually requested, using the items labelled SPR and SPRC. If either is
requested, the PARALLEL R AND DAMPED−C PARAMETERS menu tab will
appear. If a significant damped−C branch is not specified when an arrestor is
requested, a Warning message will be given in Draft during compilation. If a
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capacitor bank exists already, the Warning message may be suppressed using the
“FRwrn” item in the above menu.

The PARALLEL R AND DAMPED−CPARAMETERS menu appears as follows:

The Damped−C branch is simply a capacitor in series with a small resistance. The
use of the Damped−Cbranch is recommended when using the arrestor branch, as is
discussed below. The size of the series resistance R is chosen to be equal to the
Dommel resistance of the capacitor C, namely, delt / ( 2 C ). The variable “delt” is
the time−step size used in the simulation. This Damped−C branch is equivalent to
a compensated resistive branch with resistance of 2R in which the current through
the resistance, 2R, is compensated in every time−step according to the current
through the 2R resistance in the previous time−step. Such a compensated resistance
branch has been discussed in the literature[ Ref.1]. The impedance of the
Damped−C branch is determined essentially by the capacitance C for the first few
kiloHertz because of the relatively small value of the series resistance. Therefore, for
estimating current flow through the Damped−C branch, it is possible to ignore the
series resistance. In order to confirm the level of current through the parallel
resistance and damped−Cbranches, the current summay be monitored in RunTime.

TheARRESTORPARAMETERSmenu is available if an arrestor is requested in the
CONFIGURATION ( ARRESTOR&FILTERENABLE )menu. TheARRESTOR
PARAMETERS menu allows an arrestor to be specified by the following equation:

I = Id * V/Vd * abs( ( V/Vd )**( N−1 ) )

where Id and Vd are the crest discharge current and voltage.

It is recommended that the arrestor model be used with caution, as numerical
instability is highly likely.
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The Arrestor branch is controlled by a bit in a word provided to the backplane by the
Controls Compiler. The abovemenu specifies theword name and bit number. When
the arrestor is switched off, the arrestor energy is reset to zero. A switch is physically
in the closed position when the bit is set to 1 and in the open position when the bit
is set to 0.

“N” in the arrestor curve equation can be any integer between 2 and 32. However,
a high value of Nmeans that the curvature of the curve at the knee point is very high.
This can lead to numerical difficulties if the bus consists of inductive nodes ( i.e.
nodes connected only to inductive branches or high resistance branches ). Therefore,
it is important to experiment with the circuit being simulated in order to select a
suitable value for N.

The resistance at the discharge point of the characteristic is Vd / ( N * Id ). The
incremental resistance of the curve drops rapidly as voltage rises above Vd. The
Rmin item in the abovemenu allows a lower limit on resistance to be specified. Rmin
is specified as a fraction of the incremental resistance at the discharge point. At low
values of voltage, the incremental resistance of the arrestor characteristic canbequite
high. Thus, when the arrestor comes out of conduction, it can be numerically similar
to opening a breaker. For inductive nodes, this can lead to a numerical oscillation
which can cause the arrestor model to malfunction. The SPRC item in the
CONFIGURATION ( GENERALANDOUTPUT ) menu allows the compensated
conductance technique to be employed for damping numerical oscillations, as
discussed above. This technique causes a resistance and a current source to be placed
in parallel with the arrestor. The current source is set in each time−step to supply the
current whichwent through the resistor in the previous time−step. The compensated
conductance can be specified in the PARALLEL R AND DAMPED−C
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PARAMETERS menu ( which becomes available when YES is chosen for SPRC )
according to the apparent capacitance.

In the casewhere capacitive filters are connected to the bus, itmaybepossible to omit
the Damped−Cbranch evenwhen using an arrestor branch. In that case, the resulting
Warning message may be suppressed by making a suitable selection in the
CONFIGURATION ( GENERAL AND OUTPUT ) menu. It is desirable to avoid
using the Damped−C branch when possible because it will have an effect on
harmonic impedances, as would any capacitance. A Damped−C value of 0.5
microFarads used in conjunction with the parameters in the above menu provided a
stable arrestor model on a purely inductive 230 kV bus with a 2000MVA fault level.
The capacitance provided approximately 10MVAR of capacitive support to the bus.

The Edcy item in the above menu is a factor which is used to multiply the
accumulated arrestor energy in each time step. This is a basic method for providing
arrestor cooling.

The final entries in the ARRESTOR PARAMETERS menu enable monitoring of
arrestor current and energy in RunTime. Arrestor Energy is in megajoules.

For each active filter branch, the type of filter may be selected in the FILTER TYPE
SELECTION menu, shown above. RLC ( Series R−L−C), HP ( High Pass ),
C−Type, Double ( Double−Damped ), Triple ( Triple−Tuned ), D−type, Quad
(Quadruple−Tuned), D2−type and T2−Type filters may be selected. For the RLC
type, the R, L, C, RL, RC, or LC combinations may be selected by setting the
appropriate parameters to 0.0 in the FILTER # N DATA menus. For example, a
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resistive fault branch may be created using filter number 3 by selecting RLC for the
F3T item and then specifying the L1 and C1 parameters equal to 0.0 in the FILTER
#3 DATA menu discussed below.

In the case of filters which include parallel resistive elements, the resistance of the
elements can be set large ( Example: 1.0E9Ohms ) in order to eliminate the resistive
element.

Some filter types contain a capacitor with no parallel path within the filter for
capacitor discharge. These filter types retain a charge for some time when the filter
breaker is opened during normal operation. These types include the RLC filter when
C is not equal to zero, the High−Pass filter; the C−type filter; the Double−Damped,
the Triple−Tuned filter, the D−Type filter and the Quadruple−Tuned filter. The
DISCHARGE METHODS FOR CAPS menu specifies for each enabled filter,
whether it will discharge instantaneously when the filter breaker opens, or according
to an RC time constant. If “Instant” discharge is selected, the filter is reset to zero
immediately when the breaker opens. If the RC discharge is selected, an appropriate
discharge R is placed in parallel with the C, when the breaker is opened. In case of
the selection of RC discharge, the time constant can be specified in the FILTER #N
DATA menus.

If the RC discharge time constant is very large ( > a few seconds ), the discharge
rate should be checked to verify that it is correct. The discharge within a single
time−stepmust be within the extended precision of the Sharc processors.

A FILTER #N DATA menu is available for each filter branch enabled in the
CONFIGURATION ( ARRESTOR & FILTER ENABLE ) menu. The FILTER #1
DATA menu is shown below.



SWITCHED FILTER BANK

−9.8−

Each filter branch is controlled by a bit in a word provided to the backplane by the
Controls Compiler. The first two entries in the FILTER #NDATAmenu prompts for
the word name and bit number for filter N. A switch is physically in the closed
position when the bit is set to 1 and in the open position when the bit is set to 0.

Depending on the filter type selected in the FILTER TYPE SELECTIONmenu, the
parameters R1, L1, C1, R2, L2, C2, R3, L3, C3, R4, L4, C4, RL1, RL2, RL3,RL4,
RP, RP3,RP4 and RC2 are defined as illustrated in the following figure. Only R1,
L1, and C1 will be accessible in the FILTER #N DATA menus for RLC and
High−Pass filters. For RLC filters, an R1, L1 or C1 parameter set to 0.0 causes the
resistance, inductance or capacitance to be dropped from the branch model. C2
becomes accessible for C−type filters. R2 and L2 become accessible in the menu for
Double−Damped, D−Type, D2−Type, Quad, Triple, and T2−Type filters. RP is
available for Double−Damped and D−Type filters. R3, L3, C3, RL1, RL2, RL3 and
RP3 parameters are available for Triple−Tuned, Quad and T2−Type filters. Note:
The RP3 parameter of the triple tuned filter is only enabled when the component is
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assigned to a GPC processor. If the triple tuned filter is assigned to a 3PC processor,
the RP3 parameter is set to 1.0e9Ω. The R4, L4, C4, RL4 and RP4 parameters are
available for the Quadruple−Tuned and T2−Type filter. The RC2 parameter is
available in the Double−Damped, D2−Type and T2−Type filters. Note: The
Quadruple−Tuned, D2−Type and T2−Type filters are only available for use on a
GPC/PB5 processor.

RLC HP
C−Type

R1

L1

C1

L1

C1

R1

C1

C2

L1
R1

Double−Damped

C2

C1

L1

L2

R2

R1

RP

D−Type

C2

C1

L1

L2

R2

R1

RPC3

RL1

C4

RL2

RC2

*RC2 only included in RISC model

D2−Type

C2
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R2
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RL1

RL2
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C2
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*Note − capacitors C4, C5, and C6
are optional.

Any combination of these capacitors
can be included/excluded from the
filter
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As discussed above, the FILTER #N DATAmenu allows a capacitor discharge time
constant to be specifiedwhen anRCdischarge has been selected in theDISCHARGE
METHOD FOR CAPS menu for an enabled filter.

The FILTER #N DATA menu permits an individual filter current to be made
available for monitoring in RunTime and controls processors. Monitoring many
filter currents should be avoided because each monitored quantity will add 100 or
125 nanoseconds to the time−step. The model creates a signal for the total filter
current through all filters in case the total filter reactive power needs to be calculated
in a controls processor.

The FILTER #N DATA menu permits an individual filter current to be made
available through a D/A channel. If two signals are specified for one D/A channel,
an ERROR message will be issued.

The FILTER #N DATA menu permits an individual filter voltage signal to be made
available for monitoring in RunTime and the controls processors. When the filter
breaker is closed, this signal will be equal to the voltage at the terminals of themodel.
When the filter breaker is open, the voltagewill be branch voltage behind the breaker.
and will be zero for branches which discharge instantly. It will be the decaying
branch voltage for branches which discharge C1 according to an RC time−constant.
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10 MOV PROTECTED SERIES CAPACITOR

( rtds_sharc_SCAP )

In order to enhance stability andmaximize power transfer capability on long, heavily
loaded transmission lines, series compensation is often used. This compensation is
in the form of series capacitors, either at the ends of the line or at an intermediate
point. During fault conditions, very large currents may flow in the transmission line
and hence produce very high voltages across the terminals of the capacitors. In order
to limit these voltages, Metal Oxide Varistors ( MOV ) are often included.

An MOV is a device which is placed in parallel with the series capacitor compensa-
tion to protect it against overvoltages. It is a non−lineardevicewhich for all practical
purposes appears as an open circuit to the line currentwhen the voltage across it ( and
hence across the capacitor ) is low. At higher voltages, it begins to conduct more cur-
rent, hence preventing a large voltage from being developed across the capacitor.

TheMOV itself is protected by a parallel by−passswitch that can be closed when the
energy absorbed by the MOV exceeds some predetermined limit. The energy ab-
sorbed by the MOVwill be a function of the voltage across, and the current through
the device.During high current fault conditions, the energy build up in theMOVmay
be very fast. In order to protect it against permanent damage, it can be removed from
the circuit by closing its parallel by−pass switch. When this happens, the series ca-
pacitor compensation is also removed from the circuit.

Figure 10.1 below shows the basic arrangement of an MOV protected series capaci-
tor. The RTDS model is based on this configuration.

C

MOV

SWITCH

Figure 10.1 Series Capacitor Arrangement

The apparent impedanceof a series compensated transmission linemay vary depend-
ing on the level of voltage across theMOVprotected series capacitor. If for example,
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the voltage level is normal and the MOV is not conducting, the series capacitor will
compensate the inductive reactance of the line. However, if the voltage increases to
levels where the MOV begins to conduct, its resistance effect will influence the ap-
parent impedance. Furthermore, if energy within the MOV builds up to such a level
that the by−pass switch closes, the capacitor and the MOV will be shorted out. This
completely removes the compensating effect of the series capacitor. The change in
impedance with voltage and energy level presents interesting challenges for protec-
tion design and coordination engineers. For this reason, substantial effort has gone
into the development of not only an accuratemodel for the non−linearMOV , but also
the coordinated operation of the capacitor, MOV and by−pass switch modelling.

Recent advances in power electronics have seen the introduction of so−called Ad-
vanced Series Compensation systems. In such systems, controlled high speed
switching of thyristors is used to alter the line impedance dynamically. An additional
branch consisting of anti−parallel thyristors in series with an inductive impedance
is placed across the series capacitor branch.By controlling the angle atwhich the thy-
ristors are fired, the impedance and hence the current flowing in the transmission line
can be controlled.

A model for representing advanced series compensation is provided. All of the fea-
tures associated with the MOV protected series capacitor model have been included
in the advanced series compensation model.

Chapter 11 deals with the advanced series compensation model.

10.1 MOV / SERIES CAPACITOR EQUIVALENT CIRCUIT REPRESENTATION

AnRTDSmodel has beenwritten to represent a series capacitor elementwith a paral-
lel connected MOV and by−pass switch. Figure 10.1 of the preceding section illus-
trates the circuit upon which the model has been based.

On the RTDS, the MOV protected series capacitor element can be connected be-
tween any two electrical nodeswithin a subsystem. It is generally associatedwith the
modelling of long transmission lines and is placed either at one, or both ends of the
line, or at some intermediate point along the line. To place the compensation along
the line, the transmission line itself ( if represented as a travellingwavemodel )must
be split into two or more sections to introduce the necessary connection nodes.

TheMOVprotected series capacitor element is a three phasemodel. Each three phase
model requires one processor.

In its non−conducting state the MOV will appear as an open circuit and hence the
parallel connectedMOV, capacitor and open by−pass switch will together appear as
a simple capacitive branch. The overall branch solution will under these conditions
comprise just theDommel equations for a capacitive branch ( ie. parallel resistor and
current source ). If the MOV device begins to conduct, then an additional current in-
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jection ( ie. current source ) will also contribute to the solution. The non−linear ef-
fects of the MOV are represented by a non−integer power series equation. Finally,
the status of the by−passswitchmust also be known and consideredwhen the overall
branch solution from the auxiliary processor is formulated.

The MOV protected capacitor algorithm is therefore three−fold;
i ) Solution for non−linearMOV using power series equation

ii ) Solution for capacitor element ( according to Dommel representation )

iii ) Check switch status − if open then no effect, if closed then short circuit

An illustration of the overall branch equivalent circuit is given in Figure 10.2 .

IH

Rc = ∆t/2Cib

1 2

Imov

Figure 10.2 Basic Equivalent Circuit For MOV / Capacitor Branch

10.1.1 METAL OXIDE VARISTOR SOLUTION

The V−I relationship of the MOV device is non−linear and has been modelled using
the non−integer power series approach common to a number of RTDS algorithms.
A single term power series such as that shown in equation 10.1. was found to be suit-
able. An advantage of the power series representation for non−linear devices is that
it provides a smooth ( continuous ), dynamically calculated solution. No curve stor-
age or iterative procedures are required. For real−time operation, these features are
essential.

Imov = ( Vn )32 10.1

In this equation Vn represents the normalized voltage across theMOV and is defined
as illustrated in equation 10.2.

Vmov represents the measured voltage across theMOV / capacitor parallel combina-
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Vn = Vmov / Vconst 10.2

tion and Vconst is defined based on the user specified 10kA discharge voltage ( ie :
the user specified clipping voltage ).

TheMOV contribution to the auxiliary processors solution is then a variable current
injection as calculated from equation 10.1 above.When the by−passswitch is closed
the value of Imov is always forced to 0.0.

10.1.2 CAPACITOR SOLUTION

A current injection history term IH is calculated for the capacitor according to the
standardDommel equations and is combined with theMOV current injection within
the auxiliary processor. The standard solution for a capacitor element is as shown be-
low.

C

IH

Rc = ∆t/2C

1 2

ib ib

1 2

ib( t ) = ( 1/Rc ) * ( V1( t ) −V2( t ) ) + IH( t−∆t )

IH( t ) = ( −1/Rc ) * ( V1( t ) −V2( t ) ) − ib( t ) 10.3

10.1.3 BY−PASS SWITCH

Aby−passswitch is placed across the terminals of the series capacitor for the purpose
of protecting the MOV. The by−pass switch is normally open and in the real system
would only close if the MOV was in danger of being thermally damaged. During a
fault, when the current is high and the voltage across the series capacitor approaches
the MOV discharge or clipping level, the MOV begins to conduct and the energy
stored within the device builds up. If this process exceeds some critical level, there
is a danger of damaging or even destroying the MOV.When the known safe level of
stored energy is exceeded, a switch closure is triggered and both the series capacitor
and the MOV are simultaneously by−passed. The MOV protected series capacitor
model designed for use on the RTDS includes this by−pass feature.

An internal energy calculation is performed as part of the overall algorithm. The in-
stantaneous value of energy calculated in each time−step is based on the voltage and
currentwithin theMOVand on the energy value calculated in the previous time step.
Equation 10.4 illustrates this internal energy calculation as coded for the RTDSmod-
el.
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WZnO( t ) = df * WZnO( t−∆t ) + ∆t * Vmov( t ) * Imov( t ) 10.4

The term df in the above equation is the so called energy decay factor and represents
the rate of energy loss within theMOV device ( ie rate of cooling ). In the actual sys-
tem, the rate of cooling or energy loss may be such that many minutes or even hours
would be required between the instant of by−pass and the point in time when the
MOVcould safely be re−inserted.The energy decay factor in theRTDSmodel allows
the energy dissipation rate to be accelerated in order to allow repetitive cases to be
runwithout the long delay time which would be required to cool the physical device.

Triggering of the by−pass switch can be done in one of two ways.When building the
case in the RSCAD based DRAFT module, one of the items ( BOP ) in the CON-
FIGURATION menu ( shown below ) relates to how the by−pass switch should be
triggered. The first choice ( Internal ) involves the internal energy calculation based
on equation 10.4. If this option is chosen, two energy limits and the energy decay fac-
tor must be specified ( items Df, Ebp and Eopen ). The first limit ( Ebp ) represents
the energy level at which the by−pass switch should close. The second energy limit
( Eopen ) represents the level at which the by−passswitch should re−open( note that
re−openingwill occur at the first branch current zero crossing after the energy limit
condition is met ).

The second by−pass switch triggering option ( CC ) allows control over the status of
the switch using controls components to operate it dynamically fromRunTime or ex-
ternally. TheMOV requires a signal generated from the controls component to oper-
ate the breaker.

A ZERO signal should be provided when the switch is to be OPEN and a ONE
when the switch is to be CLOSED.

Again, re−opening of the switch will occur on the first branch current zero crossing
following the open command.

10.2 INPUT DATA

The required input data for a three phase MOV protected series capacitor model is
summarized below.
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CONFIGURATION MENU

Name −TheMOV−branchname can be any name beginning with a letter. Following
the first letter the name can contain up to nine more alpha−numeric characters. This
name is used in all cross−referencingbetween Draft and RunTime for the particular
unit being defined. If an appropriate name is not assigned to theMOV, theDraft com-
piler will issue an error.

Vc − The value of capacitance is entered in µf.

Vdis −The 10kA discharge voltage level must be specified. This information is used
to formulate the point atwhich theMOV is to start conducing. Thequantity is entered
in kV.

Df −The decay factor defines how quickly the energy is dissipated within the MOV
device. The number should be quite close to 1.0 since it is used simply as a reduction
ormultiplication factor in each calculation time step. A value of 1.0means no energy
dissipation while a value of 0.0means total energy dissipation within one simulation
time step. Since a physical MOVmay take minutes or hours to cool, this feature has
been added to allow accelerated cooling for practical reasons.

Ebp −This represents the energy threshold for by−pass switch operation. When the
internally calculated energy levelwithin theMOVexceeds this user defined level the
by−pass switch will close. The energy level is entered in megajoules.

Eopen −This represents the a second energy threshold, this time for by−pass switch
re−opening.When the internally calculated energy level within the MOV drops be-
low this second user specified level, the MOV can be safely re−inserted into the cir-
cuit. The energy level is entered in MJ.

BOP −The by−pass breaker can be operated internally or by using controls compo-
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nents to generate a signal. If “Internal” is selected the by−pass breaker operation is
determined by the internal energy calculation. If “CC” is selected a control signal
is used to operate the breaker. If ’CC’ is selected a newmenu tab becomes available
labelled “BY−PASS BREAKER OPERATION SIGNAL NAMES”.

ReqP −The MOV component can be assigned to a user defined sharc processor. If
“Manual” is selected, the MOV component will be assigned to the sharc processor
defined by the two menu items below, ShrC and ShrP. If “Automatic” is selected,
the compiler will assign the component to an available processor.

ShrC/ShrP − If “Manual” 3PC assignment was selected above, the user is required
to enter the 3PC card number and select the processor to compute the MOV model.
If “Automatic” is selected, these two menu items are not used.

MONITORING MENU

Up to four quantities can bemonitored from each phase of theMOV protected series
capacitor unit.

Vmon −The voltage across theMOVprotected series capacitor branch can bemoni-
tored on the RunTime Operators Console. Branch voltage calculation is determined
as the difference in node voltage between the two nodes to which the model is con-
nected. Voltage is displayed in kV. “Yes” must be selected to monitor this quantity.

Imon−The current through theMOVelement can also bemonitored on theRunTime
screen. Current is displayed in kA. “Yes” must be selected in order to monitor MOV
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current.

Emon −The energy build up within theMOV can be displayed. Each time theMOV
conducts current the energy absorbed increases and if the internal energy calculation
option is used, this quantity can be displayed. Units for MOV energy are MJ. “Yes”
must be selected to monitor this quantity.

Smon −The open/close status of the by−pass switch can be monitored in RunTime.
The status signal is an integer signal where a 1 represents open and a 0 represents
close. “Yes” must be selected to monitor this quantity.

V*name − If the voltage across the MOV protected series capacitor branch is to be
monitored fromRunTime. Avoltage signal namemust be given for eachphase. This
signal name if used for cross−referencing between Draft and RunTime.

I*name − If the current through the MOV is to be monitored, a current signal name
for each phase must be supplied.

E*name − If the energy is to be monitored from RunTime, an energy signal name
must be supplied for each phase.

S*name − If the by−pass switch status is to bemonitored, a signal namemust be sup-
plied for each of the three phases.

BY−PASS BREAKER OPERATION SIGNAL NAMES MENU

This menu item will only appear if the by−pass breaker is to be operated using the
controls components.

Bnam* −A signal name is required to operate the by−passbreaker. The signal is gen-
erated using the controls components. For proper operation, an integer signal is re-
quired, a value of zero will open the by−pass breaker and a value of one will close
the by−pass breaker.
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ANALOGUE OUTPUT MENU

In addition to monitoring the MOV signals from RunTime, these signals may also
be sent to the analogue output channels. An analogue channel number can be entered
for each signal. Each sharc processor has eight analogue channels available. The
MOV component is computed on one sharc processor, therefore each signal must be
assigned a unique channel number. If the MOV component has been assigned to a
sharc processor using the ’Automatic’ feature, please consult the .map file to deter-
mine which processor the analogue output signals are available for monitoring. En-
tering a non−zero channel value will produce RunTime scale and offset sliders to
modify the analogue output signal.
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11THYRISTOR CONTROLLED SERIES COMPENSATION

( rtds_sharc_TCSC )

11.1 INTRODUCTION

The Thyristor Controlled Series Compensation ( TCSC ) model was developed to
bring advanced testing of TCSC control systems to the RTDS simulator.

The single−phase TCSC model requires the use of one Sharc processor. Therefore,
one 3PC card is required in order to simulate a three−phase TCSC bank.
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The Sharc TCSC model has several features:

1. The Thyristor Controlled Reactor ( TCR ) has been implemented in
the TCSC model to provide improved firing accuracy. The signals
required by the TCSCmodel in support of improved firing can come
from the Digital Input Time Stamp ( DITS ) card or from a control
system modelled in the RTDS Controls Compiler.

The DITS card samples a 6−bit firing−pulse word from external
TCSC controls every 60 nanoseconds in each time−step. Based on
this sampling rate, theDITS card generates information for theTCSC
model as to the exact time of arrival of firing pulses in the time−step.
This information is used by the TCR to correct for late sampling of
firing pulses. Use of the DITS card will be discussed below.

The TCR supports BOD firing as discussed below. Briefly, the TCR
valves will only fire in the presence of a firing pulse and aUser speci-
fiable level of forward voltage.

2. The TCSC model includes two Platform Disconnects shown as D1
and D2 in the icon. Including these disconnects in the model creates
two additional nodes, shown as “1” and “2”. These nodes are internal
to the model and do not count as Sharc Network Solution nodes.

It is intended that a Bypass breaker will be added on each phase ( not
shown above ), using a single−phase breaker.

3. Two fault switches are included in the model shown as FLT1 and
FLT2 in the icon. These two fault switches are connected from either
side of the damping reactor to the platform. A measurement of cur-
rent to the platform through a measuring device is illustrated at “P”
in the above icon.

4. Twomeasurements of Arrestor Current are created, shown as A1 and
A2 in the icon. Each can be multiplied internally by a User specified
factor before output. Parameter named ’farr1’ is used to scale signal
A1 and parameter ’farr2’ is used to scale signal A2. The signals can
be provided to D/A output channels or monitored in RunTime. Com-
plete lists of signals available for D/A output andmonitoring in Run-
Time are provided below.

5. Two measurements of Capacitor Current are created, shown as C1
and C2 in the above icon. The second output is multiplied by a factor
that is passed on the backplane. This factor canbe varied dynamically
by the Controls Compiler components.
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6. The Arrestor model has the ability to calculate energy accumulation.
It is also possible to switch the Arrestor model ON and OFF. When
theArrestor is switched OFF, the accumulated energy is reset to zero.

7. TheMainGap ( GAP ) includes aDampingCircuit which damps cur-
rent oscillations when the GAP is fired.

The GAP will not fire unless the voltage on the GAP is more than a
User specified magnitude. The GAP will not recover until the GAP
current is lower than aUser specified level formore than aUser speci-
fied time period.

The GAP, Bypass Breaker ( BRKR ), and Fault No. 1 ( FLT1 ) are all
in parallel. If more than one of these units is conducting at a given
time, then the current through the damper circuit is assigned com-
pletely to one unit with a priority order of BRKR, FLT1, and GAP.
For example, if theGAP is fired, it will conduct all of the current until
either the BRKR or FLT1 is closed. When the BRKR or FLT1 is
closed, theBRKRorFLT1will conduct all of the current and theGAP
will conduct none. If the BRKR is closed, then neither the FLT1 nor
the GAP will conduct any current.

11.2 USE OF THE TCSCMODELWITH THE NETWORK SOLUTION

The TCSC model can be used with the Sharc or RISC Network Solution, discussed
inChapter 2. TheTCSCmodel can be assigned to a sharc or risc processor. Tomodel
a single−phaseTCSC requires one 3PCprocessor or 2 units ofRISCprocessing pow-
er.

The models can be used with external TCSC controls, with or without a DITS card.
However, firing accuracy will be degraded if no DITS card is used.

The TCSC model must be attached to Connector type nodes in the Sharc Net-
work Solution. An ERROR message will be issued if this rule is not followed.
All nodes in the RISC network solution are Connector type nodes.

The models can be used with external TCSC controls, with or without a DITS card.
However, firing accuracy will be degraded if no DITS card is used.
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11.3 PARAMETER ENTRY FOR THE TCSCMODEL

TheCONFIGURATION menu ( shown above ) asks for a Name for the TCSCmod-
el. This name will appear on the icon.

TheCONFIGURATIONmenu allows themodel to be automatically ormanually as-
signed to a processor. If automatic assignment is requested, the subsequent two en-
tries in themenu are ignored. Ifmanual assignment is requested, a specific processor
can be indicated by 3PC card number ( beginning with 1 ) and processor A, B, or C.
A 3PC card number of 1 means the first 3PC card in a rack.

TheMAINCAPACITORPARAMETERSmenu prompts for the capacitance and se-
ries resistance of the Main Capacitor and a parallel capacitor leakage resistance.
When specifying the leakage resistance, it is appropriate to consider the OFF resist-
ance of FLT2 and the Valves. The OFF resistance of the BRKR, FLT1 and the GAP
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is infinite. The resistance of the Arrestor is also infinite when it is OFF.

The DISCONNECT PARAMETERSmenu prompts for the ON and OFF resistance
of the Platform Disconnects.

The TCR BRANCH PARAMETERS menu appears as follows:

The RC time constant of the snubber should be maintained equal to about 2 time−
steps.

Valve turn−off in the TCSC always interpolates back to a zero−crossing of current
in the turn−off time−step. Charge lost through reverse current in the valve after the
zero−crossingis recovered and placed back on themainTCSCcapacitor. The reactor
current is set to zero at the zero−crossing point.

The item “Snubber Turn−Off Pre−Charge” in the above menu provides an option
concerning the turn−off of valves in the TCSC model. The default is to place no
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charge on the snubber capacitor ( Snubber Turn−Off Pre−Charge = 0.0 ) after inter-
polating back to the current zero−crossingpoint. When this is done, the snubber will
ring in the normal way and provide an increase in voltage applied to the valve during
the valve recovery.

However, the snubber is modelled simply, as shown in the icon of the TCSC. There-
fore, it may known through detailed study of the actual valve and snubber, that the
recovery voltage overshoot will be less than seen in the simulation. The item “Snub-
ber Turn−Off Pre−Charge” allows the valve voltage overshoot to be reduced by pre−
charging the snubber capacitorwith a fraction ( 0.0 to 1.0 ) of themain capacitor volt-
age, after interpolating back to the zero−crossing point. The charge placed on the
snubber is taken from the main capacitor so as to conserve charge. The presence of
the charge reduces ringing in the snubber.

The final two entries in the TCR BRANCHPARAMETERSmenu require some ex-
planation. The TCR valve model in the TCSC is configured so that it will only turn−
on if it receives both a firing pulse and a specified level of forward voltage ( BOD
voltage ) on the valve. In fact, as may be noted in the TCR BRANCH PARAME-
TERS menu, that there are two specifiable levels of BOD voltage. The User may
switch between these two levels dynamically during a simulation using a bit in a con-
trol word passed on the backplane. This is discussed below in conjunction with the
GENERAL CONTROL INPUTS menu below.

The ARRESTOR PARAMETERS menu appears as follows:

The Arrestor model operates according to the following V−I characteristic equation
( in Quadrant 1 ) where Id and Vd are the crest discharge current and voltage.
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The above equationmay be fitted to anArrestor characteristic by choosing appropri-
ate values of Vd, Id, andN. The presence of the large capacitance in themain capaci-
tor bank is beneficial to the proper numerical operation of this arrestor model.

The icon allows the selection of values of N between 2 and 32. However, a very high
value of N means that the curvature of the arrestor characteristic at the knee point is
very high. This can lead to numerical difficulties if the capacitance of the main ca-
pacitor is small. In this case, it may be necessary to experiment with the circuit being
simulated in order to select a suitable N.

For high values of N, the incremental resistance of the characteristic reduces quickly
as voltage rises above Vd. The minimum resistance ( rmin ) item in the above menu
allows the specification of a lower limit on resistance. Rmin is a fraction of the incre-
mental resistance at the discharge point. The resistance at the discharge point of the
characteristic is Vd / ( N * Id ).

The Energy Decay Factor in the above table is used to multiply the accumulated ar-
restor energy in each time step. This is a basicmethod for providing arrestor cooling.
It is normally selected in the range of 0.999 to 0.999999.

Monitoring arrestor energy and current in RunTime and sending arrestor energy and
current to D/A output is discussed below. The Arrestor is permitted to switch ON
and OFF as will be discussed below.

The DAMPER GAP AND FAULT 2 PARAMETERS menu appears as follows:
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As may be noted in the above menu, the bypass GAP in the model will only fire in
the presence of both a User specifiable level of voltage ( “gapv” ) and the trigger
pulse.

TheGAPwill recover current blocking capability only if the current has been smaller
inmagnitude than a specifiable level ( “gapc” ) continuously formore than a specifi-
able period of time ( “gapt” ). Please note that the GAP current falls to zero any time
that the Bypass breaker ( BRKR ) or Fault No. 1 ( FLT1 ) are conducting.

The other parameters in the above menu are self−explanatory. There is no need to
specify the ON and OFF resistances of the BRKR, FLT1 and GAP because they are
mathematically modelled as ideal switches ( zero Ohms when closed, infinite Ohms
when open ).

11.4 THE TCR FIRING PULSE INPUT MENU

The TCR FIRING PULSE INPUTmenu for the A−phase of a TCSCmodel is in the
following form:



TCSC MODEL

−11.9−

This menu enables the external source of firing pulse information to be specified for
the single−phaseTCSCmodel as three named words passed on the backplane in the
RTDS rack. The 3 named words may be generated in Control Blocks described be-
low.

The first word ( “nmfp” ) is the firing pulse word. This is an integer word having a
permitted range of values from binary 000000 to binary 111111. Each bit represents
a firing pulse bit, the least significant bit ( LSB ) corresponds to the firing pulse bit
for valve number 1. Themenu enables the selection of two bits from the firing pulse
word for firing the forward and backward facing valves. A “1” bit asserts firing. The
forward and backward facing valves are identified in the icon as FORE and BACK
respectively.

The second word ( “nmlst” ) is an integer identifying the last bit in the firing pulse
word to transition ON in the last time−step. If no bit transitioned ON, the word
“nmlst” should contain zero. Otherwise, that bit number should be contained within
“nmlst”. For example, if firing pulse bit 4 transitioned ON 2/3 of the way through
the last time−step, then the integer 4would be passed on the backplane in the “nmlst”
word. In this latter case, the third named word ( “nmfrc” ) should contain a floating
point number, between 0.0 and 1.0, which describes the fractional position in the
time−step when the ON transition occurred ( Example: 0.66667 ).

Each of the single−phaseTCSCs required to simulate a three−phaseTCSCmaymon-
itor the same set of named words. For example, the phase “A” TCSC may monitor
bits 1 and 4, phase “B” may monitor bits 2 and 5, and phase “C” may monitor bits
3 and 6. The firing of 1 out of 6 valves can be improved in each time−stepwhen the
single−phaseTCSCsmonitor the same 3words. This is usually adequate, given that
the valves in a three−phase TCSC typically transition ON at 60 degree intervals.
However, a different set of three words may be monitored for each single−phase
TCSC. In that case, each valve turn−onwill be with improved accuracy because two
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valves in a single−phase TCSC cannot turn on in the same time−step.

The firing−pulse word set may come from a control system simulated in the RTDS
as illustrated below, or from a Digital Input Time Stamp ( DITS ) card as described
in the next section.
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The Phase Locked Loop ( PLL ) in the above schematic is controls component
rtds_sharc_ctl_PLL. The Firing Pulse Generator is rtds_sharc_ctl_FPGEN.

The Firing Pulse Generator must be set to produce a firing pulse width of 180
degrees duration rather than 120 degrees.
These components represent basic control blocks which are not optimized for any
particular purpose. More detailed control systemsmay be assembled using the lower
level control blocks which are available in the Controls Compiler library.
Setting the DISABLE switch to 1 disables the improved firing output words FLST
and FRAC. Therefore, for operation with improved firing, the DISABLE switch
must be set to 0. FLST is the number ( 1 to 6 ) of the last firing pulse to transition ON
in the time−step. The switch DBLK ( in the 1 position ) causes firing pulses to be
generated. FRAC is the fraction of theway through the time−stepwhere theON tran-
sition of a firing−pulse occurred. When there is no firing−pulseON transition in the
time−step or when DISABLE = 1, then FLST will be equal to integer 0 and FRAC
will be equal to floating−point 0.0. With the latter outputs for FLST and FRAC, the
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TCSC will obey the firing pulses in FP but no improvement in firing accuracy will
occur. The User may monitor FLST and FRAC in RunTime.

11.5 THE DIGITAL INPUT TIME STAMP CARD

Access of DITS Card Using Component: rtds_sharc_ctl_DITS

The Digital Input Time Stamp ( DITS ) card can be used in support of improved fir-
ing accuracy for the TCR during testing of physical TCSC controls. The DITS card
may be accessed using the Controls Compiler component icon
( “rtds_sharc_ctl_DITS” ) illustrated below:

DITS

Frac

ACT

FP Firing Pulse word ( integer: 0 to 63 )

Last Firing Pulse Bit to
transition in the time−step
( integer: 0 to 6 )

Enable Improved
Firing switch

( integer 0 = no
or 1 = yes )

Controls Input

Controls Output

Fraction of the way through the
time−step where the last transition
occurred ( 0.0 to 1.0 )

EN

The selection of PARAMETERS in the above icon depends upon themethod of con-
nection of the firing pulses to the DITS card. The following diagram illustrates the
circuit for a firing pulse bit passing through the DITS card opto−isolation.
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The firing pulse bit on the RTDS side of the opto−isolation goes to 5 Volts ( logic 1 )
when the LED in the opto−isolationchip is not conducting. The anode “A” and cath-
ode “C” of each LED are brought out to terminal blocks. Each LED circuit is com-
pletely isolated from the others and active firing pulses can be represented by a non−
conducting or a conducting LED.

In the case where a 6−bit firing pulse word is to be represented by non−conducting
LEDs, the Draft circuit for the DITS control component and the associated PA-
RAMETERS menu should appear as follows:

DITS

FP

FL

FRFrac

ACT

FP
ENABLE

0

1

The first item in the abovemenu allows retrieval of the firing−pulseinformation from
the DITS card to be delayed until late in the time−step. The length of this delay can
be seen using the DRAFT menu OPTIONS −> Show Processor Usage ( No / Yes )
selection, after the case has been compiled.
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In the case where a 6−bit firing pulse word is to be represented by conducting LEDs,
the Draft circuit for the DITS component is unchanged. The PARAMETERSmenu
should appear as follows:

In the conducting LEDs case, it is necessary to invert the firing logic. It is also neces-
sary to specify that the DITS icon should pass out fraction information concerning
“Falling Edges” instead of “Rising Edges”.

In either case, it is useful to force the DITS control component to be serviced late in
the time−step by giving it a higher priority level and if necessary by specifying a
delay using the menu item “US”. In this way, the firing information is not delayed
before being passed on the backplane to the TCSCmodel at the end of the time−step.

Details describing the connection of the DITS card to the 3PC are given the RTDS
Hardware Manual.

11.6 THE GENERAL CONTROL INPUTS MENU

TheGENERALCONTROL INPUTSmenu appears as in the diagram illustrated be-
low. Each single−phaseTCSC requires 1 floating−pointcontrol word and 10 control
bits. The 10 control bits are selected from one or more integer control words passed
on the backplane. This menu allows the source of the inputs to be specified by name
and bit number.
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The first line in the GENERAL CONTROL INPUTS menu requests the name of a
signal representing theCapacitorUnbalance current. Capacitors are usually arranged
in parallel strings, with monitoring at intermediate points to detect failures and im-
balance in the strings. This input multiplies themain capacitor current to simulate an
imbalance for protection. The factor can come from the Controls Compiler.

The remaining entries in theGENERALCONTROL INPUTSmenu relate to control
bits for various purposes as follows;

1. Adeblock bitmust be set to 1 to enable firing pulses to the TCRvalve.

2. A bit is provided for forcing TSR firing mode as discussed below.

3. A BOD control bit must be set to “1” in order to select the second
Valve Firing Voltage Level as discussed in section 11.3 above. A “0”
for this bit selects the first Valve Firing Voltage Level.

4. Two control bits in one word must be passed for controlling the Plat-
form Disconnects. A “1” bit closes a Disconnect.

5. An Arrestor control bit allows the Arrestor model to be Off and On.
The transition betweenOff andOn orOn andOff, only occur at a cur-
rent zero. A “1” bit enables theArrestor. When theArrestor is turned
Off, the accumulated Arrestor energy is reset to 0.0.
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6. The Bypass Breaker control bit and the Main Gap firing bit are se-
lected from the same word. The Breaker is closed by a “1” bit. Simi-
larly, the Main Gap is fired by a transitory “1” bit in the presence of
sufficient voltage as discussed in section 11.3 above.

7. The Fault No. 1 and No. 2 control bits are selected from the same
word. A “1” bit applies the fault. Faults clear on current zeroes as
do the breaker and disconnects.

The following DRAFT diagram illustrates, by example, the creation of various con-
trol words using the controls compiler:
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In the above diagram, theControl inputs are shown as switches and sliders accessible
in RunTime. However, any of the individual inputs could have been brought into the
controls processor through a Controls Compiler digital input port icon. As an alter-
native, the slider and switches could be replaced by amore complicated controls cir-
cuit containing timers, threshold detectors, and similar devices.

TSR Firing Mode

Firing Pulses taken into the TCSC model are processed within the TCSC model as
illustrated in the following diagram before use. The signal TSRON is set to 1 to en-
able TSR firing mode.
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When TSRON is asserted ( logic 1 ), the arrival of the next firing pulse causes both
final firing bits, FP1 and FP2 on the right, to be asserted ( logic 1 ) until TSRON is
reset back to 0.

11.7 SIGNAL MONITORING IN RUNTIME & CONTROLS MENU

This menu lists the floating−point signals which are produced by the single−phase
TCSCmodel. If “YES” is selected with respect to a particular entry, then that signal
will be available both as an input to theControlsCompiler and formonitoring inRun-
Time. If “YES” is given for a signal or a D/A output of the signal is requested as dis-
cussed below, a Name for the signal must be supplied in the SIGNALNAMESFOR
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RUNTIME and D/A menu.

The signals listed in the above table are in units of kA, kV and MW−sec. The refer-
ence direction for all currents and the main capacitor voltages are illustrated in the
icon shown on page 11.1 of this chapter. TCSC currents No. 1 and No. 2 are shown
as T1 and T2 in the icon. Please note the reference direction for the platform current
P which is into the platform.

11.8 SPECIFYING D/A OUTPUT

The menu ENABLE D/A OUTPUT ( MAX = 8 SIGNALS ) below lists the signals
which may be assigned to D/A output channels located on the faceplate of the 3PC
processor.

There are only 8 D/A output channels on a processor, 24 per 3PC card. If more than
8D/Aanalog output signals per single−phaseTCSCmodel are desired, the additional
signals can be passed to a Controls Compiler processor and routed to a D/A output
channel on the controls processor. In order to pass a signal on the RTDS backplane,
it must be selected in the SIGNALMONITORING INRUNTIME andCONTROLS
menu discussed in the preceding section.
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For requested signals, the D/A CHANNELASSIGNMENTSmenu must be used to
specify unique D/A channel numbers between 1 and 8. The signal magnitude which
corresponds with a 5 Volt D/A output level must also be supplied.

In the menu SIGNALNAMES FORRUNTIME and D/A discussed below, a unique
Name must be specified for each signal that is either assigned to a D/A channel or
passed on the backplane for monitoring in RunTime or in the Controls Compiler
processors.

In the case of signals assigned to D/A channels, Offset and Unity Gain sliders can
be created in RunTime according to signal names. In addition, for each signal name,
a switch can be created in RunTime for lighting an LED on the faceplate of the 3PC
card. The LED for a named signal is located immediately above the output pin for
the signal.

11.9 SPECIFYING SIGNAL NAMES

The SIGNAL NAMES FOR RUNTIME and D/A menu is illustrated below:
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In this menu, a name must be specified for all signals which have been requested in
either the SIGNALMONITORING INRUNTIME and CONTROLSmenu or in the
ENABLE D/A OUTPUT ( MAX = 8 SIGNALS ) menu as discussed above.

The signals and facilities which can be accessed using the specified signal names are
discussed in the last two sections above.
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11.9 SPECIFYING SIGNAL NAMES

The SIGNAL NAMES FOR RUNTIME and D/A menu is illustrated below:

In this menu, a name must be specified for all signals which have been requested in
either the SIGNALMONITORING INRUNTIME and CONTROLSmenu or in the
ENABLE D/A OUTPUT ( MAX = 8 SIGNALS ) menu as discussed above.

The signals and facilities which can be accessed using the specified signal names are
discussed in the last two sections above.
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12 INTERFACED SVC MODEL

( rtds_sharc_SVC3 )

12.1 INTRODUCTION

There are two SVCmodels which are available for usewith the 3PCCard, the SVC3
and SVC4.

The SVC3 model described in this Chapter is the first created for the 3PC card. The
SVC3 model can be used with the Real Time Network Solution based on 3PC cards
( Chapter 2 ). The model may be connected to either Connector type nodes or Em-
bedded type nodes when used with the Real Time Network Solution. One to three
Sharc processors on one 3PC card are required for using the SVC3model, depending
on the number of processors enabled in the CONFIGURATION menu. The model
can provide up to 5 TSC or TCR banks connected in Wye or Delta with up to 4 filter
banks and an SVC transformer on the one card.

Alternatively, Chapter 13 describes an embedded SVC bank model ( SVC4 ) which
is solved as part of the main network as one seamless Dommel trapezoidal network.
Themodel described inChapter13 uses1Sharc processor per bank. The SVC4mod-
elmust be connected to Connector type nodes in a Real TimeNetwork Solution. The
SVC4 model has improved turn−off performance so that BOD firing can be more
properly simulated. The SVC4 model also allows for valve, reactor, capacitor and
low−sidebus faults. The increased performanceof the SVC4model comes at the cost
of generally usingmore hardware for the SVC4 solution. Presently, the SVC4model
can only accommodate Delta connected SVC banks.
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The SVC3 Model
As with the Voltage Type Bridge ( Chapter 14 ), the TCSC ( Chapter 11 ), and the
HVDCValve Group ( Chapter 8 ), each TCR bank within the SVC3 model includes
an improved firing accuracy capability, described below. Of course, the TCR in the
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SVC4 model ( Chapter 13 ) also includes the improved firing accuracy capability.

The icon for the model appears as shown in the Figure below. The icon is labeled
“TYPE SVC3” in the lower left−hand corner to distinguish it from earlier versions
which had no such label. The 5 possible SVC banks are labelled as TCR or TSC in
the icon according to the User’s specification.
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The transformer for the SVC3 model can represent all six ( 6 ) possible lags in Yy,
Yd, Dy and Dd transformer connections. Winding resistance is also included in the
SVC3 transformer model.

The first processor ( PROC1 ) in the above icon is always enabled. Processor
PROC1models the SVC transformer and optionally: one TSC or TCR bank and two
single−tuned filters or one double−tuned filter. Enabling processor PROC2 allows
twomore TSC or TCR banks and twomore single−tunedfilters or one more double−
tuned filter to be modeled. Enabling processor PROC3 permits two more TSC or
TCR banks as shown above.

Each of the five possible SVC banks can be either a TCR bank or a TSC bank and
each SVC bank can be connected in either Wye or Delta. In the above Figure, SVC
bank 4 is shown as connected in Wye with a floating neutral star point. SVC banks
1, 2, 3, and 5 are shown as connected inDelta. The individual SVCbanks are labelled
as TCR# or TSC# in the icon, depending on whether the bank has been selected to
be a TCR bank or a TSC bank.
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12.2 STATIC VAR COMPENSATORMENU TABS

Due to the large number of menu tabs, images of the the various menus throughout
this chapter will not show all of the menu tabs. The partial CONFIGURATION −
SVC3 FOR 3PC menu, and all of the tabs which are available by default appears
above.

12.3 CONFIGURATION − SVC3

The CONFIGURATION − SVC3 FOR 3PC menu appears below.
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As usual, the first entry is a name. An Error messagewill be issued if any other SVC
is given the same name.

The first processor ( PROC1 ) shown in the icon is always enabled. That processor
models the SVC transformer and optionally; one TSC or TCR bank, and two single−
tuned filters or one double−tuned filter. An SVC3 model using one processor can be
run on processor A, B or C on a card. If additional SVC or filter banks are to bemod-
elled, processor 2 ( PROC2 ) or processor 3 ( PROC3 ) or bothmust be enabledusing
the second and third entries in the above menu.

If only one of PROC2 and PROC3 are enabled, then the model will always use two
consecutive processors on a card. For example, the model might run on the A and
B processors on a 3PC card or on the B and C processors. The model will never run
using the A and C processors without also using the B processor.

If both PROC2 and PROC3 are enabled, then themodel will always use all three pro-
cessors ( A, B and C ) on a single 3PC card.

The fourth entry in the CONFIGURATION menu specifies the basic transformer
connection. The primary and secondary can each be Y−connected or Delta−con-
nected. “Y” or “y” in the choices means Y−connected. “D” or “d” in the choices
means Delta−connected.The primary winding connection is indicated by the capital
letter and the secondary winding connection is indicated by the lower case letter.
Additional transformer data including primary neutral connection is requested in the
next menu below named TRANSFORMER PARAMETERS.

The fifth entry in the CONFIGURATION menu enables Automatic or Manual as-
signment to specified processors. If Automatic assignment is requested, the subse-
quent two entries in the menu are ignored. If Manual assignment is requested, a spe-
cific processor can be selected by indicating 3PC card number and processor. If two
models request the same processor, an Error message will be given. Manual assign-
ment is useful where external equipment is being connected through I/O to a given
3PC processor. In that case, Manual assignment ensures that the selected processor
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will continue to be used as the case is modified.

12.4 TRANSFORMER PARAMETERS

The TRANSFORMER PARAMETERS menu is shown below.

Items 1 to 6 are always visible ( not “greyed out” ) . They prompt for transformer
data that is always required.

Item 7 ( “trlg1” ) is visible if the Basic Transformer Connection in the CONFIGU-
RATIONmenu is specified as either “Yy” or “Dd”. This specifies whether the SVC
bank−side voltages will be in phase with the primary voltages or 180 degrees out of
phase for these connections.

Item 8 ( “trlg2” ) is available if the Basic TransformerConnection in the CONFIGU-
RATIONmenu is specified as either “Yd” or “Dy”. This specifies whether the SVC
bank side voltages will be lagging the primary voltages by 30 degrees, 150 degrees,
210 degrees, or 330 degrees for these connections.

Item 9 ( “prygd” ) is available if the Basic Transformer Connection in the CON-
FIGURATIONmenu is specified as either “Yy” or “Yd”. This item specifieswheth-
er or not the neutral point on the transformer primary is grounded for these connec-
tions.

Items 10 and 11 ( “xzrpr” and “xzrpx” ) are available if the Basic Transformer Con-
nection in the CONFIGURATIONmenu is specified as “Yd”. If item 9 indicates that
there is a neutral connection to ground, zero−sequence impedance must be specified
in response to items 10 and 11. Otherwise, values entered for items 10 and 11 will
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not be used.

It is well−known in electromagnetic simulation that switching events can cause two
time−step numerical oscillations. These oscillations are often damped by the resis-
tances in the network. However, in this model, items 12 and 13 provide an optional
series RC circuit for this purpose. The default values of 500 p.u. resistance in series
with 500 p.u. capacitive reactance are usually adequate for controlling numerical os-
cillations. The p.u. base is that of the transformer secondary. These values can be
made larger or smaller than 500 p.u. if desired.

12.5 ENABLE TCR / TSC BANKS

The next menu is ENABLE TCR/TSC BANKS, shown below.

This menu allows possible SVC banks to be either TCR banks or TSC banks. The
items for Bank No. 2 and Bank No. 3 will only be visible if processor number 2
( PROC2 ) has been enabled in the CONFIGURATION menu as discussed above.
Similarly, the items for Bank No. 4 and Bank No. 5 will only be visible if processor
number 3 ( PROC3 ) has been enabled.

12.6 TCR / TSC PARAMETERS

Depending onwhich SVCbanks are enabled in the abovemenu, the next threemenus
allow the parameters of the individual enabled banks to be specified. The items for
Bank No. 1 are contained in a menu called TCR / TSC PARAMETERS: BANKNO.
1, illustrated below. Identical items must be answered for each enabled SVC bank.
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Item 1 prompts for the TCR or TSC bank, Delta or Wye connection. There can be
a mixture of Delta andWye connected banks. Wye connected banks have a floating
neutral.

Items 2 and3 prompt for the resistance and inductanceof the reactor in the SVCbank.

Item 4 ( “tsc1c” ) will be visible only if the bank has been specified as a TSC bank
( not a TCR bank ). This item prompts for the size of the main TSC capacitor. It is
often the case that the series LC in a TSC bank is tuned to the 5th or 7th harmonic of
the fundamental frequency.

Items 5 and 6 ( “snc1” and “snr1” ) request the parameters of the series RC snubber
used on the valve. It is sometimes necessary to provide a snubber circuit which has
more snubbing effect than the actual snubber, for numerical reasons. This is due to
the reversal of current in the valve continuing until the end of the time−step at which
point it is cut−off. This can cause a larger shut−off voltage spike than would be ex-
pected in the real valve. In particular, a larger snubber circuit may be required when
the BOD ( break−overdiode ) feature is enabled, as discussed below. The parameters
of the snubber should be optimized to obtain good numerical performance. The RC
time constant should always be greater than 2 time−steps in magnitude.

Item 7 ( “vlvr1” ) prompts for valve “Off” resistance. The valve “On” resistance is
always exactly zero. If some valve “On” resistance needs to be represented, the resis-
tance of the reactor can be increased artificially.

Item 8 ( “vbrk1” ) prompts for valve break−over voltage. When the absolute value
of the valve voltage exceeds the specified break−over voltage, then the valve with
positive forward voltage will turn−on, as if it had received an external firing pulse.
This feature may be disabled by specifying a high break−over valve voltage such as
1.0e6 kV ( illustrated in the above table ). There are limitations in using the break−
over feature. When a valve in a TCR leg shuts “Off”, then a forward voltage spike
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will be created on the reverse valve in the TCR leg. This is due to the reversal of cur-
rent in theTCR legwhich occurs in the valve before the end of the turn−off time−step.
Themagnitude of this spike is dependent on the point in the time−stepwhen the valve
turns “Off” and the size of the snubber circuit. Therefore, the spike is not consistent
in magnitude. One limitation of using BOD is that the snubber circuit must be made
overly large to control the effects of the spike. If control of this spike is important,
consideration should be given to the use of SVC4.

Items 9 and 10 ( “pt1v1” and “pt1v2” ) prompt for two three−phase voltage output
quantities to be calculated. For reference, a typical TSC bank ( connected in Delta )
may be configured as follows:

TSC

Phase A

Phase B

Phase C Valve 2

Valve 1

Valve 4

Valve 3Valve 6

Valve 5

Leg 1

Leg 2

Leg 3

+

+

+

.
Point
X

EachTCR leg has a valve and a reactor. EachTSC leg also has a capacitor. The polar-
ity of the voltages on these components are as shown on Leg 1 in the above Figure.
Of course, the order of the components may be different in a Leg of the actual hard-
ware. Therefore, the model allows the voltage components to be combined so as to
obtain an appropriate voltage signal for the actual arrangement of components.

Items 9 and 10 ( “pt1v1” and “pt1v2” ) select one of nine combinations of output
quantities ( 0 to 8 ) for each three−phaseoutput. The combination of components are
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described in the Table below for Leg1. Of course, Tables for Leg2 andLeg3 are simi-
lar except that the Phase A voltage is replaced with the Phase B or Phase C voltage.
The table also applies for Wye connected banks.

“pt1v1” and “pt1v2”
Selection

0

1

2

3

4

5

6

7

8

Phase “A”

0

Capacitor Valve Reactor

0 0 0

0

0

+ 0 0

+0 0

+

0

− 00

+

+

+

+

+

0.0 output −−>

capacitor output −−>

valve output −−>

− 0

−0 0

−

−

0

− 0

−0

− −

Components of Output Voltage

For example, if the components of the actual hardware are configured as shown for
the TSC bank illustrated above, and if the voltage is to be monitored at point X,
“pt1v1” or “pt1v2” would be equal to 4. This selection would cause a three−phase
signal to be calculated where the signal for each Leg consists of the node voltage for
the phase minus the valve voltage for the respective Leg.

Output of the calculated voltage signals to RunTime, the controls compiler, and/or
D/A are described below.

12.7 INPUT SIGNAL NAMES: SVC DEBLOCKING

The nextmenu is INPUTSIGNALNAMES: SVCDEBLOCKING, as shownbelow.
Thismenu is used to specify the source of the deblock bit for each enabledSVCbank.
This is done by specifying the name of an integer control word and the bit number
within the control word. The least significant bit ( LSB ) is referred to as bit 1. If
desired, the same control word can be used for all banks and a different control bit
specified for the separate banks.
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The integer control wordmay be created in the Controls Compiler ( CC ). The signal
can depend on digital input, RunTime switches, and/or the output of some control
systemmodelled in the CC. An example Draft schematic showing the generation of
a controlword in theCC is shown below. This circuit provides switches inRunTime.
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12.8 INPUT SIGNAL NAMES: SVC VALVE FIRING

The next menu is INPUT SIGNAL NAMES: SVC VALVE FIRING, as shown be-
low. This menu enables specification of the external source of firing pulse informa-
tion as three words passed on the backplane in the RTDS rack. The 3 named words
may be generated in the Controls Compiler blocks as described below.

The top 3 entries in themenu are for SVCBankNo. 1. The next 3 entries are forBank
No. 2, et cetera.

If an SVCBank is specified as aTCR , then it will require all three of the Firing Pulse,
Flast, and Fraction input words. If an SVC Bank is specified as a TSC, then it will
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require only the Firing Pulse input word. Words will be “greyed out” if they are not
required for the the banks which have been enabled.

For aTSC typeSVCbank, a very simple control system for turning on theTSCwould
be as illustrated below. This provides a switch in RunTime for the TSC.

++

TSCFP

0

63

0

FP1
T0

icon
“rtds_sharc_ctl_SENDT0”

As an alternative to the switch, the firing pulse information for the TSC can be
brought into the Controls Compiler processor using aCC digital input icon. The out-
put of the digital input icon would be sent to the “rtds_sharc_ctl_SENDT0” icon.

It is important to note how the icon “rtds_sharc_ctl_SENDT0” is used in the above
diagram. This icon causes the firing information to be passed on the backplane at the
mid−point of the time−step ( T0 ) rather than at the end of the time−step ( T2 ). The
banks in the SVC3 model ( an interfaced model ) must obtain the firing information
in the middle of the time−step, just in time for use after T0.

In order to use the “rtds_sharc_ctl_SENDT0” icon as shown, Control Component
ordering must be selected as “Auto” ( which is the default setting ), rather than the
optional “Priority” mode. The “Auto” selection can be made by right−clicking on
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the circuit canvas, and choosing “Options”. The “Circuit Options” menu will ap-
pear, in which “Auto” as opposed to “Priority” should be selected. Save and compile
the case. Open the processor−usagepage. Confirm that control blocks are organized
so that theT0 transfer is indicated to occur at a timewhich is less than about 20micro-
seconds. If more than 20 microseconds, then re−organize control blocks to reduce
time before T0. This will avoid unnecessarily extending the time−step size due to
delay of T0.

For details on passing signals at T0 in “Priority”mode, please see the Controls Com-
piler documentation. For details on the T0 and T2 transfers, see Chapter 2.

For a TCR type SVC bank, a simple RTDS control system for firing the TCR would
be as illustrated below. It creates the 3 backplane transfers, mentioned above, which
must be transferred at the T0 transfer opportunity using “rtds_sharc_ctl_SENDT0”
icons.
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The first word ( “n#fp” ) is the Firing Pulse Input word. This is an integer word hav-
ing a permitted range of values from binary 000000 to binary 111111. Each bit repre-
sents a firing pulse bit, the least significant bit ( LSB ) corresponding to the firing
pulse bit for valve number 1. A one ( 1 ) bit asserts firing of a valve.

The second word ( “n#fl” ) is an integer identifying the last bit in the firing pulse
word to transition ON in the last time−step. If no bit transitioned ON, then the word
“n#fl” should contain the integer 0. However, if a bit did transition ON, then that bit
number should be contained within “n#fl”. For example, if firing pulse bit 4 transi-
tioned ON 2/3 of the way through the last time−step, the integer 4 would be passed
on the backplane in the “n#fl” word.

In this latter case, the third named word ( “n#frc” ) should contain a floating point
number, between 0.0 and 1.0, which describes the fractional position in the time−step
when the ON transition occurred ( Example: 0.66667 ).
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The firing of 1 out of 6 valves can be improved in each time−step.

The Phase Locked Loop ( PLL ) in the above Controls Compiler schematic is con-
trols component icon “rtds_sharc_ctl_PLL”. The Firing Pulse Generator is icon
“rtds_sharc_ctl_FPGEN”.

The Firing Pulse Generator must be set to produce a firing pulse width of 180
degrees duration rather than 120 degrees.

More information is provided in Chapter 11 on the TCSC. These components repre-
sent basic control blocks which are not optimized for any particular purpose. More
detailed control systems may be assembled using the lower level control blocks
which are available in the Controls Compiler library.

Firing pulse information may be acquired from external SVC control hardware with
the DITS ( Digital Input Time Stamp ) card. Chapter 11, on the TCSC model, de-
scribes the use of theDITS and it’s control icon, “rtds_sharc_ctl_DITS”. If using this
component, the “rtds_sharc_ctl_SENDT0” component should also be used as dis-
cussed above, to pass the firing information at T0 in the middle of the time−step.

12.9 ENABLING AND SPECIFYING FILTERS

There are three menus for enabling and specifying filters as follows:

ENABLE FILTERS: DOUBLE−TUNED
ENABLE FILTERS: SINGLE−TUNED
FILTER PARAMETERS ( SEE MANUAL )

The ENABLE FILTERS: DOUBLE−TUNEDmenu may be used to enable Filter 1
on processor 1 as a double−tunedfilter connected inDelta. In that case, neither Filter
1 nor Filter 2 are usable on processor 1 as single−tuned filters.

If a double−tuned Filter is not requested on processor 1, the ENABLE FILTERS:
SINGLE−TUNEDmenu can be used to request 1 or 2 series−RLC or High−pass fil-
ters connected in delta on processor 1.

The ENABLEFILTERS: DOUBLE−TUNEDmenu can also be used to enable Filter
3 on processor 2 as a double−tuned filter, connected in Delta. In that case, neither
Filter 3 nor Filter 4 can be used on processor 2 as single−tuned filters.

If a double−tuned Filter is not requested on processor 2, the ENABLE FILTERS:
SINGLE−TUNEDmenu can be used to request 1 or 2 series−RLC or High−pass fil-
ters connected in delta on processor 2.

The FILTER PARAMETERS menu appears as shown below.
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The use of the parameters on each processor depends on the type of filter selected
in the ENABLEFILTERS: DOUBLE−TUNEDandENABLEFILTERS: SINGLE−
TUNED menus. The types of filters available are shown in the Figure below.

RLC HP Double−Tuned
( Processor 1 )

R#
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C#

L#

C#

R#

C2

C1

L1

L2

R2

R1

( Filter Number # )
Double−Tuned
( Processor 2 )

C4

C3

L3

L4

R4

R3

Single−Tuned

If a double−tuned filter is enabled on processor 1 or processor 2, then the quantities
in the FILTER PARAMETERSmenu correspond to the R, L, and C elements shown
in the above Figure for the double−tuned filter.

If a single−tuned filter is enabled on processor 1 or processor 2, then the correspond-
ing set of R, L, and C quantities in the FILTER PARAMETERS menu corresponds
to R, L and C components of either an RLC−tuned filter or a High−pass filter as
shown in the above Figure.
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12.10 ENABLING MONITORING IN RUNTIME AND CONTROLS

There are four menus for enabling monitoring of available output quantities in Run-
Time and the Controls Compiler ( CC ) as follows:

MONITORING IN RUNTIME AND CC: TRF & BK1
MONITORING IN RUNTIME AND CC: BK2 & BK3
MONITORING IN RUNTIME AND CC: BK4 & BK5
MONITORING IN RUNTIME AND CC: FILTERS

Eachof themenus has essentially the same function but for different parts of themod-
el. The first menu covers the transformer ( “TRF” ) and SVCBank No. 1 ( “BK1” ).
The secondmenu covers SVCBanksNo. 2 and 3. The thirdmenu covers SVCBanks
No. 4 and 5. The final menu covers the Filters.

These menus are used to specify if various possible output signals from the model
will be transferred on the backplane. Signals passed on the backplane can be moni-
tored in RunTime, used in the Controls Compiler, or picked up for analog output by
16 bit optically isolated D/A cards ( ODAC ). Signals do NOT need to be passed on
the backplane in order to be passed out of D/A channels on the front of the model
processor card. The menus enable transfers of single−phase signals in the following
list:

1 ) Primary currents into the transformer;
2 ) Voltages on the transformer valve−side bus;
3 ) The currents calculated in each of the SVC banks;
4 ) The 2 sets of three−phase voltages calculated in each bank; and
5 ) The filter currents.

12.11 ENABLING D/A OUTPUT

There are four menus for enabling D to A output of available output quantities, as
follows:

ENABLE D/A: TRF & BK1 ( MAX D/A = 8 ON PRC 1 )
ENABLE D/A: BK2 & BK3 ( MAX D/A = 8 ON PRC 2 )
ENABLE D/A: BK4 & BK5 ( MAX D/A = 8 ON PRC 3 )
ENABLE D/A: FILTERS ( MAX D/A = 8 ON PRC 1 & 2 )

Eachof themenus has essentially the same function but for different parts of themod-
el. The first menu covers the transformer ( “TRF” ) and SVCBank No. 1 ( “BK1” ).
The secondmenu covers SVCBanksNo. 2 and 3. The thirdmenu covers SVCBanks
No. 4 and 5. The final menu covers the Filters.
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Thesemenus are used to specify which output signals from the model will be passed
through D/A output channels on the front of the processor card. The menus enable
local D/A output of all single−phase signals listed in the previous section.

Each processor on a processor card has 8 dedicatedD/A channels. In the SVCmodel,
only quantities calculated on a given processor can be passed to the 8 D/A channels
on that processor. If more D/A outputs per processor are required, then quantities
must be passed on the backplane to the Controls Compiler ( CC ) where they can be
passed out of D/A channels on the CC processor. Alternatively, additional D/A out-
put signals can be passed from the backplane to optically isolated D/A cards
( ODAC ).

12.12 SPECIFYING D/A OUTPUT CHANNELS

There are four menus for specifying the D to A output channels to be used for the D
to A signals enabled in the previous section. The menus are as follows:

SET D/A CHANNELS: TRF & BK1 ON PROC 1
SET D/A CHANNELS: BK2 & BK3 ON PROC 2
SET D/A CHANNELS: BK4 & BK5 ON PROC 3
SET D/A CHANNELS: FILTERS ON PROC 1 & 2

Eachof themenus has essentially the same function but for different parts of themod-
el. The first menu covers the transformer ( “TRF” ) and SVC Bank No. 1 ( “BK1” )
which are calculated on processor PROC1. The secondmenu coversSVCBanksNo.
2 and 3 which are calculated on processor PROC2. The third menu covers SVC
BanksNo. 4 and 5which are calculated on processor PROC3. The finalmenu covers
the Filters which are calculated on processors PROC1 and PROC2.

The menus described in section 12.11 allow certain signals produced on a processor
to be passed out of D/A channels on that processor. The menus in this section allow
specification of which 8 D/A channels on the processor should be used for a given
signal. If more than one signal is assigned to a given channel on the same processor,
an error message will be given.

12.13 SPECIFYING SCALING OF D/A OUTPUT SIGNALS

There are two menus for specifying the scaling of the D to A signals enabled in Sec-
tion 12.11 as follows:

D/A OUTPUT SCALING: TRF & SVC BANKS
D/A OUTPUT SCALING: FILTERS

The first menu covers scaling of D/A signals for the transformer, secondary bus and
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SVC banks. The second menu covers scaling of D/A signals for the filters.

The signals calculated in the model for output are individual signals in three−phase
groups. This menu specifies the signal magnitude for each three−phasegroupwhich
will correspond to 5 Volts D/A output. Unity sliders are provided in RunTime for
circumstances in which it is necessary to provide different scaling for individual sig-
nals in a three−phasegroup. Switches are also provided in RunTime to light an LED
over the output channel on the front of 3PC card according to signal name ( see sec-
tion 12.14 below ). Signal Offset adjustment sliders are also available in RunTime.

12.14 SPECIFYING OUTPUT SIGNAL NAMES

There are four menus for specifying the names of output signals, as follows:

OUTPUT SIGNAL NAMES: TRF & BK1
OUTPUT SIGNAL NAMES: BK2 & BK3
OUTPUT SIGNAL NAMES: BK4 & BK5
OUTPUT SIGNAL NAMES: FILTERS

If output signals are requested in either theMONITORING INRUNTIMEANDCC
menus or the ENABLE D/A MONITORING menus, a unique signal name must be
provided for each output signal. The specified name will be used if the signal is
passed on the backplane. The specified name will also be used to identify the D/A
scaling and offset adjustment sliders in RunTime and also the LED On/Off switch
in RunTime.
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13 EMBEDDED SVC BANKMODEL

( rtds_sharc_SVC4 )

13.1 INTRODUCTION

There are twoSVCmodelswhich are available formodelling on the 3PC card: SVC3
and SVC4. This Chapter describes model type SVC4 while Chapter 12 describes
SVC3. The icon for the model ( rtds_sharc_SVC4 ) is shown below with optional
Grounding Transformer and optional faults visible.

Name

SVC4

Fault FP

FP

Fault FP

FP

Fault FP

FP

A

B

C

Type SVC4

1

4

3

6

5

2
GRD
TRF

The SVC3 model described in Chapter 12 was the first SVC model created for the
3PC card. TheSVC3modelmaybe connected to eitherConnector type nodes orEm-
bedded type nodes when used with the Real Time Network Solution. From one to
three Sharc processors on one 3PC card are required for using the SVC3 model de-
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pending on the number of banks modelled. The model can provide up to 5 TSC or
TCR banks connected in Wye or Delta with up to 4 filter banks and an SVC trans-
former on the one 3PC card.

As an alternative, this Chapter describes an embedded SVC bank model ( SVC4 )
which is solved as part of the main network solution as one seamless Dommel trape-
zoidal network. The SVC4 model can be configured either as a TCR bank or a TSC
bank. The SVC4 model uses one Sharc processor per bank.

The SVC4modelmust be connected toConnector type nodes in aRealTimeNet-
work Solution.

The model has improved turn−off performance so that Break−Over Diode ( BOD )
firing can be properly simulated. Themodel also allows for valve, reactor, capacitor
and low−side bus faults. The increased capability and performance of the SVC4
model comes at the cost of generally using more hardware for the SVC4 solution.
At present, the SVC4 model can only accommodate Delta−connected SVC banks.

As with the TCSC ( Chapter 11 ) and the HVDC Valve Group ( Chapter 8 ), and the
SVC3 type model ( Chapter 12 ), each TCR bank within the SVC4 model includes
an improved firing accuracy feature.

13.2 CONFIGURATION − SVC4 FOR 3PC

TheCONFIGURATION−SVC4 FOR3PCmenu, including themenu tabs available
by default appears below.
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As usual, the first entry is a User specified name. An Error message will be issued
if any other SVC4 is also given the same name.

The next entry in the CONFIGURATIONmenu allows theUser to specify either that
the model will represent a TCR bank or a TSC bank.

The SVC transformer is modelled using a normal transformer model. Therefore, the
User does not specify the transformer data in theSVC4modelmenus.However, vari-
ous quantities such as default plot limits andnumerical damping reactances are based
on the per unit base values of the SVC bank. Therefore, it is necessary to specify the
base values for bankMVAR, bank line−to−lineRMS kV, and base bank fundamental
frequency in Hz for the SVC bank. The next three items in the CONFIGURATION
menu request this data.

The SVC4 model has several optional features enabled by the next 11 items in the
CONFIGURATIONmenu. Depending on the selections made, the icon will change
in appearance and additional menu tabs will appear.

The model may have a grounding transformer as shown above in the icon. In that
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case, a menu tab called GROUNDING TRANSFORMER will appear.

The model may have a Block/Deblock control bit input. In that case, a menu tab will
appear asking for the name of the Backplane word and the bit number of the control-
ling bit in the word. This word can come from the Controls Compiler.

For the case of a TCR bank, themodelmay have a TSR ( thyristor switched reactor )
control input bit. When the TSR operationmode is enabled, assertion of the TSR bit
will cause both valves in a leg ( AB, BC, or CA ) to fire upon the arrival of the next
firing pulse for that leg. The continuous firing of both valves in the leg will continue
until the TSR bit is taken to zero. The TSR menu is shown below.

Each TCR / TSR bank has a default break−over diode ( BOD ) voltage specified in
the TCR / TSC PARAMETERS menu. However, using menu item “ebod”, it is also
possible for the User to request the dynamic input of a BOD level signal from the
Controls Compiler to over−ridethe default value. Thismight be aControlsCompiler
RunTime slider output which passes a BOD level value to the model. The slider
could be adjusted by the User dynamically during a simulation.

Each valve in the TCR/TSC banks by default requires a forward voltage which is
only greater than 0.0 in order to fire when a firing pulse is received. The “evlv” item
in the CONFIGURATION menu enables the User to substitute for the required 0.0
level with a higher level brought in from the Controls Compiler. If the option in item
“evlv” is selected, then the higher level is used for those valves indicated by the next
item, “avlv”. The “avlv” item enables the use of the higher input voltage level on “All
Valves” or only on those valves indicated by a 6 bit “CCWord” to be received from
the Controls Compiler. For example, a binary number of 001001 ( integer 9 ) would
indicate that valves 1 and 4 should use the higher level for firing. The menu INPUT
SIGNAL:VALVEBODANDFWDVLEVELS”, discussed below, enables theUser
to specify names for receiving the optional control signals from theControlsCompil-
er. See Section 12.10 for further clarification.

The next three items in the CONFIGURATIONmenu allow the User to request cer-
tain valve, reactor, and capacitor faults as shown in the model icon above. When us-
ing the large icon option ( also in the CONFIGURATION menu ), the requested
valve, reactor or capacitor faults will be visible in the model icon. When a fault type
is requested then an INPUT SIGNALS: FAULTS menu tab will appear. If a reactor
fault is requested, then the reactor fault data will be requested in the TCR / TSC PA-
RAMETERS menu as described below.

The last three entries in the CONFIGURATION menu ( shown above ) allow the
User to specify either that the model will be automatically assigned to a processor
( Automatic ) or manually assigned to a User specified processor. If the User re-
quests automatic assignment of the model to a 3PC processor, then the subsequent
two entries in the menu are ignored. If the User requests manual assignment of the
model to a processor, then the User can request a specific processor by indicating a
3PC card number ( beginning with 1 ) and whether the model will be on processor
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A, B, or C on the card. A 3PC card number of 1 means the 1st 3PC card in a rack.
If two models request the same processor, then an Error message will be given.
Manual assignment is useful in the case where a User is connecting external equip-
ment through I/O to a given 3PC processor. In that case, Manual assignment assures
the User that the model calculated on that processor will continue to be calculated
on that processor as the case is modified.

13.3 TCR / TSC PARAMETERS

This menu allows the User to specify the parameters of the TCR / TSC bank.

The default main data is for a TSC bank with 11.43 Ohm delta−connectedLegs with
the LC elements tuned to the 5th harmonic ( of 60 Hz ) and a reactor with a Q of 100.
The data will need to be re−entered to represent any realistic TCR. The third item
( “tsc1c” ) will be available to the User only if the bank has been specified as a TSC
bank ( not a TCR bank ).

Items 5 and 6 ( “snc1” and “snr1” ) request the parameters of the series RC snubber
used on the valve. The User may sometimes need to experiment with the snubber
circuit for numerical reasons. However, in this model this should not often be neces-
sary because the current in theTCRorTSC leg is interpolated back to zero at turn−off
to avoid unrealistic numerical effects. Previously, the reversal of current in the valve
continued until the end of the time−stepat which point the current was cut−off. This
could cause a larger shut−off voltage spike than would be expected in the real valve.
This difficulty has been overcome in the present model.

Item 7 ( “vlvr1” ) asks the User to specify valve “Off” resistance. The valve “On”
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resistance is always exactly zero. If the User would like to represent some valve
“On” resistance, then perhaps the resistance of the reactor could be increased artifi-
cially.

Item 8 ( “vbrk1” ) asks the User to specifyDefault ValveBreak−Overvoltage.When
the absolute value of the valve voltage exceeds the specified break−over voltage,
then the valve with positive forward voltage will turn−on ( as if it had received an
external firing pulse ). TheUsermay disable this feature by specifying a high break−
over valve voltage such as 1.0e6 kV ( as illustrated in the above table ).

The User may over−ride the default valve Break−Overvoltage by enabling the BOD
level input option in the CONFIGURATION menu. When this option is enabled,
then the User can control the BOD firing level from the Controls Compiler ( or the
Sequencer ) by setting a floating−pointvalue for a name. The name of the BODvolt-
age signal is specified in the INPUTSIGNAL:VALVEBODANDFWDVLEVELS
menu of the SVC4 model.

The item “Snubber Turn−Off Pre−Charge” in the above menu provides an option
concerning the turn−off of valves in the SVC4 model. The default is to place no
charge on the snubber capacitor ( Snubber Turn−Off Pre−Charge = 0.0 ) after inter-
polating back to the current zero−crossingpoint. When this is done, the snubber will
ring in the normal way and provide an increase in voltage applied to the valve during
the valve recovery.

However, the snubber is modelled simply, as shown in the icon of the SVC4. There-
fore, the User may know, through detailed study of the actual valve and snubber, that
the recovery voltage overshoot will be less than seen in the simulation. The item
“Snubber Turn−Off Pre−Charge” allows the User to reduce the valve voltage over-
shoot by pre−charging the snubber capacitorwith a fraction ( 0.0 to 1.0 ) of the recov-
ery voltage after interpolating back to the zero−crossing point. The presence of the
charge reduces ringing in the snubber.

The final two items in the TCR / TSC PARAMETERS menu are available when the
Enable Reactor Faults option is enabled in the CONFIGURATION menu. These
items prompt for the ON and OFF resistance of the RL ( resistor−reactor ) fault
branch. The primarily resistive fault branch contains a series L element which is au-
tomatically sized to L = 2 * Delt * R. This means that the L / R time constant of the
fault branch elements have a time constant of 2.0. At 60Hz, a typical fault resistance
of 0.1 Ohm would contain a series inductive reactance of 0.00377 Ohms. This ap-
proach has been taken to assist numerical stability during faults.

13.4 GROUNDING TRANSFORMER

The GROUNDING TRANSFORMER menu tab appears when the Grounding
Transformer is enabled in the CONFIGURATIONmenu. The menu appears as fol-
lows:
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The base MVA of the Grounding transformer is specified separately from the Bank
MVA described in the CONFIGURATIONmenu. The Rated RMS L−LBank Volt-
age and the Rated Bank Frequency are taken directly from the CONFIGURATION
menu and used also as base values for the Grounding Transformer.

TheUser canmonitor the per−phasecurrent out of the power system into theGround-
ing Transformer as shown in the icon for the model above. The signal can be sent to
RunTime, the Controls Compiler and also to D/A output. See the ENABLEMON-
ITORING... and ENABLE D/A... menus.

13.5 NUMERICAL DAMPING

The next menu allows the User to modify various default parameters in order to im-
prove some aspects of numerical performance.

The banks of an SVC are often connected on the Delta side of a Wye−Delta trans-
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former. If there is no connection to ground on the Delta−side of a transformer then
in reality the zero−sequencecomponent of the Delta bus voltages is determined only
by stray conductances to ground. These cannot be exactly modelled in a transients
program. Therefore, in the RTDS, if there is no connection to ground ( example:
grounding transformer, grounded load, et cetera ) on theDelta side of the transformer
then the User should optionally specify a Zero−Sequenceresistance to ground ( Zero
Sequence R to Ground ). The base value for the resistance is according to the rated
values in the CONFIGURATION menu. The per unit value of this zero−sequence
resistance can be quite large. The default values shown above tend to work well. If
there is no other connection between the Delta bus and ground, then the zero−se-
quence content of the Delta bus voltages will be zero. If there is a fault on the Delta
side bus, then only zero−sequence current will flow through this zero−sequence re-
sistance.

It is well−known in electromagnetic simulation that switching events can cause two
( 2 ) time−step numerical oscillations. These oscillations are often damped by the
resistances in the network. However, in this model, the SVC banks may be isolated
on the inductive nodes of the SVC−side of the transformer. Therefore, techniques
are made available to suppress erroneous two time−step numerical oscillations. Es-
sentially, two branches are connected in parallel with each Delta−connected leg of
the SVC. The first is a resistive branch which can be specified using the “dmpdr”
item in the above menu ( Delta Connected R branch: ). The second is an RC snub-
ber−like branch.

Thedefault value for theDeltaConnectedRbranch is 900 pu. ThedefaultRCbranch
is 1800 pu with a time constant of 0.5 delt ( delt is the time−step size ). Therefore,
the RC branch is basically capacitive up to several kiloHertz. It is not often that the
User will need to change these default parameters. However, if several banks are lo-
cated on the same SVC−side transformer bus, then the damper values of second and
subsequent banks can be made very large. Only one set of damper branches is re-
quired on the SVC−side of the transformer.

13.6 INPUT SIGNAL NAMES: SVC VALVE FIRING

The next menu is the INPUT SIGNAL NAMES: SVC VALVE FIRING menu, as
shown below. This menu enables the User to specify the source of firing pulse in-
formation as three words passed on the backplane in the RTDS rack.
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The TCR−type bank requires all three input words. The TSC−type bank requires
only the firing pulseword ( item“n1fp” ). This is because theTCR−typebank imple-
ments improved firing accuracy techniques while this is not required for TSC−type
bank. Words will be “greyed out” if they are not required for the type of bankwhich
has been specified by the User.

Firing information is passed at the end of the time−step ( not the middle of the time−
step ) because this SVC4model is embedded in themain network solution rather than
being interfaced to the main network solution. Thus, in creating the firing pulse
words the User should look at Chapters for other embedded−type models ( TCSC
orHVDCvalve group ) andNOTatChapter 12which describes the interfacedSVC3
model.

The three named words may be generated in the Controls Compiler blocks. The use
of the rtds_ctl_DITS component is explained in Chapter 11 which describes the
3PC−basedTCSCmodel. It is also useful to look at Chapter 8 on the 3PC Six−Pulse
HVDC Valve Group which has similar requirements for firing pulse information.

The valve numbers are shown in the icon for the model illustrated above. The least−
significant−bit ( LSB ) in theword is for valve number 1; the secondLSB is for valve
number 2; and so on to the 6th LSB. A valve is fired by a bit value of 1 for the particu-
lar bit ( as opposed to a 0 ).

13.7 INPUT SIGNAL: DEBLOCKING

The INPUTSIGNAL:DEBLOCKINGmenu is available if the User has selected the
option in the CONFIGURATION menu of having a “Block/Deblock” signal. This
DEBLOCKING menu is used to specify the source of the deblock bit for the SVC
bank. The User does this by specifying the name of an integer control word and the
bit number within the control word. The least significant bit ( LSB ) is referred to
as bit 1.
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The optional integer control word may be created either in the Controls Compiler
( CC ) or in the Sequencer. Please see examples in Chapter 11 on the 3PC TCSC
model and Chapter 8 on the HVDC valve group model.

13.8 INPUT SIGNALS: FAULTS

In the CONFIGURATION menu, the User has the option of enabling valve faults
( item: “envf” ); reactor faults ( item: “enrf” ); and/or capacitor faults ( item:
“encf” ). Of course, the capacitor faults can only be enabled for TSC type banks.
If the User has requested the use of the “Large Icon” in the CONFIGURATION
menu, then the enabled faults will be shown in the icon for the model in DRAFT.

Once enabled the User must provide signals to apply or remove the faults at the re-
quired times. The INPUT SIGNALS: FAULTS menu prompts the User to identify
the control words to the SVC4 model.
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If the User has enabled valve faults in the CONFIGURATION menu, then the first
entry in the above menu ( “nmfv” ) prompts the User for the name of a second firing
pulseword. This second 6−bit firing pulseword ( fault FPword ) is put into a bitwise
OR function with the normal firing pulse word. The output of this OR function is
used by the valves. If the User wants the AB valves to continuously conduct in both
directions during a fault, then the User could set the FP2 word to 9 to apply the valve
fault and 0 to remove the valve fault. ( Note: 9 equals 1 for valve 1 plus 8 for valve
4 ).

If the User has enabled reactor faults in the CONFIGURATIONmenu, then the next
entry ( “nmfr” ) in the abovemenu prompts for the name of the integer word contain-
ing the reactor fault control bits. Thisword canbe createdeither in theControlsCom-
piler or the Sequencer. The next three items ( “btabr” , “btbcr” , and “btcar” ) prompt
the User to identify the bit numbers in the word that will control the reactor faults.
If theUser does not want to trigger a fault on a certain leg, then theUser shouldmake
certain that the observed bit is always a 0 bit. In order to apply a reactor fault, the
User should set the observed bit to 1 at the appropriate time using the Controls Com-
piler or the Sequencer. The ON and OFF resistance of an enabled reactor fault must
be specified by the User in the TCR / TSC PARAMETERSmenu. Each reactor fault
branch actually has a very small reactor in series with the fault resistance. The RL
time constant of the reactor fault branch is 2 time−steps. This is discussed above in
the explanation of the TCR / TSC PARAMETERS menu.

If the bank is a TSC type bank, then the User may also enable capacitor type faults
in the CONFIGURATION menu. If the User has enabled capacitor faults in the
CONFIGURATIONmenu, then the next entry ( “nmfc” ) in the abovemenuprompts
the User for the name of the integer word containing the capacitor fault control bits.
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This word can be created either in the Controls Compiler or the Sequencer. The next
three items ( “btabc” , “btbcc” , and “btcac” ) prompt theUser to identify the bit num-
bers in the word that will control the capacitor faults. If the User does not want to
trigger a fault on a certain leg, then the User should make certain that the observed
bit is always a 0 bit. In order to apply a capacitor fault, the User should set the ob-
served bit to 1 at the appropriate time using the Controls Compiler or the Sequencer.
It is not necessary to specify theON andOFF resistance of the capacitor fault branch.
When the capacitor fault is OFF, then the resistance of the capacitor fault branch is
infinite. When the capacitor fault is applied, then the capacitor fault branch resis-
tance is equal to the Dommel resistance for the capacitor branch ( 0.5 * Delt / C )
which is quite small. With this value of capacitor fault resistance, the RC time−
constant of the capacitor and capacitor fault resistance would be 0.5 Delt ( Delt =
time−step size ). Thus, the capacitor is essentially discharged in the first time−step
after application of the capacitor fault.

13.9 INPUT SIGNAL: TSR OPERATION

In the CONFIGURATIONmenu, the User may request that a TSR trigger should be
made available for TCR type banks. This option is not available for TSC type banks.
In the case where a TSR trigger is requested , the CONFIGURATIONmenu also en-
ables the User to request separate TSR activation bits for each of the three legs of the
bank.

The INPUT SIGNAL: TSR OPERATIONmenu is available if the User has selected
the option in the CONFIGURATION menu of having a “TSR trigger” available.
This TSROPERATIONmenu is used to specify the source of the TSR trigger bit for
the TCR type bank or alternatively for each of the legs ( AB, BC and CA ). TheUser
does this by specifying the name of an integer control word and the bit numberswith-
in the control word. The least significant bit ( LSB ) is referred to as bit 1.
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The optional TSR integer controlwordmay be created either in the Controls Compil-
er ( CC ) or in the Sequencer. Please see examples in Chapter 11 on the 3PC TCSC
model and Chapter 8 on the HVDC valve group model.

Firing Pulses taken into the TCR bank model are processed within each leg of the
TCR as illustrated for Leg AB in the above diagram. The signal TSRON is set to 1
to enable TSR firing mode. The “original” firing pulses are brought into the logic on
the left in the diagram. V1 is the forward valve in leg AB. V4 is the reverse valve
in Leg AB.

When TSRON is asserted ( logic 1 ), the arrival of the next firing pulse in the Leg
causes both final firing bits, FP V1 and FP V4 on the right, to be asserted ( logic 1 )
until TSRON is reset back to 0. However, these firing pulses are qualified by the De-
block Bit as shown in the above diagram.

13.10 INPUT SIGNAL: VALVE BOD AND FWD V LEVEL

The INPUT SIGNAL: VALVE BODAND FWDV LEVELmenu is available if the
User has requested BOD Level Voltage Input or Valve Firing Voltage Input in the
CONFIGURATION menu.

When the User has specified in the CONFIGURATIONmenu that a “BODLevel in-
put” signal will NOT be required, then the valves will break over according to the
default valve break−overvoltage specified in the TCR / TSC PARAMETERSmenu.

When a “BODLevel input” signal is used, then the valveswill break−overaccording
to that floating point input ( in kV ) as shown in the above diagram.

When the User has specified in the CONFIGURATION menu that “Valve Firing
Voltage input” is NOT required, then a firing pulse can fire on the valve whenever
the forward voltage is greater than 0.0.

When a “Valve Firing Voltage input” is used, then the selected valves will only turn
on when the forward voltage is greater than the Valve Firing Voltage input.

The INPUT SIGNAL: VALVE BOD AND FWD V LEVEL menu appears as fol-
lows:
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There is a 6 bit integer word which can be monitored by the User in RunTime or
passed to the Controls Compiler ( seemonitoringmenu below ). This 6 bit wordwill
indicate when any of the 6 valves turns on according to BOD operation. The least−
significant−bit ( LSB ) indicates valve number 1BOD operation. The 2nd LSB indi-
cates valve number 2 BOD operation and so on.

13.11 ENABLE MONITORING IN RUNTIME AND CONTROLS

TheUser is prompted in this menu to specifywhether various possible output signals
from themodelwill be transferredon the backplane. Signals passedon the backplane
can bemonitored inRunTime and used in theControls Compiler. The first 13 signals
are floating point signals which can be picked off of the backplane for analog output
by 16 bit optically isolated D/A cards ( ODAC ). Signals do NOT need to be passed
on the backplane in order to be passed out of the 12 bit D/A channels on the front of
the model processor card as specified in the ENABLED/A... menu described below.

The menu allows the User to enable transfer of single−phase floating point signals
in the following list:

1 ) The current in each Delta−connected leg ( mon1 to mon3 ).
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2 ) A voltage signal for each leg ( mon4 to mon6 ) composed
according to the COMPONENTS OF 3 PH OUTPUT SIGNALS:
VOUT1 menu described below.

3 ) A voltage signal for each leg ( mon7 to mon9 ) composed
according to the COMPONENTS OF 3 PH OUTPUT SIGNALS:
VOUT2 menu described below.

4 ) The zero−sequence current from the main bus into the grounding
transformer ( mon10 ). Of course, this output is only available if
the grounding transformer has been enabled in the
CONFIGURATION menu.

5 ) The 3 bus currents into the model excluding grounding
transformer current ( mon 11 to mon13 ).

Signals which are selected formonitoringmust be given names in the SETOUTPUT
SIGNAL NAMES menu below.

The menu also allows the User to pass an integer word ( mon1i ) for BOD firing ac-
tivity as explained in the section above describing the menu INPUT SIGNAL:
VALVE BOD AND FWD V LEVEL.

13.12 ENABLE D/A OUTPUT

The User is prompted in the ENABLE D/A menu to specify which output signals
from the model will be passed through D/A output channels on the front of the pro-
cessor card. Themenu allows theUser to enable localD/A output of all single−phase
signals listed in the previous section.

Each processor on a processor card has 8 dedicatedD/A channels. Ifmore than 8D/A
outputs per bank are required, then quantities must be passed on the backplane either
to the Controls Compiler ( CC ) where they can be passed out of D/A channels on
a CC processor or to an ODAC ( optically isolated D/A converter ) card through an
oversampling component ( rtds_sharc_DAOVR2 ).



EMBEDDED SVC BANK MODEL FOR 3PC

−13.17−

Signals which are selected forD/A output must be given names in the SETOUTPUT
SIGNALNAMESmenu below. For each D/A output quantity, the User must select
a channel ( 1 to 8 ) using the SET D/A CHANNELS menu described below. The
User must also set an output scaling factor using the SET D/A OUTPUT SCALING
menu described below.

13.13 COMPONENTS OF 3 PHASE OUTPUT SIGNALS: VOUT1

As mentioned in the ENABLE MONITORING... ( mon4 to mon6 ) and ENABLE
D/A... ( ao4 to ao6 ) menus described above, the User may create a three−phase set
of voltage signals for each leg composedof components of the leg voltage. The avail-
able components for the AB leg are the Phase A bus voltage; the AB leg voltage; the
AB valve voltage; and the AB capacitor voltage. The reference directions of the
components of voltage are as shown in the following figure. The components for the
BC and CA legs are selected to be similar to the AB leg.
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The three−phase set of output voltages VOUT1 can be defined by selecting compo-
nents of the output voltage according to COMPONENTS OF 3 PH OUTPUT SIG-
NALS: VOUT1 as shown below. For example, if theUser’s SVC bank is configured
as shown for the TSC bank illustrated above, and if the User wishes to monitor the
voltage at point X, then the Userwould subtract the AB valve voltage from the Phase
A voltage by selecting the appropriate toggle box positions as shown below.
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13.14 COMPONENTS OF 3 PHASE OUTPUT SIGNALS: VOUT2

This menu is used to define the second set of three−phasevoltages for the SVCBank
in the same way that the first set of three−phase voltages was defined by the COM-
PONENTS OF 3 PH OUTPUT SIGNALS: VOUT1 menu described above.

13.15 SPECIFYING D/A CHANNELS

This menu is used for specifying the D to A output channels to be used for the D to
A signals enabled in a previous menu.

The menu described in section 13.12 allows the User to request that certain signals
produced in the model be passed to D/A channels on the front of the processor card.
If the User has not requested a signal in the ENABLE D/A... menu, then the corre-
sponding line in this menu will be greyed out. The menu in this section allows the
User to specify which of 8 D/A channels on the model processor should be used for
a given enabled D/A signal. If the User attempts to assign more than one D/A signal
to a given channel on the model processor, then an ERROR message will be given
at COMPILE time in DRAFT.

Of course, the User cannot pass more than 8 signals through the D/A channels on the
front of a 3PC Sharc processor. If the User needs more than 8 D/A channels from
a bank in the SVC4 model then the additional signals can either be passed to a Con-
trols Compiler processor for D/A output or to an optical D/A convertor card
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( ODAC ) by way of an oversampling output component ( rtds_sharc_DAOVR2 ).
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13.16 SPECIFYING D/A OUTPUT SCALING

The following menu enables the User to specify scaling factors for D/A output sig-
nals which were enabled in the ENABLE D/A... menu.

The first entry in this menu enables the User to specify the scaling factor for the cur-
rent in the Delta−connected legs ( mon1 to mon3, the first three entries in the EN-
ABLED/A... menu ). The User specifies the peak current which should correspond
to 5 Volts out of the D/A channel for the signal.

The next two entries allow theUser to specify scaling factors for the two three−phase
voltage sets, VOUT1 and VOUT2.

The next entry allows the User to specify the scaling factor for the zero−sequence
current into the grounding transformer from the main bus.

The final entry allows the User to specify the scaling factor for the current into the
model from the main bus ( excluding grounding transformer current ).

Unity sliders are provided in RunTime for circumstances in which it is necessary to
provide different scaling for individual signals in a three−phasegroup. Switches are
also provided in RunTime to allow the User to light an LED over the output channel
on the front of 3PC card according to signal name ( see section 13.17 below ). Signal
Offset adjustment sliders are also available in RunTime.
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13.17 Menu: SET OUTPUT SIGNAL NAMES

If the User requests output signals either in the ENABLE MONITORING... menu
or in the ENABLE D/A... menu, then the User will be prompted to specify a unique
signal name for each requested output signal. The specified name for a signal will
be used if the signal is passed on the backplane. The specified namewill also be used
to identify the D/A scaling and offset adjustment sliders in RunTime and also the
LED On/Off switch in RunTime.

The SET OUTPUT SIGNAL NAMES menu appears as follows:

Signals which are not requested in the ENABLEMONITORINGmenu or in the EN-
ABLE D/A menu will be greyed out.

13.18 AVAILABLE CONTROLS COMPONENTS

It is normal that the firing of each leg in the TSC bank begins at a point in time when
the voltage on the delta−connected capacitor is as close to the line−to−linevoltage
on the leg as is possible. Some controls component blocks useful for this purpose
are shown in the following figure.
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rtds_sharc_ctl_HYSTER1

rtds_sharc_ctl_TSCFIR1

The control component rtds_sharc_ctl_HYSTER1 is a hysteresis function which re-
sponds to an input shown above as per unit low side susceptance ( BPULOW ). The
state of the output is also affected by the state of the output in the previous time−step.
This is clear when considering the input value of −0.15 in the above figure. The PA-
RAMETERSmenu for the component prompts the User to specifywhether the input
and output are real or integers; the two input levels; the two output levels; and the
initial state in case it is not clear from the initial input value. TheUsermay optionally
specify a minimum time to be in each state so as to create a time hysteresis.

The control component rtds_sharc_ctl_TSCFIR1 is used to bring about the firing of
the TSC banks according to the desired point in time as discussed above. The
TSCFIR1 block receives a request for a TSC bank to be switched in ( 0=no, 1=yes ).
The block must also be provided with the phase of the Phase A to Phase B voltage
on the low side of the TSC transformer in radians ( shown as PHASE ). This would
typically come from a phase locked loop component. The TSCFIR1 block also re-
ceives the voltages on the low side of the TSC transformer ( shown as N4, N5, and
N6 ) and the TSC capacitor voltages ( shown as VCAPAB, VCAPBC, and VCAP-
CA ). The firing pulses of the three legs are combined into the TSC firing pulseword
( shown as BK1FP ).When all three legs are receiving firing pulses in BK1FP, then
the bank STATUS will switch from 0 to 1. As soon as the REQUEST is removed,
all firing pulses are removed and the STATUS and FP output are set to integer 0.

The User can improve of the function of the TSCFIR1 block be assembling control
blockswhich create status bits and associated alpha orders for each leg independently
of the other legs.
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13.19 SUMMARY

TheEmbedded SVCBankModel ( SVC4 ) for 3PC provides improved performance
features as compared to the SVC3model described in Chapter 12. Themodel has im-
proved turn−off performance so that BOD firing can be more properly simulated.
The model also allows for valve, reactor, capacitor and low−side bus faults. The in-
creasedcapability andperformanceof theSVC4model comes at the cost of generally
using more hardware for the SVC4 solution as compared to the SVC3 model.

The SVC4model can only be used in conjunction with the Real TimeNetwork Solu-
tion for 3PC. The SVC4 model must be connected to “Connector” type nodes. At
present, the SVC4 model can only accommodate Delta−connected SVC banks.
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14 VOLTAGE TYPE CONVERTOR BRIDGE

( rtds_sharc_GTOB4 )

14.1 INTRODUCTION

The Voltage Type Bridge model interfaces to the main network solution and can be
connected to either “Connector” type nodes or “Embedded” type nodes. The icon
changes according to options selected. However, the most common appearance of
themodel is as shown below. Note the “TYPEGTOB4” in the lower left hand corner
of the iconwhich distinguishes themodel fromearlier versions. Each bridge requires
one processor out of the three on a 3PC card.

TYPE GTOB4

2C
.

.
.

VBI

VAI

VCI

VCAP

2C

Name

Name
ICP

IBP

IAP

C

B

A

1

2

3

4

5

6

The numbering of valves in the six−pulse valve group is shown in the above icon.
Firing pulse information required by the group can be given in two forms, either for
the bridge as a whole, ( Six Pulse Group mode ), or for each of the three legs ( 1−4,
3−6, 5−2 ) separately ( Three Leg mode ). The requirements for firing pulse input
are explained in more detail below.

There are several options which modify the appearance of the icon. The CONFIGU-
RATION menu allows either a “Large” icon ( shown above ) or a “Small” icon,
shown below. In the “Large” version, signals requested and named in menus are al-
ways shown in the icon according to the given names such as IAP, IBP, ICP, VAI,
VBI, VCI, andVCAP.Only primary currents and capacitor voltage names are shown
in the “Small” version.
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2C

VCAP

2C

Name
ICP

IBP

IAP

C

B

A

Name

Name
Tmva = 351.0

230.0 93.0

GTO BRIDGE
TYPE GTOB4

The voltage type bridge model may share a capacitor located in another voltage type
bridge, in order to form a back−to−backconnection. If a bridge is using a capacitor
located in another bridge, then the capacitor appearance will be modified as illus-
trated below with the name of the other bridge ( “Name2” ) shown below the modi-
fied capacitor.

No other connection may be made to the capacitor in the model.

Name2
ICP

IBP

IAP

C

B

A

Name

Name
Tmva = 351.0

230.0 93.0

GTO BRIDGE
TYPE GTOB4

Circuit connections in DRAFT are not allowed between external nodes and the em-
bedded bridge capacitor. Sharing a capacitor between bridges is the only connection
allowed. However, the capacitor voltage can be specified during a simulation by
creating a “Mode” switch and a “VCap Set” slider. The capacitor voltage will follow
the “VCap Set” slider when the “Mode” switch is in the “SET” position. The default
position is “FREE”, and the slider is ignored in that position.

Bridges sharing a capacitor must be calculated on the same 3PC card.WhenGTOB4
models are in “Automatic” placement mode in the CONFIGURATION menu,
bridges which share a capacitor and which are arranged to be calculated on the same
rack will in fact be calculated on the same 3PC card, as required.

The transformer appearance will also change according to menu selections. This in-
cludes the appearance of a series transformer connection suitable for use in aUnified
Power Flow Controller ( UPFC ). A UPFC can be made from two voltage−type
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bridge models connected back−to−back,with one bridge selected to have a “UPFC”
type transformer connection. The “Large” icon for the voltage bridge model with a
UPFC transformer connection is as shown below.

TYPE GTOB4

2C. . .
VCAP

2C

Name

Name

IAPA

1

2

3

4

5

6

VAI VBI VCI. ab . bc . bc

. ab
IBPB . bc
ICPC . ca

The “Small” icon with a “UPFC” type transformer connection appears as shown be-
low:
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IAPA . ab
IBPB . bc
ICPC . ca

2C

VCAP

2C

Name

Name

NameMVAu = 351.0

230.0 93.0

GTO BRIDGE
TYPE GTOB4

a

b
c

.
..

In theUPFCTRANSFORMERPARAMETERSmenu, there is an option to “mirror”
the serieswinding in theUPFC transformer icon. If that option is selected “Yes”, then
the series winding will be “mirrored” to appear as follows:

IAP A.ab
IBP B.bc
ICP C.ca

2C

VCAP

2C

Name

Name

NameMVAu = 351.0

230.0 93.0

GTO BRIDGE
TYPE GTOB4

a

b
c

.
..

The “mirror” option for the UPFC transformer is to provide flexibility in connecting
the model into the circuit. There is no functional difference in the model due to the
“mirror” option.

The voltage−type bridge model requires a 3PC processor for calculation. If there is
no 3PC processor available in the subsystem ( rack ) where the bridge is to be con-
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nected to an ac bus, the bridge calculation may be conducted in another rack con-
nected by an inter−rackcommunication channel. In order to shift the location of the
calculation, a cross−rack icon ( rtds_sharc_xrack_gto ) should be placed into the
subsystem where the calculation is to occur. The controls for the bridge must also
be located in the subsystem where the bridge calculation occurs. Therefore, the
cross−rack arrangement of two subsystems would appear as follows:

SUBSYSTEM X SUBSYSTEM Y

IRC Channel

Voltage Type
Bridge icon

Controls for
GTO Bridge

X−RACKGTO BRIDGE
ASSIGNMENT

GTO BRIDGE:
Name

Name

ac
bus

14.2 CONFIGURATION MENU

TheCONFIGURATIONmenu, as well as themenu tabs that are available by default
appears as follows:

The CONFIGURATIONmenu, as usual, first prompts for a unique name to be given
to this instance of the voltage−type bridge.
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The second through seventh entries in the CONFIGURATION menu will be dis-
cussed in relation to other menus discussed below.

The last three entries ( ReqP, ShrC1, ShrP ) allow for automatic or manual model as-
signment to the subsystem ( rack ) where the calculation is to take place. Themodel
is calculated in the subsystemwhere the bridge icon is located unless a cross rack icon
has been placed, as previously explained.

If “Automatic” is selected in response to the “ReqP” menu item, the next two items
( “ShrC1” and “ShrP” )will be ignored. If “Manual” is selected, a specific processor
can be specified by card number and processor A, B or C. A 3PC card number of
1means the first 3PC card in the rack. If two models request the same processor, an
ERRORmessage will be given. Manual assignment is useful where external equip-
ment is connected through I/O to a given processor. In that case,Manual assignment
assures that the model will continue to be calculated on that processor as the case is
modified.

14.3 NAME OF CAPACITOR BRIDGE

Asmentioned in the introduction, a voltage−typebridge can be configured to use the
capacitor in another voltage type bridge. To support this interaction, the twomodels
must be calculated in two processors on the same 3PC card.

If “Automatic” assignment was selected in the CONFIGURATION menu of both
models, the two−bridgemodels must be calculated in the same rack ( possibly using
cross rack icons ). In that case, the two bridges will automatically be assigned to two
processors on the same 3PC card.

If “Manual” is selected in the CONFIGURATION menu of both models, then cal-
culation of themodels to two processorsmust bemanually assigned to the same card
in a rack.

In order to connect to the capacitor in another bridge, the option must be selected in
the CONFIGURATION menu ( “ Shrc ” equals “ Yes ” ). If this selection is made,
an additional menu tab ( NAME OF CAPACITOR BRIDGE ) will appear. This
menu appears as follows:
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The sharing of a dc capacitor by two bridges can be used to provide either a voltage−
type back−to−backdc link or a unified power flow controller ( UPFC ). The basic
configuration of a UPFC is as shown in the following figure:

Voltage Type
Bridge

GTO1

Shunt
Connection

Series
Connection

Voltage Type
Bridge

GTO2

GTO2

The GTOB4 model icons have been prepared so that the capacitor of one icon can
be laid over the capacitor of the other icon to give the correct visual appearance. In
the above illustration, bridge GTO1 uses the capacitor in bridge GTO2. Bridge
GTO2 continues to use it’s local capacitor. Therefore, the name GTO2 is shown un-
der the capacitor in both icons. There appears to be only one name because the two
identical names overlap.
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14.4 BRIDGE PARAMETERS

The BRIDGE PARAMETERS menu appears as follows:

The Rail−to−RailCapacitance to be specified in the above menu is the total capaci-
tance of the two series capacitors shown in the icon. Each series capacitor in the icon
is labelled “2C” to indicate that the Rail to Rail Capacitance is “C”.

The snubber RC time constant should be maintained to be more than two time−steps
in duration. Some effective conductance in the valves in the OFF state should be
maintained for numerical reasons.

14.5 TRANSFORMER CONNECTIONS AND TRANSFORMER PARAMETERS

The CONFIGURATIONmenu allows the choice of using a “Normal” or a “UPFC”
transformer connection. The “Normal” selection provides a transformer in “Shunt”,
while “UPFC”provides a transformer in “Series”. The “Shunt” and “Series” connec-
tions are illustrated in the Introduction and in section 14.3 above.

If “Normal” transformer connection is selected, the TRANSFORMER CONNEC-
TIONS and TRANSFORMER PARAMETERS menu tabs will be available. Alter-
natively, if a “UPFC” is selected, the UPFC TRANSFORMER PARAMETERS
menu tab will be available.
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The TRANSFORMER CONNECTIONS menu appears as follows:

The TRANSFORMER CONNECTIONS menu affects only shunt “Normal” con-
nected transformers. The usual Y ( Wye ) or ∆ ( Delta ) connection of the primary
and valve−side windings is selected using items “PYD” and “SYD”.

If the Primary Winding is Y connected then the the second item “PG” may be used
to ground the neutral point on the primary. If the Primary Winding is ∆ connected,
then the item “PG” is ignored.

If one side of the transformer is connected in Y and the other side is connected in
∆ , then the fourth item “LL” is used to specifywhether theValve−Sidenode voltages
“Lag” or “Lead” the Primary−Sidevoltages by 30 degrees. If both sides of the trans-
former are connected in Y or in ∆, then the item “LL” is ignored.



VOLTAGE TYPE BRIDGE MODEL

−14.10−

The TRANSFORMER PARAMETERS menu appears as follows:

The contents of the TRANSFORMER PARAMETERS menu applies only to “Nor-
mal” connected transformers. “UPFC” connected transformers are discussed in the
next section.
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14.6 UPFC TRANSFORMER PARAMETERS

The UPFC TRANSFORMER PARAMETERS menu appears as follows:

Contents of the TRANSFORMER PARAMETERS menu apply only to “UPFC”
connected transformers. “Normal” transformers are discussed in the preceding sec-
tion.

The “Dopt” item in this menu allows the reference direction of the series winding as
drawn in DRAFT to be selected. The effect of using this option is illustrated in the
Introduction section.

The base voltage for the per−unit system on the primary side of the transformer is the
“Primary Series Winding Voltage” prompted by the item “Vser”.

14.7 FIRING PULSE INPUT FOR GROUP

The choice in the CONFIGURATIONmenu is made ( item “FPmod” ) between fir-
ing the group as one six pulse bridge ( “One 6P Grp” ) or as three separate legs
( “Three Legs” ). This option is actually between improved firing accuracy algo-
rithms.

In the “One 6P Grp” mode, there is only one 6−bit firing pulse integer word ( FP ),
one active bit integer word ( FLAST ), and one fraction floating−point word
( FRAC ) for the entire six−pulse valve group. The result is that there can be an im-
provement in the firing accuracyof only one valve out of six in each time−step. Refer
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to Chapter 13 on the Interfaced SVC model for an explanation of the three compo-
nents of firing pulse information ( FP, FLAST, and FRAC ) .

Alternatively, in the “Three Legs”mode, there is one 2−bit firing pulseword, one ac-
tive bit word, and one fraction word for each separate leg in the valve group. Leg
1 contains valves 1 and 4 and reverse diodes. Leg 2 contains valves 3 and 6 and re-
verse diodes. Leg 3 contains valves 5 and 2 and reverse diodes. Consequently, in the
“Three Legs” mode, firing of all three legs can be improved in a given time−step.
This is important for pulse width modulation ( PWM ) where one leg may switch in
the same time−step as some other leg in the group.

In normal voltage−type bridge firing, when one valve in a leg is receiving a firing
pulse, the other is not. If both valves in a leg receive a firing pulse at the same time,
the leg will short the capacitor.

It is a limitation of the model that it will ignore a firing pulse to the bottom valve
when the top valve is receiving a firing pulse. Accordingly, a leg in themodel can
never short the capacitor.

Amonitoring facility can be created in the Controls Compiler to warn of overlaps in
firing pulses applied to a Leg. Of course, all firing pulses to a leg may be blocked
to cause the leg to operate in diode mode.

The FIRING PULSE INPUT FOR GROUP menu appears as follows:

The first word, ( “FPN” ) the Firing Pulse Input, is an integer having a permitted
range of values from binary 000000 to binary 111111. Each bit represents a firing
pulse bit, with the least significant bit ( LSB ) corresponding to the firing pulse for
valve number 1. A one bit asserts firing of a valve. The valve numbers are shown
in the “Large” icon illustrated in the Introduction section.
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The second word ( “FLN” ) is an integer identifying the last bit in the firing pulse
word to transitionON, in the last time−step( the active bit ). If nobit transitionedON,
the word “FLN” should contain 0. If a bit did transition ON, that bit number should
be contained within “FLN”. For example, if firing pulse bit 4 transitioned ON 2/3
of the way through the last time−step, the integer 4 would be passed to the model on
the backplane in the “FLN” word.

In this latter case, the third named word ( “FRN” ) should contain a floating point
number, between 0.0 and 1.0, which describes the fractional position in the time−step
when the ON transition occurred ( Example: 0.66667 ).

Itmust be noted that theGTOB4voltage−typebridgemodel is an “Interfaced”model
similar to the SVC3 model described in the Chapter 13. Therefore, it is necessary
to pass firing pulse signals to the model during the T0 transfer period ( in the
middle of the time−step ) using the rtds_sharc_ctl _SENDT0 icon or the
rtds_sharc_ctl_SETFLAG icon.

For the controls compiler operating in the “Automatic” mode of ordering calcula-
tions, a T0 transfer can be produced as described in Chapter 12, INTERFACEDSVC
MODELFOR3PC. For the controls compiler operated in “Priority”mode, an exam-
ple can be found for a T0 transfer in Chapter 2, Appendix A, USER−DEFINED
BRANCHES USING THE CONTROLS COMPILER.

The component “rtds_ctl_sharc_FPGEN” can be used to generate normal six−pulse
firing for the voltage−type bridge exactly as described in Chapter 12.

14.8 FIRING PULSE INPUT FOR 3 LEGS

In the CONFIGURATIONmenu, the choice is made ( item “FPmod” ) between fir-
ing the group as one six pulse bridge ( “One 6P Grp” ) or as three separate legs of
the bridge ( “Three Legs” ). As explained in the preceding section, this is a choice
between improved firing accuracy algorithms.

In the “Three Legs” mode, the model will require one 2−bit firing pulse word, one
active bit word ( optional with CC input ), and one fraction word for each separate
leg in the valve group. Leg 1 contains valves 1 and 4 and reverse diodes. Leg 2 con-
tains valves 3 and 6 and reverse diodes. Leg 3 contains valves 5 and 2 and reverse
diodes. Consequently, in the “Three Legs” firing mode, the firing of all three legs
can be improved in a given time−step. This is important for pulse width modulation
firingwhere one legmay switch in the same time−stepas some other leg in the group.
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In normal voltage−type bridge firing, when one valve in a leg is receiving a firing
pulse, the other is not. If both valves in a leg receive a firing pulse at the same time,
the leg will short the capacitor.

It is a limitation of themodel that it will ignore a firing pulse to the bottom valve
when the top valve is receiving a firing pulse. Accordingly, a leg in themodel can
never short the capacitor.

Amonitoring facility can be created in the Controls Compiler to warn of overlaps in
firing pulses applied to a Leg. All firing pulses to a leg may be blocked to cause the
leg to operate in diode mode.

With PWM firing based on a saw−toothwaveform, the “ON” period of a given valve
in a leg may be very short in duration. The GTOB4 voltage−type bridge model has
a limitation concerning processing two firing pulse changes in consecutive time−
steps.

In particular, if the bridge receives firing pulse transitions in two consecutive
time−steps to fire the top and then the bottom valves in a leg, or the reverse, the
second transition will not be processed until a third time−step.

This limitation makes the model generally not suitable for PWM above about 1000
Hz, dependingon howclose themodulation index is to 1. If the controls place a lower
limit on the “ON” time of a firing pulse, the limitation may be less critical. Conse-
quently, the performance of the model should be monitored if high rate switching
simulations are to be attempted.
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The FIRING PULSE INPUT FOR 3 LEGS menu appears as follows:

Similar to the FIRING PULSE INPUT FOR GROUP, this menu prompts for the
name of three firing pulse information signals per leg in each time−step. The signals
are transferred on the backplane during the T0 ( middle of time−step ) transfer period
are discussed above.

The first word ( “FPN#” ) is the Firing Pulse Input word for a Leg. This is an integer
word having permitted binary values of 00, 01 and 10. An integer word of 11 is not
allowed and will be interpreted as 01. Each bit represents a firing pulse bit, the least
significant bit ( LSB ) corresponds to the firing pulse bit for the top valve in the leg.
The second bit corresponds to the bottom valve in a leg. A one ( 1 ) bit asserts firing
of a valve. For the purposes of Three Leg firing pulses, the top valve in a Leg is num-
ber 1 and the bottom valve is number 2.

The second word ( “FL#” ) is an integer identifying the last bit in the firing pulse
word for the leg to transition “ON” in the last time−step ( the active bit ). If no bit
transitioned “ON”, the word “FL#” should contain the integer 0. However, if one of
the two bits did transition “ON”, then that bit number should be contained within
“FL#”. For example, if firing pulse bit 2 ( bottom valve ) transitions “ON” 2/3 of the
way through the last time−step, then the integer 2 would be passed to the model on
the backplane in the FL#” word.

In this latter case, the third namedword ( “FRN#” ) for a leg should contain a floating
point number, between 0.0 and 1.0, which describes the fractional position in the
time−step when the “ON” transition occurred ( Example: 0.66667 ).
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In “Three Legs” mode, the CONFIGURATION menu must specify whether the fir-
ing pulse signals will come from theControls Compiler ( CC ) or from three separate
digital input time stamp ( DITS ) cards.

Also, in “Three Legs” mode, with firing pulse information from the CC, the CON-
FIGURATION menu can select that FLAST information ( last bit to fire in the last
time−step ) is not required. Themodel can recover the FLAST by observing the two
firing pulse bits in the 2−bit firing word ( FPN# ).

14.9 OUTPUT SIGNALS FROM THE MODEL

The model can be requested to calculate three groups of signals for output as listed
in the ENABLE CALCULATION OF SIGNALS FOR OUTPUT menu:

A “Yes” selectionmust bemade before a signal can be sent to aD/A channel ormoni-
tored in RunTime ( or the CC ). When a “Yes” selection ismade, namesmust be giv-
en for the requested signals in the MONITORING AND D/A SIGNALS NAMES
menu:
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The requested names appear in the “Large” size icon ( see CONFIGURATION
menu ) with reference directions.

If analog output is desired through the front of a 3PC card, it must be requested in
the ENABLE D/A OUTPUT menu. There are only seven signals available. There-
fore the channel selections are fixed as illustrated in the ENABLE D/A OUTPUT
menu below:

OnceD/Aoutput has been requested, a basic scaling factormust be provided for each
of the three groups of output as illustrated in the SET D/A OUTPUT SCALING
menu illustrated below:
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Once the D/A output has been enabled, a switch may be created in RunTime as fol-
lows;

Create −>SWITCH −>Subsystem # −>GTOBRIDGE −>Name of Bridge −>LED:
Name of signal

to turn on an LED on the front of the processor card immediately above the analog
output channel. Similarly, Offset and Unity Gain sliders can be created for adjusting
the analog output signals.
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15 LINE ARRESTOR MODEL

( rtds_sharc_LARR1 )

15.1 INTRODUCTION

The line arrestor model was developed to permit the simulation of a three−phase ar-
restor on a transmission line bus. The model requires the use of one Sharc processor
on a 3PC card. The icon for the model is as illustrated below:

ARR1IA

ARR1IB

ARR1IC

TYPE LARR1 Name

The model can be used with a 3PC−based Real Time Network Solution, and only
connected to “Connector” nodes as described in Chapter 2. The model can also be
used with an RPC/GPC network solution as all nodes are “Connector” type nodes.
An Error message will be issued otherwise.

Internally, the model consists of voltage sources in series with conductances that are
modified in each time−step, in each phase, to match the arrestor characteristic at the
operating point. Two instances of the arrestormodel should not be placed electrically
close to each other as they might interact adversely.

In general, the arrestor model should be used with caution, as numerical instability
may result.
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15.2 CONFIGURATION MENU

The CONFIGURATION menu appears as follows:

The first entry in the CONFIGURATION menu prompts for a unique name for the
arrestor model.

The last 3 entries in the CONFIGURATIONmenu allow the model to be Automati-
cally orManually assigned to a specified processor. If automatic assignment is speci-
fied, the subsequent two entries in the menu are ignored. If manual assignment is
specified, a specific processor can be requested by indicating 3PC card number and
processor A, B, or C. A 3PC card number of 1 means the first 3PC card in a rack.

15.3 ARRESTOR PARAMETERSMENU

The Arrestor model operates according to the following V−I characteristic equation
( in Quadrant I ) where Id and Vd are the crest discharge current and voltage.

I

V

Vd

Id

Incremental R
at Discharge

1

Rmin

I = Id
V

Vd

N
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The arrestor characteristic is specified using theARRESTORPARAMETERSmenu
shown below:

N in the arrestor curve equation can be any integer between 2 and 32.However, a high
value of N means that the curvature is very high at the knee point. This can lead to
numerical difficulties if the bus consists of inductive nodes ( i.e. nodes connected to
ground only through inductive branches or high resistance branches ). Therefore, it
is important to experiment with the circuit being simulated in order to select a suit-
able value for N.

The resistance at the discharge point of the characteristic is Vd / ( N * Id ). The incre-
mental resistance of the curve drops rapidly as voltage rises above Vd. The Rmin
item in the above menu allows specification of a lower limit on resistance. Rmin is
specified as a fraction of the incremental resistance at the discharge point.

The Energy Decay Time Constant item “ArTc” generates a factor used in each time−
step and in each phase, tomultiply the accumulated energyof the arrestor. This deter-
mines the cooling factor for the model. The cooling factor is generated according
to the following equation:

Factor = e
− delt / ArTc

where delt is the time−step size and
ArTc is the cooling time constant

The cooling factor is not allowed to be larger than 0.9999995. For a 50microsecond
time−step, this corresponds to a cooling time constant of about 100 seconds.

As noted above, the arrestor model should be used with caution, as numerical insta-
bility may result.
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15.4 PARALLEL R AND DAMPED−CPARAMETERSMENU

At low levels of voltage, the incremental resistance of the arrestor characteristic can
be quite high. Thus, when the arrestor comes out of conduction it can be numerically
similar to opening a breaker. For inductive nodes, this can lead to a numerical oscilla-
tion which can cause the arrestor model to malfunction. A parallel resistance branch
and/or a parallel damped capacitance branch can be requested using the items la-
belled SPR and SPRC in the PARALLEL R AND DAMPED−C PARAMETERS
menu. The Damped−C branch acts to damp numerical oscillations and is recom-
mended unless a significant pure capacitance is already present on the arrestor bus.
If a significant damped−Cbranch is not specified, a Warning message will be given
in Draft during compilation. If a capacitor bank exists on the bus already, theWarn-
ing message may be suppressed using the “FRwrn” item.

The Damped−Cbranch is simply a capacitor in series with a small resistance. The
size of the series resistance R in the Damped−C branch is chosen to be equal to the
Dommel resistance of the capacitor C, namely: delt / ( 2 C ). The variable “delt” is
the time−step size used in the simulation. This Damped−C branch is equivalent to
a compensated resistive branch with resistance of 2R in which the current through
the resistance is compensated in every time−stepaccording to the current through the
resistance in the previous time−step[ Ref. 1].

The impedance of the Damped−Cbranch is determined by the capacitance C for the
first few kiloHertz because of the relatively small value of the series resistance.
Therefore, for estimating current flow through the Damped−Cbranch, it is possible
to ignore the series resistance. In order to confirm the level of current through the
parallel resistance and damped−Cbranches, the currents may be monitored in each
phase in RunTime.

As noted above, it may be possible to omit the Damped−Cbranch when using an ar-
restor branch where capacitive filters are connected on the bus. In that case, the re-
sulting Warning message may be suppressed with the “FRwrn” item. It is desirable
to avoid using theDamped−Cbranchwhen possible, because it will have some effect
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on harmonic impedances, as would any capacitance. A Damped−Cvalue of 0.5 mi-
croFarads used in conjunction with the parameters in the above menu provided a
stable arrestor model on a purely inductive 230 kV bus with a 2000MVA fault level.
The capacitance provided approximately 10MVAR of capacitive support to the bus.

15.5 CONTROL INPUT MENU

The Line Arrestor model must be switched ON and OFF by a bit in an integer word
passed on the backplane. This word can be provided by the Controls Compiler. The
CONTROL INPUTS menu prompts for the word name and bit number. When the
arrestor is switched OFF, the arrestor energy is reset to zero. The switch is physically
in the closed position when the bit is set to 1. The model will only switch when the
arrestor branch voltage passes through zero.

15.6 MONITORING IN RUNTIME AND CONTROLS MENU

Appropriate selections must be made in the MONITORING IN RUNTIME AND
CONTROLSmenu in order tomonitor theArrestor current and energybyphase. The
net current per phase may also be monitored in the parallel R and Damped−C
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branches.

15.7 ENABLE D/A OUTPUTMENU

Appropriate selections must be made in the ENABLED/A OUTPUTmenu in order
to pass the Arrestor current and energy by phase, to D/A output channels on the front
of the 3PC card. The net current per phase in the parallel R andDamped−Cbranches
can also be passed to analog output channels.

15.8 SET D/A CHANNEL ASSIGNMENTS MENU

This menu is used for specifying the D to A output channels for the signals enabled
in a previous menu.
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The menu described in section 15.7 allows certain signals produced in the model to
be passed out of D/A channels on the front of the 3PC card. If the signal has not been
requested in the ENABLED/AOUTPUTmenu, the corresponding line in this menu
will be greyed out. The menu in this section allows specification of D/A channels
for a given enabled D/A signal. If more than one D/A signal is assigned to a given
channel, an Error message will be given at COMPILE time in DRAFT.

More than 8 signals cannot be passed through the D/A channels on the front of a 3PC
card.

15.9 SET D/A OUTPUT SCALING FACTORS MENU

The following menu allows scaling factors to be specified for D/A outputs enabled
in the ENABLE D/A OUTPUT menu.

The first entry specifies the scaling factor for the currents in the three phases of the
arrestor bank. The current corresponding to 5 Volts out of the D/A channel for the
signal should be specified.
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The next entry allows the scaling factor to be specified for the energy in each phase
of the arrestor.

The final entry allows the scaling factor for the net current into each phase of the op-
tional parallel R and Damped−C branches to be specified.

Unity sliders are provided in RunTime for circumstances in which it is necessary to
provide different scaling for individual signals in a three−phasegroup. Switches are
also provided in RunTime to illuminate an LED over the output channel on the front
of 3PC card according to signal name ( see section 15.10 below ). Signal Offset ad-
justment sliders are also available in RunTime.

15.10 SIGNAL NAMES FOR RUNTIME AND D/A MENU

If output signals are requested either in the MONITORING IN RUNTIME AND
CONTROLS menu or in the ENABLE D/A OUTPUT menu, a unique signal name
must be provided for each signal. The specified name will be used if the signal is
passed on the backplane. The specified name will also be used to identify the D/A
scaling and offset adjustment sliders in RunTime and also the LED On/Off switch
in RunTime.

The SIGNAL NAMES FOR RUNTIME AND D/A menu appears as follows:

Signals which are not requested in the MONITORING IN RUNTIME AND CON-
TROLS menu or in the ENABLE D/A OUTPUT menu will be greyed out.
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16 NON−LINEAR INDUCTOR

( rtds_sharc_NLinductor )

Asingle phase non−linearinductor canbemodelled using theRTDS. Themodel uses
the same saturation and hysteresis routine included as part of the transformermodels
to represent the non−linearcharacteristics. The non−linearreactormodel can be used
to represent a saturable reactor.

16.1 NON−LINEAR INDUCTORMODEL INPUT DATA

Data entrymenus for the non−linear inductor model are shown below. As in the case
of transformer saturation and hysteresis ( see Chapter 4 ), input data representing
both the linear and non−linear operating regions is required.



NON−LINEARINDUCTOR

−16.2−

16.2 SATURATION AND HYSTERESIS MODEL

Saturation and hysteresis for the non−linear inductor is modelled using the same ba-
sic method as used with the RTDS transformer model and described in Chapter 4 of
this manual. Although the characteristic of the the non−linear inductor model is a
smooth curve, it is formulated using two straight line segments in the φ―i plane.

Slope = Lair−core

Slope = Llinear

φlin

Ilin

φ

I

φKnee

Flux −Current Characteristic

Computed Asymptotic Curve

The linear inductance value is entered as ’L’ in the component data menu. The air−
core inductance value is entered as ’Lair’. Both inductance values are entered in
Henries ( H ). As illustrated above, the slope of each of the two straight line segments
is defined by the entered inductance values.

Within the RTDS compiler, a smooth curve is computed to approximately fit the two
slope characteristic illustrated above. The smooth curve is asymptotic to Lair−core
segment in the region beyond the knee point and asymptotic to the φ axis as current
approaches zero. In addition to the two asymptotes, the smooth curve also passes
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through the point φlin−Ilin. The φlin value is computed based on input parameters
using;

φlin = 0.8 * φknee
where φknee = Knee * φrated
and φrated = (p2 * Vbase )/ ( 2π * Fbase )

The corresponding current ( Ilin ) is then found using φlin and the linear inductance
value using;

Ilin = φlin / Llinear

As in the case of the transformer, hysteresis is modelled by shifting the computed
single valued asymptotic curve by a specified amount ( defined as ’loopwidth’ in the
data menu ). The ’loop width’ variable is entered in percent of Ilin, where Ilin is de-
fined by the previously shown equation.

For example, if the variable ’loop width’ is set to 30% then the asymptotic curve is
shifted to the right and left by 30% of Ilin.

φ

I

Hysteresis Curve ( Outer most Loop )

Loop/100 * Ilin

−Loop/100 * Ilin

Minor loops within the outer most hysteresis loop may be attained depending on the
flux turn around points ( ie. the operating point ).

Selecting ’Yes’ to monitor flux andmagnetizing current items of the FLUX&MAG
CURRENT MONITORING menu, instantaneous flux and magnetizing current can
be captured during a simulation using RunTime Operator’s Console plots.
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17 ARC−FURNACE

( sharc_arc_furn )

A three phase electric arc−furnace can be modelled in the RTDS, based on an
equation of an electric arc[1][2]. Arc length is dynamically altered for each elec-
trode in every half cycle, using statistical techniques. Arc conductance is calcu-
lated in every time step and used in the network solution.

Loss of power quality associated with arc−furnaces can be investigated using a
UIE type flicker meter. The last section in this chapter illustrates a controls com-
piler implementation of a flicker meter.

17.1 DYNAMIC CHARACTERISTICS OF HIGH CURRENT FAULT ARCS

High current fault arcs exhibit a hysteresis effect. The arc conductance initially
rises in a steep linear fashion for increasing voltage and then saturates and clamps
the voltage at an approximately fixed value. On the falling edge of the voltage,
the conductance traverses a parallel but slightly reduced path. ( See Figure 1. )

Arc Volts

per

cm.

Amperes

Figure 1

The arc characteristics are modelled with the following equation;
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dg
=

1

T
( G − g ) (1)

dt

where g is the time varying arc conductance, G is the stationary arc conductance
and T is a time constant, inversely proportional to the rate of rise of voltage. T
is calculated in each half cycle as it depends on the peak value of current in the
previous half cycle and the arc length. AlthoughG is called stationary, it is based
on the instantaneous absolute value of current, the peak voltage gradient of the
arc and the arc length. It is calculated in every time step. Arc length is altered in
a more or less random way and is calculated in each half cycle, as explained in
the following section. In summary, equation (1) is solved in each time step with
trapezoidal integration, for each of the 3 furnace electrodes.

Arc furnace behavior varies over time as the charge in the furnace is reduced from
large pieces of solid metal to molten metal. The random nature of the arc length
is very pronounced in the first phase andmuchmore stable at the end. This effect
is modelled by choosing 2 or 3 distinct phases through which the model can be
switched, each with its own set of statistical and deterministic variables.

A typical arc furnace includes 1 or 2 step down transformers, with the high side
of the high voltage transfomer referred to as the point of common connec-
tion(PCC). Noise measurements are made at the PCC. One or both of the trans-
formers is connected in delta in at least onewinding to block zero sequence com-
ponents. Lead inductance and resistance are usually modelled between the low
voltage output of the low voltage transformer and the arc−furnace itself, as the
base impedance of this part of the circuit is very low. Furnace voltage is usually
less than 1 kV.

17.2 THE ARC FURNACEMODEL

17.2.1 THE CONFIGURATION MENU

The configuration menu is shown on the above.
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The first field requests a name for the model and must be supplied.

Thenumber ofmelting sequences is selectable in the range from1 to3.The active
sequence is controllable in RunTime by creating a selector switch. If the melt
phase is set to zero, the conductance of the arc for each phase is set to a lowvalue,
i.e. the furnace is off.

RatedReal 3 phase Power is only used for estimating the peak current for the first
cycle of operation as this value is recomputed in subsequent cycles. The real pow-
er consumed in the furnace is a function of applied voltage, source impedance
and average arc length. The longer the arc, the mode power the furnace will con-
sume. However, if the arc is forced to be too long, it will not strike and the power
will drop to zero.

Rated voltage is used to estimate initial arc length where this is supplied as 0.0.
In this case, arc length is calculated as the voltage divided by the voltage gradient.

Initial arc length is used as themean value aroundwhich the statistical variations
are applied. It is not used if the arc is externally controlled. Some experimenta-
tion is required to obtain a satisfactory value, but typical values range from 20
to 30 cm. External control of the arc length is recommended at least until the per-
ormance of the model is satisfactory.

The arc length can be controlled by controls created in the controls compiler or
by a slider.

17.2.2 CALCULATION OF ARC LENGTH IN EACHMELT PHASE
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This menu controls arc length changes. It is broken into changes which affect all
3 phases and changes which affect phase a, b and c individually. The first part,
relating to changes affecting all 3 phases, requires that sinusoidal or Gaussian
noise modulating signals be selected.

If the selection is sin, the next line Mag.(sin) controls the magnitude of the sin
wave. It is applied to all 3 phase in the same manner, i.e. it generates zero se-
quence signals. Gaussian noise is centered on zero, generates negative or a posi-
tive values, and is applied to all phases at the same time.

The next 2 lines ask for the cut off frequency and gain of white noise generators.
These lines refer towhite noisewhichmaybe requested for the individual phases.
The same forth order low pass filter characteristics are used for each phase, but
individual white noise generators and filters are used. If white noise is not se-
lected in the subsequent sections, these entries are ignored.White noise is defined
over a range of zero to one. It is offset by 0.5 and multiplied by a gain.

The next three sections for the individual phases are all the same. The first entry
is a selection ofmodulation type, either white noise, Gaussian noise or sinusoidal
noise.

An offsetmay be added to the arc lengths of the individual phases. This is applied
to the initial arc length if externalmodulation is not used, or to the externalmodu-
lation directly.

If the modulation is sin, then the frequency may be selected in the last line and
the magnitude selected in the line above. If the modulation is Gaussian, the stan-
dard deviation may selected in the second to last line.

17.2.3 MONITORING AND VARIABLE NAMES
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These menus are self explanatory.

17.3 REFERENCES

1.0 “Improved Techniques for Modelling Fault Arcs on Faulted EHV Transmission
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APPENDIX 17A) THE UIE FLICKER METER

The impact of electrical noise from an arc furnace can be estimated by creating
and calibrating the UIE flicker meter. The RTDS implementation of the meter
is described here, but its calibration is left for the user.

17A.1 METER THEORY

The UIE ( International Union for Electroheat ) specification for a flicker me-
ter[3] is shown in block form in Figure 2. The meter is intended to model a tung-
sten filament lamp and the response of the human eye to changes in the voltage
applied to the lamp. Flicker is perceptible to the human eyewith sensitivity being
a function of the magnitude of the voltage changes and the frequency of the
change.Maximum sensitivity occurs at about 9Hz.with a sinusoidalmodulation
of the input of about 0.25%.Modulation must be greater than this at all other fre-
quencies to be perceived. A typical response curve is shown in [3].

Input Voltage
Adapter

Demodulator Weighting Filters Squaring and

Smoothing

Statistical

Evaluation

Input Pst
Block 1 Block 2 Block 3 Block 4 Block 5

Figure 2

Outputs can be obtained from any block, but the output of block 4 is the instanta-
neous value of flicker. By providing a standard input to the meter, the output can
be calibrated to give an output of 1.When the calibrated meter is then connected
to a noise source, the duration of the instantaneous flicker at all levels is timed.
The levels are counted over a 10 minute period and then normalized to give the
Probability of flicker over a short time, Pst.

17A.2 METER IMPLEMENTATION

The first 4 of the above blocks can be implemented with standard controls com-
piler components. The Statistical Evaluation block however, requires a special
component called rtds_sharc_ctl_PST. The Controls compiler implementation
of Blocks 1 and 2 are shown in Figure 3. The implementation of Block3 is shown
in Figure 4 and the final 2 blocks are shown in Figure 5.
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Figure 3

Note that the Import/Export icons attached to nodes N4, N5 and N6 in the figure
are connected to the low voltage side of the first step down transformer in the arc
furnace. N10 is at the PCC, i.e. the high voltage side of the first transformer. N10
is the actual flicker meter input.

The function of block 1 is to normalize the input voltage with a very long time
constant. The Phase locked loop tracks the phase of the fundamental signal com-
ponent and synchronizes samples taken in the Digital Fourier Transform block.
This technique provides good rejection of harmonics. Scaling factors are switch-
able between 120 and 230 volts. The only parameter of importance in this section
is the 171.53 sec time constant in the first order low pass filter.

Figure 4
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The leftmost block in Figure 4, and the block to its right, create the demodulator.
This a bandpass filter with a first order highpass block giving a lower cutoff of
0.05Hz and a sixth order Butterworth lowpass filter block giving an upper cutoff
of 35 Hz. The set of 4 filter blocks on the right create the weighting filter, with
parameters shown. The upper pair are for 230 Vrms input and the lower pair are
for 120 Vrms input. All parameters of importance are shown except for the pre-
viously mentioned Butterworth filter.

Figure 5

Figure 5 shows the squaring, smoothing, and statistical evaluation functions.

The gain function has been added to calibrate the output for a calibrated input.
It is straight−forward to produce a standardized input from control blocks in the
RTDS[3]. This signal can be written to a D/A and connected through amplifiers
to a commercial flicker meter. The flicker meter implemented here can then be
checked against the commercial unit.

The menu for the PST block is shown below.

TheClassifier Full Scale should be chosen so that few if any, instantaneous flick-
er values exceed this number. On the other hand, if it chosen too large, the five
guage points will not be calculated accurately. The five guage points refer to the
level of flicker exceeded 50% of the time, 10% of the time, 3% of the time, 1%
of the time and 0.1% of the time. These are referred to as P5 to P1 but can be
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named anything for plotting. The classifier is designed for the 10 minute test
only.
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18 PHOTO VOLTAIC (PV) ARRAY MODEL

( _rtds_PV.def)

18.1 INTRODUCTION

There are many different types of devices which are able to convert the energy
found in solar rays into electrical power. The silicon based P−N junction type
Photo−Voltaic(PV) cell is oneof themost prevalent types of solar energygenerat-
ing devices. This is mainly because a module is relatively cheap in comparison
with other similar devices which use different technologies and because it can be
manufactured in scale economically.

The basic element of a solar array is the solar cell. In most cases, however, the
power from a single solar cell is very small and in order to produce enough power
to supply a conventional load, the individual cells are connected in series to form
amodule. A solar array can then be constructed frommodules tomeet the design
specification of the solar generation system. An array consists ofmoduleswhich
are connected in series and in parallel.

Figure 1 shows a diagram of howmultiple PV cells can be connected in order to
form a solar array. The number of cells in amodule is denoted byNc; the number
of modules in parallel is denoted byNp and the number of series connectedmod-
ules is denoted by Ns.
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Figure 1: Elements of PV Array

PV Module Model

The following figure represents the conceptual model for a PVmodule. The cur-
rent source represents the current generated by the energy contained in sun light.
The diode models the characteristics of the junction between the P−type and N−
type semiconductors.

Figure 2: Conceptual Model of a PV module
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The voltage, V, and current, I, output from the PV array are based on the calcu-
lated outputs for each individual module. In section 18.2 the equations used to
calculate the currents and voltages of individual modules are provided; these are
then scaled appropriately according to the topology of the array.

The total array current is the module current, given in equation 8, multiplied by
theNp parameter. The total internal diode thermal voltage is the module thermal
voltage, given in equation 2, multiplied by the Ns parameter.

Input and output of the model

The PVArraymodel has two power system nodes which allow it to be interfaced
with theRTDSNetwork Solution; nodes P andN represent the positive and nega-
tive terminals respectively. The connections labeled ”INSOLATION” and
”TEMPERATURE” are the model’s control signal inputs. Together, along with
the terminal conditions of the PV array, they are used to determine the quantities
Is and Id of Figure 2’s conceptualmodel and consequently they dictate the output
of the model.

Photo Voltaic Arrays are often characterized by plotting the array’s output cur-
rent, I, versus its terminal voltage,V; these plots are knownas an I−Vcharacteris-
tic. Both ambient temperature and insolation level impact such curves andFigure
3 shows how the I−V characteristics of an array change generally as a function
of these two variables. Detailedmathematical relationships between these quan-
tities are given in section 18.2.

Figure 3: Illustration of how a PV array’s voltage and current are impacted
by Insolation level and ambient temperature.
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18.2 MATHEMATICAL DESCRIPTION OF MODEL

Internal Diode Representation

The current flowing through the internal diode representation is given by Equa-
tion 1. This equation is well know and is commonly refered to as the ’diode law’.

ID= I0expV+ I ⋅ RSn ⋅ VT
− 1 Eq. 1

Io : Diode saturation current n : Diode ideality factor
VT : Thermal potential difference V+ I ⋅ RS : Total diode bias voltage

The calculation of Equation 1, requires that the thermal potential difference, VT,
and the diode saturation current, I0, be defined. These two quanties are given in
Equations 2 and 3 below

VT= (TEMP+ 273) ⋅ Kq ⋅ Nc Eq. 2

TEMP : Temperature in centigrade

K : Boltzmann constant (1.3806503x10−23 m2 ⋅ kg ⋅ s−2 ⋅ K−1)

q : Elementary charge (1.602176x10−19 C)

Nc : Number of cells in a module

I0 = A ⋅ (TEMP+ 273)γ ⋅ exp Eg ⋅ Nc
nid ⋅ VT
 Eq. 3

A : Temperature dependent coefficient of diode saturation current

TEMP : Temperature in centigrade

γ : Temperature dependency factor

VT : Thermal potential difference

Eg : Band energy gap

Nc : Number of cells in a module

nid : Diode ideality factor

Calculation of equations 2 and 3 require the intermediate calculation of other
quantities. The band energy gap of the diode can be calculated using equation
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4and the temperaturedependent coefficient of thediode saturation current is giv-
en by equation 5.

Eg = 1.16− 0.000702 ⋅
(TEMP+ 273)2

(TEMP+ 273− 1108)
Eq. 4

A=
Ioref

refTEMP+ 273
γ
⋅ exp−Egref⋅Ncnid⋅VTref

 Eq. 5

Ioref : Reference diode saturation current

refTEMP : Reference temperature in centigrade

γ : Temperature dependency factor

VTref : VT | T=refTEMP

Egref : Eg | T=refTEMP

Nc: Number of cells in a module

nid : Diode ideality factor

Finally, in order to calculate equation 5, wemust define the reference diode satu-
ration current. This quantity is given by equation 6.

Ioref=
Iscref

exp Vocrefnid⋅VTref
− 1 Eq. 6

Iscref : Short circuit current

Vocref : Open circuit voltage

VTref : VT | T=refTEMP

nid : Diode ideality factor

Internal series resitance representation

The following equation is used to obtain the value of the internal series resistance
shown in Figure 2.
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RS=
nid ⋅ VTref ⋅ lnIscref−ImprefIoref

+ 1.0− Vmpref
IImpref

Eq. 7

nid : Diode ideality factor

VTref : VT | T=refTEMP

Iscref : Short circuit current

Ioref: Reference diode saturation current

Impref : Output Current at maximum power

Vmpref : Output Voltage at maximum power

Internal current source representation

The internal current source in the PV array model can be described using the fol-
lowing equation.

Isc= Iscref ⋅  INS1000 ⋅ 1.0+ JTMP
100.0

⋅ TEMP− refTEMP Eq. 8

INS : Insolation input

Jtmp : Temperature Coefficient of ISC

TEMP : Temperature in centigrade

refTEMP : Reference temperature in centigrade

Iscref : Short circuit current



−18.7−

18.3 MODEL PARAMETERS

This section includes a description of the parameters for the PVarray component.

BASIC DATA − PV MODULE MENU

Name A unique name for the PV array model should be assigned.

Vocref The open−circuit voltage is used in the calculation of the re−
ference diode saturation current of equation 6.

Iscref The short−circuit current is used in the calculation of equations
6 through 8.

Vmpref The voltage at maximum power which is used in the calculation
of equation 7.

Impref The current at maximum power which is used in the calculation
of equation 7.

The last 5 entries of the menu allow the model to be automatically or manually
assigned to a specified processor. If automatic assignment is specified, the subse-
quent two entries in the menu are ignored. If manual assignment is specified, a
specific processor can be requested using the CARD and Rprc parameters The
Aproc parameter determines which of the RISC card’s processors is used when
automatic assignment is selected. The last parameter, prtyp, determines the type
of card the model runs on.
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ARRAY CONFIGURATION MENU

As mentioned earlier, PV cells are generally connected in series to form what a
calledmodules in order to generate practically useful amounts of electricity. So-
lar arrays are made up of parallel and series connected modules chosen in such
a way to meet the design specifications of the solar generation system. Three pa-
rameters are needed to specify how the cells and modules are interconnected.

Nc The number of cells in each module.

Ns The number of series connected modules.

Np The number of parallel connected modules.
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REFERENCE CONSTANTS MENU

nid Represents the diode ideality factor and is used in equations 4, 5
and 6.

Gam The temperature dependency factor; it is used in the calculation
of equations 5 and 6.

Tref The reference temperature used in equations 5, 6, 7 and 8.

Jtmp The temperature coefficient of Isc used in equation 8.

18.4 INTERFACEWITH SMALL TIME STEP SIMULATION

Usually interface transformer components are used to transfer power system sig-
nals between large and small time step simulations. These interface transformers,
however, cannot be used for the PV array because the outputs of the PV array
component are effectively DC signals which cannot flow through the transform-
er.

One solution which would bridge the large and small time step portions of the
simulation is to construct the necessary interface by transferring voltage and cur-
rent information between them. Voltage information from the large time step
side of the simulation is transferred to the small time−step side of the simulation
and current information from the small time step side is brought to the large time
step side. Figure 4 illustrates the signals whichmust be interchanged between the
large and small time step portions of the simulation.
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Figure 4: Interfacing the PV Array with a small time step simulation

The node voltage in the large time step side is transferred to the small time step
side, driving a voltage source. The current in the small time step side is trans-
ferred back to the large time step side, driving a current source branch. In this
configuration, an interface capacitor, marked with a red rectangle, contributes to
the stability of the interface by smoothing the node voltage. A physical capacitor
is commonly found in the power conversion system applications with PV arrays.

Byusing this interface technique, thenecessary power electronics application de-
vice(s) can be accurately modeled and simulated with the PV array model.
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19 LI−IONBATTERY MODEL

(_rtds_libat.def)

19.1 INTRODUCTION

Thismodel inRTDS library represents aLi−ionbattery. Themathematical descrip-
tion of the model is mainly based on the reference [1]. The model in the reference
is extracted from a real commercial Li−ion polymer battery product, TCL−
PL−383562 from TCL Hyperpower Batteries Inc (China)[2].

A curve fittingmethodwas used in the reference in order to extract parameters. The
focus of the modelling is on the electrical behavior of the battery, namely Voltage−
current Characteristics. Hence, the battery lifetime modeling, which would de-
scribe long term battery behavior such as self−discharge is not considered in the
model. The thermal aspect of the battery such as the thermal dependency of the cir-
cuit parameters are not considered in the model, either. The equivalent electrical
circuit of the battery model is presented below.

Figure 1. Electrical equivalent circuit of Li−ion battery
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19.2 MATHEMATICAL DESCRIPTION OF MODEL

In above circuit, Rtransient_S and C_transient_S are responsible for the short−
term transient of the battery, whereas Rtransient_L and C_transient_L are respon-
sible for the long−term transient of the battery. It was noted in the reference paper
[1] that twoRC time constants as employed in themode is the best tradeoff between
accuracy and complexity of the model.

All the non−linear circuit parameters in above circuit are functions of state of
charge (SOC). Single variable functions were used to describe the behavior of
those parameters mathematically. The functions are as belows:

VOC(SOC)=− 1.031 ⋅ e−35⋅SOC+ 3.685+ 0.2156 ⋅ SOC− 0.1178 ⋅ SOC2+ 0.3201 ⋅ SOC3

RSeries(SOC)= 0.1562 ⋅ 2−24.37⋅SOC+ 0.07446

RTransient_S(SOC)= 0.3208 ⋅ e−29.14⋅SOC+ 0.04669

CTransient_S(SOC)=− 752.9 ⋅ e−13.51⋅SOC+ 703.6

RTransient L(SOC)= 6.603 ⋅ e−155.2⋅SOC+ 0.04984

CTransient L(SOC)=− 6056 ⋅ e−27.12⋅SOC+ 4475

19.3 INPUT AND OUTPUT OF MODEL

The Li−ion battery model has two power system nodes. One is designated as ’+’
node and the other is designated as ’−’ node. Because the lifetime and thermal as-
pect of the battery are not considered, no control input exists with the model.
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19.4 MODEL PARAMETERS

CONFIGURATION

Name A unique name for the battery model should be assigned.

prtyp The type of processor where the model can run.

PROCESSOR ASSIGNMENT

The4 entries of themenu allow themodel to be automatically ormanually assigned
to a specified processor. If automatic assignment is specified, the subsequent two
entries in the menu are ignored. If manual assignment is specified, a specific proc-
essor can be requested using theCARDandRprc parameters. TheAproc parameter
determines which of the RISC card¡¯s processor is used when automatic assign-
ment is selected.
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BATTERY PARAMETERS

AH Capacity of a single Li−ion battery cell in AH (Ampere−Hour)

SOC Initial state of charge (SOC) in percent (%)

Ns Number of battery cells connected in series in a stack

Np Number of battery stacks in parallel

MONITORING

nam1 Name of variable for state of charge (SOC) of battery
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