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1. Introduction

The metheds of computation of transients in elec-
tric power systems and the representation of net-
Wwork components have been already studied in the
past, particularly by CIGRE Working Groups /1, 2,
3, U/. These studies mainly refer to the compu-
tation of switching overvoltages.

Meanwhile, however, new problems have become impor-
tant (e.g. stresses of metal oxide sUrge arresters
by temporary overvoltages, very fast transients in
GIS) and new facilities are available (e.g. highly
developed digital computer programs /5, 6/, new
electronic devices on TNA's for the simulation of
components and for their automatization /7/).

At present, digital computer programs theoretically
allow to cover the requirements for studies of all
transients. In fact digital computers at present
are almost exclusively used when studying power
frequency phenomena in systems and lightning and
very fast transient phenomena in substations.

The :zralog representation by TNA's is still exten-
sively used, especially where actual control
equipment (e.g. HVDC-, Static Var Compensator
(SVC)- and Power System Stabilizer (PSS)-con-
trollers) or protective equipment (e.g. digital
distance relays) can be connected to the TNA to
study its interaction with the electrical system.

Digital programs offer the advantage of continuous
availability of the computer, which also can be
used simultaneously for different studies. On the
other hand TNA's may offer advantages in performing
extensive statistical analyses, particularly if
they are automatized, and they of fer the solutions
in real time, whereas digital programs for the cal-
.culation of electromagnetic transients still have a
execution time considerably slower.

The application of TNA's and of relevant digital
computer programs has been compiled by CIGRE WG
33.02 and discussed at the SC 33-Colloquium 1985 in
Budapest. Based on worldwide experience this report
presents a review of the methods to represent com-
ponents of power systems when calculating electri-
cal transients in such systems.

2. Electrical transients and associated

frequency ranges

The study of electrical transient phenomena in
power systems involves a frequency range from DC
to about S0 MHz or in specific cases even more.
Above  power frequency these usually involve
electromagnetic phencmena, whereas below power
frequency also transients of the electromechanical
type in rotating machines can be involved.

Transient phenomena appear as transitions from one
steady state condition to another. The primary
cause of such disturbances in a system are closing
or opening of a breaker or another switching equip-
ment, short-circuits, earth faults or lightning
strokes. The consequential electromagnetic pheno-
mena are travelling waves on lines, cables or bus-
bar sections and oscillations between inductances
and capacitances of the system. The frequencies of
the oscillations are determined by the surge impe~
dances and travel times of connecting lines resp.
by the inductances and capacitances involved (e.g.
short circuit impedance of feeding system and ca-
pacitance of switched line).

Table 1 gives an overview on the varicus origins of
such transients and their most common freguency
ranges. Minimum frequency values below power {re-
quency indicate the frequency band required to re-
present main time contstants of the relevant tran-
sients.

Table 1: Origin of electrical transients and
associated frequency ranges {most
common values)

Origin frequency range

Transformer energization

ferroresonance (DC)} 0.1 Hz - 1 kHz
Load rejection 0.1 Hz - 3 kHz
Fault clearing 50/60 Hz - 3 kHz

50/60 Hz - 20 kHz
50/60 Hz - 20 kHz

Fault initiation

Line energization
Line reclosing (DC)50/60Hz - 20 kHz
Transient recovery voltage

Terminal faults
Short line faults

50/60 Hz - 20 kHz
50/60 Hz - 100 kHz

Multiple restrikes

of circuit breaker 10 kHz - 1 MHz
Lightning surges,
faults in substations 10 kHz - 3 MHz

Disconnector switching
(single restrike) and

faults in GIS 100 kHz - 50 MHz

In some cases the total duration of electrical
transients may last longer than indicated in the
table (e.g. saturation phenomena during energi-
zation of large transformers}, but normally their
behaviour during shorter time periods is of real
interest. 0On the other hand for practical inve-
stigations also switching sequences of long du-
ration may be split up into separate single events
of shorter duration if there exist quasi-steady-
state conditions inbetween (e.g. single restrikes
during disconnector switching).

3. General aspects on representation and
classification of frequency ranges

Representations which are valid throughout the
complete frequency range of 0 (DC) to 50 MHz are
practically not possible for all network compo-
nents. For this reason, those physical charac-
teristies of a specific network element which have
a decisive effect on the particular portion of the
transient phenomena, which is of interest, must be
given detailed consideration, e.g.

~ the saturation characteristics of transformers
and reactors can be of importance, in case of
fault clearing, transformer energizing and if
significant temporary overvoltages are expected.



- when switching on a line, if the main interest
is concentrated on the maximum overvoltage which
occurs, the line characteristics and the feeding
network  are  of importance. However, if alsc de-
tails of the initial rate of rise of the over-
voltages are of importance, even detailed charac-
teristics of the substation, e.g. capacitances of
measuring transformers, the number of outgeing
lines and their surge impedances are decisive to
the travelling wave phenomena determining the
initial shape of the overvoltage.

- when studying phenomena with frequencies above
1 MHz such as very fast transients in GIS caused
by disconnector restrikes, not only the waves
travelling on the busbar sections may be of
importance but also the very small additional
capacitances and inductances of measuring
transformers, post insulators and in some cases
even the elbows in the tubular busbars.
The representation of the individual network ele-
ments must therefore correspond to the specific
frequency range of the particular transient pheno-
mena. For that reason the frequency ranges of elec-
trical transients in Table 1 will be ¢lassified as
four typical groups with overlapping frequency ran-
ges for which specific representation models may be
established {see Table 2). These groups are related
to the actual steepness of overveltages but for
simplification reasons they will be designated also
by typical origins of transients. Not in all cases,
however, they are the real corigin of an overvoltage
of the relevant group (e.g. faults or switching
operations may create also steep front surges in
the local vicinity of their origin).

The TNA techniques mostly refer to Groups I and

II, but it is possible to apply TNA's also at
higher frequencies by changing the time scale.

Table 2: Classification of frequency ranges

Group|frequency range shape represen-—
for representation| designaticon [tation
mainly for
I 0.1 Hz - 3 kHz |Low frequency|Temporary
oscillations |overvol-
tages
I1 50/60 Hz - 20 kHz |Slow front Switching
Surges overvol-
tages
III 10 kHz - 3 MHz [Fast front Lightning
surges overvol-
tages
Iv 100 kHz - 50 MHz |Very fast Restrike
front surges |[overvol-
tages
h. Representation of network components

Various parameters may have different influences on
the correct representation of the components within
each of the four groups of frequency ranges. Their
importance is designated below by "negligible",
"important" and "very important". Parameters desig-
ned "very important" should be taken into account
very carefully for all studies, whereas parameters

designated by "important” should be represenfed as
correct as possible particularly when speciflia
cases are Lo be veryfied, e.g. by comparisons bet-
ween field tests and caleculations. Very often and
especially in the planning stage exact system data
are not known. In such cases parameters designated
by "important" may be represented by a simplified
method but their values should be varied to check
the sensitivity of the results.

i1 Overhead transmission lines

An overview of representation methods for single
circuit 1lines and of the influence of the relevant
parameters is shown in Table 3. Within frequency
Groups 1 and II different representation methods
are used for TNA's and digital computer programs.
For Group IT on TNA's very often additional damping
resistances R resg. R may be necessary to
adjust it ‘to "the real " line behaviour and to
damp out spurious osecillations of higher frequen-
cies caused by the representation of the line by a
finite number of I¥ -sections /3/.

Transmission Llines can be represented in digital
computer programs in principle in a similar way as
for TNA. However, normally a travelling wave
approach is applied. Accordingly, the surge impe-
dance (or admittance) matrix and the propagation
characteristics of the lines are introduced. Mathe-
matical transformations that allow application of
the different modes of propagation are used (par-
ticularly in the lower f{regquency ranges according
to Groups I and II the propagation speed of elec-
tromagnetic waves in the ground mode of overhead
lines with 0.2 to 0.25 km/ps is lower than the pro-

pagation speed of about 0.3 km/ps in their line
mode). Except for 1lightning overvoltages, earth
wires may be eliminated assuming zero voltage on

those wires. Accordingly the impedance {admittance)
matrices are reduced to 3 x 3 matrices, and e.g.
the ijO ~transformation /3/ can be used. For
studies of lightning overvoltages (Group 1),
particularly in backflashover cases, the earth
wires must also be included and each span of the
line has to be handled separately. Transformations
in order to decouple the n-conductor system to n

independent equivalent single conductor systems are
necessary. Such transformations are found by eigen-
value analysis. For this kind of overvoltages also

corona losses /1, 8/ and the influence of towers
should be included in the computation model. More
detailed studies on correct overhead line simula-

tions for Group III transients at present are
worked out by CIGRE WG 33.01 {Lightning}. For
Group IV transients in most cases it is sufficient
to represent an overhead line connected to the GIS
by its surge impedance.

4.1.1 Number of r-sections and choice of time
step
§.1.1.1 Mumber of W -sections

m of wmr-sections required for the
of lines depends mainly on
the expected frequency of the transient oscilla-
tion. The highest frequency f that can be at-
tained by a w-section represen%g§ion is the natu-
ral frequency of one individual element represen-
ting a partial length s = 5 /m of the total

line length s With L = s- L'tognd C=s-0"1t
results

The number
correct representation

tot®

w

_ v
max - 4. hy.
2ws L'
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with v = propagation speed of elec-
VL' - o tromagnetic wave
and L' = line-inductance per unit length

C' = line-capacitance per unit length

Thus, as a rule of thumb, for practical purposes if
a maximum frequency f has to be represented, the
length s of a lne section represented by a

single 1w -Section should not to be longer than
v
Smax -
5 « f

On the other hand that means that on a TNA having
an inherent upper frequency limit of f = 20 kHz,
the line length per mr-section of an Ovérhead 1line
representation needs not to be shorter than about

3 km (propagation speed v = 0.3 km/ps).

If lower frequencies are expected only, e.g. for
temporary overvoltages (Group 1) of maximum fre—
quencies below 300 Hz, line lengths of about 200 km
per -section are permissible i.e. in such cases
all lines with length below 200 km can be represen-
ted by one T -section.

However, besides the maximum frequency to be repre-
sented alse other parameters such as rise time,
attenuation or phase shift may require special
consideration. For more detailed information on
their influence on maximum line length per m-sec-
tion see /9/.

Care has to be taken also if the first capacitance
of the first fr-section of a line representation is
switched immediately in parallel to a capacitance
of the feeding system side. In such cases an chmic
resistance in the order of the surge impedance of
the 1iine should be connected in series with that
first shunt capacitance. This damps the unrealistic
current oscillations. Also a representation by T-
sections (one half section impedance on both sides
of total section capacitance /1/) instead of
Tr-sections can be used in such cases.

4.1.1.2 Time step

When using digital computer programs the selection
of the time step At is of importance. On the basis
of the highest expected frequency and assuming that
ten points would define one period of this frequen-
cy f with sufficient accuracy, At is given by
the equgtion

2
. NE—
At = T

max

Some programs use linear interpolation on past
values if travel time T is not an integer multiple
of 4t, while others require T to be roun-
ded to the nearest integer multip?e of At. The
first approach introduces damping and the second
one shifts resonance frequency. When representing
systems with lines of various length, additional
care must be taken that At is less than the
travelling time of the shortest line. Otherwise
that line has to be represented by a lumped se-
ries-L or shunt-C, the one which is more important.

In case of doubt apply the feollowing rule: The re-
presentation is acecurate enough, if doubling the
number m of T-sections resp. halving the time
step At does not effect that part of transient
which ia of interest.

4.1.2 Frequency dependent parameters

The frequency dependent parameters aspecially of
the ground mede (zero sequence system, ground re-
turn}) have an important influence on most ol the
transients. Typical dependencies of R {f) and L {f)
of 420-kV- and 765-kV-transmission 1¥nes are given
in /3/. For lightning overvoltages (Group III},
however, these dependencies are of secondary im-
portance compared to the effect of earth wires,
tower surge impedance, tower footing resistance,
insulation flashovers and corona lossess. Therefore
in that Group line characteristics, model trans-
formation matrices ete. may be determined at one
single frequency (for instance 250 kHz)! and
considered constant.

Model cails

a) Representation of ground return
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e¢) Zero sequence resistance characteristic

Fig. 1: Example of a frequency dependent
ground return representation for
TNA's /3/

Also in other cases of transients consisting mainly
of a single frequency oscillation, e.g. when swit-
ching-on an unloaded line via an inductive source,



fixed wvalues corresponding to Lhe characteristic

ground mode values at this particular frequency may

be used for simplification of the enleulaticns.
More accurale modelling of the frequency behaviour
is necessary in case of multiple frequency tran-
sient phenomena. With TNA's this can be realized

either by a more sophisticated ground return repre-
sentation using a suitable combination of various
series and parallel connected inductances and re-

sistances as shown in Fig. 1. /3/ or by specially
designed c¢oils as shown in Fig. 2 utilizing magne-—

tic and eddy current phenomena similarly to the
true properties of the ground return /10/.

For digital computer programs distortion Tunctions
are applied which medify the travelling waves by a
convolution technique /11/. The [requency dependen-
ce of R and L is caused by skin effect in the con-
ductors, and more importantly, by skin effect in
the earth, with the current flowing closer to the
surface of the conductors and the earth as the
frequency [ increases.

For round and tubular conductors, there are closed-
form solutions R(f} and Linternal(f) with modified
Bessel functions, which are Usually replaced by
polynomial approximations in computer programs.
Steel reinforced aluminum conducters are often
approximated as tubular conductors by lgnoring the
steel core. Numerical methods based on finite
elements or on subdivision into partial conductors,

which are small enough to assume uniform current
density can be used as well. In /12/ and in similar
approaches, the partial conductors are described by

a diagonal resistance makrix and a full inductance
matrix with self and mutuwal inductances, from which
R{f) and L{r} are obtained by matrix reduction. On
TNA's R{f) and L{f) are usually synthesized as R-L
networks. With the approach of Appendix 1, this R-L
nelwork is synthesized directly.

For the frequency-dependent earth return impedance,
Carson /13/ and Pollaczek /1Y4/ developed formulas
with integrals, which are usually approximated by
series In computer programs. In handbooks, only a
few terms of these series are retained, which is
only acceptable at low frequencies. Numerical
methods based on subdivision into partial con-
ductors can be used for the earth return as well
/16/. More recently, Dubanton and Gary /15/ have
developed simple closed-form solutions by adding a
complex depth p =1/? /(j2Trfp ) to the conductor
height, which give results very ¢lose to those from
Carson's and Pollaczek's formulas (9 = earth
resistivity, b, = permeability constant).
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Fig. 2: Specially designed coil for ground
return representation /10/
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4.1.3 Line asymmetry and coupling with other
circuits
4.1.3.1 TNA representation

For Group I and II phenomena line asymmetry and
coupling to other circuits including also frequen-
cy dependence can be modeled 1in sufficient detail
on TNA's. However, such models are somewhat more
complex than shown in Table 3 for balanced lines.
Fig, 3 shows an example of a practically used line
section representaticon for non-transposed asymme-
trical overhead lines. It incorporates self and
mutual inductances ef the phase conducteors as well
as the effects of earth. The capacitance represen-
tation is completely general and models phase to
ground and phase to phase capacitances. If the com-
ponents are designed with care proper frequency re-
sponse and quality factor X/R can be achieved.
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Lec ‘l, A
Re(f) e Cackr‘nc}'
J_ c

L L
RAFY L_{F) T“ETBETCCE
E ot phamy

Fig. 3: Line section representation for asymme—
trical overhead line configurations

lines on the same right of way ex-
shows that generally the modelling of the

coupling is sufficient for switching
studies {(Group II). Special care has to be
taken when modelling parallel lines on different
right of ways or lines in interconnected networks
if they have different ratios X /X. since in such
caseg it is important to force the ground return
currents through the appropriate earth return
branch. In case of 1lines assumed to be fully
symmetrical this can be realized by a representa-
tion in «f30-components. For asymmetrical lines it
is necessary to represent the mutual impedance
between conductors and earth return by special
transformers which make sure, that the sum of the
three currents in the conducters is equal to the
current flowing back through the ground return (see

Fig. u).

With parallel
perience

capacitive
surge

4.1.3.2 Digital representation

With fr-sections, the line asymmetry and coupling
to other circuits can easily be taken into account
it the (n x n) [R]-, [L]- and [C]-matrices of

Table 3 (Group I}, with equal diagonal and off-dia-
gonal elements, are replaced with (n x n) matrices
where these elements are no longer equal. For two
coupled cireuits, n would be 6. The frequency de-
pendence of parameters is difficult to represent in
fr-sections, unless the n-conductor matrix repre-
sentation commonly used in computer programs is re-
placed by an (n+l)-conductor representation similar
to Fig. 3.

For the travelling wave approach usually preferred
in computer programs, the transformation from phase
to mode gquantities is no longer known a priori in
case of line asymmetry. Instead, the transformation
matrices must be calculatd for each particular line
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Fig. Y4: Representation of earth return currents in meshed systems

(Example of an earth fault)

geometry; they are the eigenvectors of [zﬂ [Yq
for the voltages, and of its transpose for the cur-
rents, with [Zi and [Y'] being the series impedan-
ce and shunt admittance matrices per unit length.

Strictly speaking, these transformation matrices
are f[requency-dependent with complex values, but
most programs approximate them as constant matrices
with real values. For open-circuit voltages, this
approximation appears to be reasonable from DC to
tens of kHz (Groups I and II), while for short-
circuit currents the lower limit of validity lies
around tens of Hz for single circuits, or as high
as 1 kHz for double and triple cirecuits /17/. For
lightning surge studies (Group III), a constant
transformation matrix evaluated at a few hundred
kHz gives reasonable results /17/. The frequency
dependence of the medal series resistance and in-
ductance can be taken into account in the same way
as in symmetric lines, while a rigorous inclusion
of the frequency dependence of the transformation
matrices is still in the development stage.

4,2 Cables
For cables in principle the same applies as for
overhead lines. However, short cables within a

system may be
since in
citance is

simulated as lumped capacitances
relation to overhead lines their capa-

much higher but their inductance and
resistance Jlower. A cable may be considered as
"short" in this respect, if its travelling time is
lower than about 30 % of the time constant of the
main voltage rise time in such a system.

Long cables may present difficulities in the re-
presentation both on TNA's and on digital computer
programs if frequency dependent parameters have to
be taken into account within a wide frequency band.
The basic assumption that the modal transformation
matrix is constant, doesn't hold for Group I and II
transients. Therefore sometimes a Tr-element re-
presentation with additional parallel damping of
the impedances 1is used also for digital computer
simulations. For Group III and IV transients the
transformation matrix is usuvally considered as a

gonstant. However care has to be taken to ensure

proper initial conditions.

4.3 Substations

An overview on modelling methods and on require-
ments for the representation of specific parts is
shown in Table 4. For switching overvoltage studies
{(Group I1) the total capacitance of substations is
represented by a lumped capacitance, if necessary.
Whereas for lightning overvoltage (Group III) and
very fast transients (Group IV) studies the bus
ducts are generally represented in detail by means
of 1lossless transmission lines. When simulating
very fast transients in GIS caused by restrike
phenomena all additional lumped capacitances C
(e.g. of measuring transformers} in extreme cases
even the spacers and additional inductivities L
(e.g. of current transformers}, must be taken
inte c¢onsideration. Also elbows may have to be re-
presented taking into account the different travel

times of surges inside and outside the elbow.
Specific studies in this field bave been made by
CIGRE WG 33/13.09 /18/.
4.t Transformers
An exact representation of transformers is very

complex. Therefore particular care has to be taken
to adjust the representation as well as possible to
the requirements of the specific case to be
investigated. By that reason their modelling
usually will be splitted up in cases where surge
transfer from one winding to another is not of
interest (e.g. unloaded transformers) and on the
other hand, where surge transfer to other windings
has to be taken into account. For the most simple
example of a single-phase two-winding transformer
Table 5 shows an overview on representation methods
and the influence of relevant parameters. The
transformers are modeled on TNA's and on digital
computer programs by a network of resistoers, induc~
tances, ideal transformers, saturable inductors and
capacitances. If saturation phenomena are to be
represented (Croups I and 1I} the saturable
elements have to be inserted as near as possible to
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Tabie 4: Representation of substations

Substations Group 1 Group 11 Group III Group iV
_F’ Dol Nz — 3 xiz sp/RO Tz = 20 kHz L0 klz = 3 Mllz 100 xllz = 5¢ Sz
ho %
ity Py 7
1T
F F

Representation r
L
- Z T, Z T - A

negliglnle Ic 878 &AM gy ~

" 1

Instru capacltanca neqiigibie important 1{EEC>» 10 nF important LE € 0,5 aF very impartant
n -~
ment
trana- itnductance negligibte negligible negligible important Lf LY 0,1 uH
formers
important L[ no power
E EL M negligible
saturatlon transformers in parallel negllgible negliglble gllg
important
£1 bow nagligible negliglble negligible surge impedances of dif-
' ferent travel times)
Connecti lines to
Surge al:rl;gsters nagligibte negliglble very important very important
Earth connections negligible nagligible important very lmportant

C = capacltance; 2 = surge Impedance; T’ « travel time

— \ .
oo kv 27 kV

h indi to the magnetic ¢ tl
the winding(s) close gnetic core (mostly 40 MUA

the low wveoltage winding). At higher frequencies
also the capacitances become important {Groups II
to IV}. If surge transfer is not of interest and if HY

the impedance Z = 2 (f)} versus frequency { has been -

measured at the terminals of an actual transfermer,

for Group III transients it can be modelled by a 5 x0 s00 1| |300 O
rb f,

combination of =several damped series resonance
circuits connected in parallel to its main indue- i
tance and surge capacitance (Fig. 5). This equi- I e ”;;?;“{]
valent ecircuit represents the impedance at the
transformer terminals. It does not give a direct

information on the voltage distribution inside the —[m,lﬂ

T80 mH

transformer but it gives an indication on the
relativ magnitude of possible internal resonances.
For Group IV the surge capacitance C¥ is of primary a
interest. It may be paralleled by an ohmic resi- z

stance Z equal to the eguivalent surge impedance
of the w?ndlngs The addition of Z_ is justified in
particular when the transformer furns ratio is in
the range of 0.5 to 1.0 which often applies to
transformers in HVDC-stations. 1In specific cases
also a representation similar to that proposed for
Group 1I1II, but valid for higher freguencies may be
applied /18/.

4.4.1 More accurate transformer representation

A more accurate representation of single-phase
transformers even with three windings is relati-

vely simple. Fig. & shows an example of a TNA re-
presentation but - based on proper conversion me-
thods - also models using less mutual inductances
are possible. The negative resistances (-R —R )
(realized by an electronic device) are useg when

necessary, to compensate for the DC resistance
of the model. For three-phase transformers, how-
ever, the representation is more complicated. A

equivalent cireuit

first approximation may be for TNA's the addition - == - peasurement of real transformer

of extra delta-connected windings to a bank con-

sisting of three single-phase units, to model the Fig. 5: Equivalent circuit and impedance
coupling of the three legs. For digital represen- versus frequency Z = Z{f) of a
tations, resistance and inductance (or inverse in- 740 MVA generator transformer short

ductance) matrices can be used which represent circuited at its low voltage side
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these couplings, and whose elements can be cal-
culated from the positive and zero sequence short
circuit tests data /19/.

If the internal design of a transformer is known,
particulariy for frequency Groups I and II, more
detailed models can be derived by application of
the analogy between magnetic and electric networks
taking into account the arrangement of the win-
dings, too /20, 21/. Its principle may be explained
by the example of a single-phase three-winding
transformer with the high-voltage winding HV and
two low-voltage windings LVl and LVZ2 (Fig. 7):

L MHL L

H . L

HV LV
_7Saturable
Electronic core
winding A R
resistance H T
compensator
T2

Fig. 6: Example of a TNA representation
of a three winding single phase
transformer

The equivalent magnetic e¢circuit contains the
magnetic permeance of the main magnetic path and
the leakage paths (full lines in Fig. Ta). For each
winding a magnetic source I is effective. The equi-
valent electric cirecuit (dashed lines in Fig. 7a)
is in duality teo the magnetic cirecuit. The resul-
ting equivalent electric circuit is shown in
Fig. Tb.

In this example the arrangement of the two windings
LVl and LV2 was assumed symmetrical to the high
voltage winding (arrangement LV1/LV2 - HVY). There-
fore the main reactance of the transformer is
divided into two equal parts. But this equivalent
circuit would change completely in the case, where
the three windings are arranged in another way,
e.g. the LVl-winding c¢lose to the ccre and the
LV2-winding between HV-winding and LV1-winding
(arrangement LV1 - LVZ - HV).

To keep the galvanic separation of the circuits,
ideal transformers taking into acount the rele-
vant turn ratios are required. These ideal trans-
formers partly can be 1left out by voltage level
conversion.

Fig. 8 shows an application of this method on the
representation of a two-winding, five-leg three-
phase transformer.

For higher frequency ranges additionally capa-
citances should be added to the R-L-models. As sug-
gested in /22/ they should be included at locations
as follows:

a) between the core and the winding closest to it
b) between any two windings

¢) between outer winding and tank

d¢) across each winding from one end to the other

- = r—-————- - - —-—"——-"—-—-- !
1 1 1
g 1 L i 1
I \H- - |
5 }
| i i
: 10 Lvu HY [
Ll LHJ”J_J_ !
- o 1 N S ¥ - -
= T !
1 : : '
! U '
' 12y : o J
L e |t
i
: Ly FEI [ : :
! LI § I P W !
r ; E -er_} :
i
1 ! :
| ! |
T L !
1 - 3
! k7 ( 1
¥ [ 1
| A - e - — 1

D Core and HV-, L¥1 and LV2-windings

_{:::}_ Permeance (magnetic paths including
current sources 1)

~F“"™%_ Reactance (dual electric paths including
“==* yoltage sources)

a) Derivation of equivalent electric cireuit

b) Resulting equivalent cireuit

Fig. 7: Equivalent electric circuit of a
three winding transformer

Reasconably accurate results can be obtained by
lumping one half of the capacitance at each end of
the winding for locations a) to ¢) and by lumping
the total capacitance in parallel with the winding
for location d) as indicated in Fig. 8b.

At very high frequencies, the windings have to be

subdivided into several parts (see Fig. 9). By this

methed also different winding arrangements (disc or

3;;indric coils) can be represented accurately
/.
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b) Detail {single phase, capacitances included)

Inductances:

Ly area of winding ) (Y00 &kV)

!'..2 area of winding 2 (21 kV)

le area between winding 1 and 2

LlC area between winding 1 and core

LH area between windinga 1 of dllferent phasen
LSL area betwsen winding 1 and shell

LYL area between winding 1 and yoke

LL leakage inductance between core and Lranaformer

houaing

Saturable Inductances:

L o

L

¥
1

5

core
yoke

magnetic return path (abell}

Capacltances:

windlng 1 to earth

CIE

C2E winding 2 to earth
CLZ winding 1 to winding 2
Cl parallel to wimling |
Cz parallel to winding 2
Resistances:

Rl winding 1 (400 kV)

Nz windlng 2 {21 kV}

Turn ratlo:

o/t

Fig. 8: Representation of a two-winding, five-leg three phase transformer

'
cl?

cn

ESE LT § B lhi]




Lvi

l

I
=
i

N,

b -3

9

/

Yos

a} Subdivision of a single winding
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b} Righ frequency equivalent ecirecuit
of a winding

=

Fig. 9: Equivalent circuit of a winding
for very high frequencies

y.u.2 Representation of saturation effects
Representation of transfermer saturation is neces-
sary for frequency ranges Group I and II, if
transformer energizing will be studied or in cases
where a considerable increase of power frequency
voltage may occur (e.g. load rejection or swit-
ching-on of long unloaded lines or cables).

In cases of transformer energizing not only the
saturation characteristic of the switched trans-
former is important but also that of transformers
already energized if they are connected to the same
busbar on the feeding side. This requirement is
caused by the fact that during flow of the inrush
current the switched transformer acts as a source
of direct and harmonic ecurrents which may cause
saturation effects also in already energized trans-
formers which are located nearby /24i/.

In cases of load rejection usualiy only a voltage
increase of more than about 20 % above normal
operating voltage causes saturation effects in
transformers. Therefore in such cases saturation
characteristics have to be taken into account only
for those transformers which may be stressed by
such a high power frequency voltage increase. This
may occur particularly in systems with relatively
weak sources. It should be mentioned, however, that
transfermers equipped with tap-changers may be
saturated also by a lower power frequency voltage
depending on their tap-changer position.

The exact representation of saturation characteri-
sties mostly is restricted by a lack of knowledge

of the actual parameters of the transformers par-
ticularly 1if differences in saturation of cores,
yokes and Jjoints should be regarded. A relatively
good approximation can be obtained using the induc-
tivity L of the transformer windings without the
iron core (air-cored coil) to obtain the asymptotic
slope of the magnetization curve (total flux versus
peak current i) in the saturated range. The induc-—
tivity L depends on transformer design and loca-
tion of “the relevant winding with respect to the
core. For approximative calculations values of L

can be assumed as feollows referred to the shors<
circuit inductivity Lk of the transformer:

step-down transformer

(outer winding) Lsg 2 to 2.5 L

k
step-up transformer
(inner winding) Lsx 1 to 1.5 Lk
autotransformer

{(high voltage side) Lsm b to 5 Lk

Az menticned above saturation characteristics of
transformers can be represented by insertion of
single-phase saturable elements at specific loca-
tions of the equivalent circuit. On TNA's mostly
solutions are used as follows:

a) Coils with the same core material as the corres-
ponding transformer. By these the real satu-
ration characteristic can be approximated very
well even at higher frequencies. On the other
hand that method doesn't allow to change the
characteristic to other core materials. The
coils of the model indeed have a lower quality
factor (higher damping) as the leakage reactance
of the real transformer, but in most cases that
will be negligible because of the low quality
facter of 1 to 4 of the iron losses of a real
transformer. On the other hand compensation of
the DC resistance of the model by a negative
resistance is often necessary for the proper
modelling of the decay of Iinrush currents.

b) Coils with a sharp saturation knee combined with
external linear inductances to adjust the actual
flux ¥ versus peak current T curve as shown in
Fig. 10a. The special core material of L ({)
allows a very high inductance in the unsaturated
area and an extremely low differential induc-
tance in the saturated area. The required vol-
tage current-characteristic at power frequency
can be adjusted by the parallel linear induc-
tkance L in the unsaturated part and by the se-
ries conhnected linear inductance L in the sa-
turated region. By this method therrepresenta—
tion can be easily adjusted to the reguired sa-
turation curve even for different saturation
characteristics. But the special core material
used for that may have anhother behaviour at
higher frequencies than the real saturable ele-
ment .

In digital computer programs, the saturable element
is usually modelled with a piecewise linear repre-
sentation which can be implemented with a branch
with an inductance Lmo equal to the magnetizing in-
ductance in the unsaturated region, paralleled by
one or more branches with switched inductances to
approximate the flux Y versus peak current'f curve
by two or more linear segments (see Fig. 10b). The
equation for switched inductance Lj is & =¥ +L.i,
and not ¥ = L.i,. The step size At must bd surfid
ciently smallJ to prevent too large changes along
the Q’ff-characteristic. To simulate hysteresis



and eddy current effects, a linear or nonlinear
resistance B can be put in paratiel to the non-
linear inducggnce, as shown in Table 5 /25/. Some
programs also have nonlinear inductance models
with built-in hysteresis effects. To overcome
pessible problems with numerical instabilities in
this respect and tc increase the accuracy of such
calculations, it also has been proposed to use a
complete analytical function for the representation
of saturable elements /26/ instead of a piecewise
linear function. In TNA representations, hysteresis
and eddy current effects are included inherently.

LP

~ Ly
rr- LY
I
]
I
l— ~ 1L
P
0 "
et
Ly
R,
Lp l ” Ls W)
a} TNA representation using special core
material
e
-vl
- Lmo
0 A
—_— 1
" ¥
Lo
Ly Ly

b) Digital computer program representation

Fig. 10: Representation of saturable elements
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For specific transformer energizing studies it also

is necessary to take into account remanence
effects. On TNA's the residual lux must be con-
trolled in order to ensure reproducable resulls.

For digital ecalculations it is relatively easy to
start from a known residual flux. But to calculate
the residual flux from a simulation is a problem

not solived satisfactorily until today.

4.4.3 Frequency dependent parameters

As  shown in Table 5 frequency dependent transfor-
mer series losses may have a great influence parti-
cularly on Group I oscillations and partly on
Group II transients, too. For TNA simulations it is
necessary to design the relevant components in
order to limit the losses especially at very low
and at high frequencies. In digital computer pro-
grams the frequency dependence of series resistan-
ces R(f) has to be modelled separately. It can be
done by equivalent circuits as shown in Fig. 11.
The equivalent circuits with increasing frequen-
cies imply a reduction of the leakage inductances L

of the transformer with increasing frequencies
but such reductions have been also noticed experi-
mentally and explained theoretically on actual
transformers /27, 28/. In most cases k =2 (i.e.
only two parallel R-L-circuits) gives satisfying
results. These equivalent circuits are quite simi-
lar to that already proposed in Fig. 1, for the

frequency dependent ground return simulation of

transmission lines on TNA's.

k
Lk
k
w2 Liz
R (f) = R_+ R;
o R'Z + huLi)z *
i=1
k 2
; R,
L+ : L
L (f)y = .
° f R'2 + L2 *
1
i=1
w = 27Wf

Fig. 11: Equivalent circuit for the simulation
of frequency dependent leakage impedance

4.5 Shunt reactors

Reactors c¢an be represented similarly to trans-
formers without surge transfer taking into account,
that there is only a single inductance instead of
leakage and magnetizing inductances of a transfor-



The rules for modelling saturaticon effects and
losses are the same. When re-
operation on a shunt com-

mer.
frequency dependent
presenting a reclosing

pensated line modelling of shunt reactor losses is
criticai. On TNA's loss cempensators are adopted
/17

Consideration should be given to the ract, that for

three-phase reactors the zero sequence impedance
generally is lower than their positive sequence
impedance.

4.6 Generators

Ain  overview of representation methods and the in-
fluence of relevant parameters is shown in Table 6.
Very detailed models are necessary for Group T,
They are based on the generator equaticns, on TNA's
/29/ as well as on digital computer programs /6/.
The representations for Group Il to IV transients
are quite similar to those for transformers without
surge transfer. The representations proposed in
Table 6 for Groups IIT and IV, however, are re-
quired only if transients on the generator-side of
the generator-transformer are investigated. The
impedance applicable for these transients is the
subtransient impedance. The frequency dependence of
subtransient inductance and losses has to be con-
sidered partly for Group II transients. For mainly
single frequency transients the values valid for
that frequency can be used, for transients inclu-
ding a wider (frequency range frequency dependent

representations according to Fig. 11 should be
applied.
5.7 Surge_arresters

An overview on parameters to be taken into account
for replication of conventional SiC arresters with
gaps and of gapless metal oxide arresters is shown
in Table 7.

A3

On TNA's the residual voltage characteristie of
conventional surge arresters is modeled by vari-
stors and that of metal oxide arresters by vari-
stors as well as by Zener diodes in combination
with lumped resistors in series and in parallel to
ad just the characteristic of the actual arrester.
The sparkover voltage of conventional surge
arresters can be realized by a voltage controlled
switch /1/.

On digital programs the residual voltage characte-
ristic is modelled by piecewise linear slopes or by
analytical functions.

Similar to the case mentioned in section 4.2.2 also
for these representation the time step At must be
choosen aufficiently small to prevent too large
changes aleng the u/i-characteristic. For Group TII
and IV transients the sparkover voltage u_ {t)
versus time of conventional surge arresters cdR be
characterized according to 730/ by a voltage Ug
(lower limit of sparkover voltage) and a voltage
-time area F (area above U, until sparkover} and
ineluded in the computer program as sparkover
criterion. The wvalues of Uy and F can be derived
from the sparkover-voltage versus time curve u_ (t)
of the actual arrester as shown in Fig. 12. as

For very high frequency transients (particularly
Group IV, partly Group III, too) the inductances L

of the connecting lines to earth and for meta

oxide surge arresters also the inherent inductances
L of the arrester itself have to be taken into
a%count. Average values for these inductances are
6.5 to 1 pH per m connecting linme length resp.
arrester height.

For very steep front surges also the earth grid may
be represented (see section 4.13).

Table 6: Representatien of generators
Ganerators Group I Graup T Group III Group ¥
@ 0.1Hz & 3 kHz SO/60 Bz + 20 kHr 10 kHz &£ 3 M8z 100 kEz + 50 MHz
*)
[ % 1% 3] )

Ganarater equatiana — ) - R

simulation of performance |

Ln direct (d) and quadra- x Iy I s
Repressntation tore (q) axis e C/, = -—z [Lpp—

2

sacyration T n’k Rb Ra * Hd L

excitation T I% TC%

machanical torgue

1
Zz = zif) By m L=a...%
T varen
Tranaition from
subtransient to vary tmportant lmportant only for decay
transkent and to if closs to location of short circulr current neqligible neqligible
synchronous of switching svent ntherwise neqligible
lppedance
Valtage control very imporcant nagligible negligible negligible
Speed control important negliginle negligible negligible
Frequency dapendent
caracetess very laportant important neqliginle negligible
- negligible i

Capacitancas gilg mpArant very important very important

*) Reprezentation requiced only If tranasients on the generator-iide are lovestigated

L = inductance L" = subtransient inductance
W = shmic reslstance E = electromotoric forca
C = capacitance
£

= frequeacy

C- = surge capaclitance

I = impedance measured at terminals

values indicated by * are
lower than the corresponding
values wvithout *
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Table 7: Representation of surge arresters
Surge arresters Group I Group II Group III Group IV
C.1 iz + 3 kHz 50/60 Uz + 20 khz 10 kHz & 3 MHz LDO kiiz 3 50 Mitz
Q
as Aas
Conventional (SicC} constant value constant value uas(t) uas(t
Sparkaover voltage power frequency switching impulse
sparkover voltage sparkover voltage
t t
U
apf Uai
characteristic Uy Y Yy Yy
of non-linear
5iC resistors
u {1 i
u, (1) r{ ) ur(L) ur(l)
Residual i 3- N i
voltage
ur(1)+ ub(t! « “
b b
arc voltage of
active gap
ub(i]
ub(t) ub(t) negligible negligible
E t
very important important if
if active gap active gap
Current extinction very important important negligible negligible
Inductance Lc of negligible negligible impcrtant very impor—
connecting line to earth L. tant Lo
u, u, v, u
Metal oxide (ZND)
== ur(i] ur(i) ur(ll ur[i)
Residual voltage characteristic i i i i
nr(ﬂ
variation cf residual voltage
important for eva-

t t i 1t] s
characteristic ur( I with luation of absorbed negligible negligible negligible
temperature energy

. L L
Inherent inductance La negligible negligible important a very lmportant a
J
Inductance LC of
negligible negligible important very important
connecting line to earth 949 e i L Y ¥ L
o] c

L = current
t = time
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! 4.8 Iastrument transformers
Ul Instrument transformers can be neglecled in almost
A s akl studies. Only 1in case of trapped charges
2 (Group I) the saturation characteristic of induc-
1 tive voltage transformers has an influence LF there
as are no power transformers or reactors connected
in parallel. For very high lrequency transients
the surge capacitances C_ and partly the inductance
of current transformers™ are of interest. For cur-
rent  transformers and inductive voltage transfor-
mers the capacitance C is about 500 pF whereas it
is some 1000 pF for capacitive voltage transfor-
mers. Therefore the latlLer may have an inlluence on
Croup IIl translents, too. For capacltive voltage
transformers in Group IV also the connecting line
to the conductor has to be consldered.

An overview on representation methods and influence

of parameters shows Table 8. In principle the sa-

turation characterlstics can be replicated as shown

e £ in section H.H. Also if voltage transfer is of in-
terest, similar representation methods ecan be
applied as for transformers.

vy Sfsz 4.9 Thyristor valves
U
2

u = U, u =Q_+3f2 §F An overview on representation methods and influence
Sp of relevant parameters is shown 1in Table 9. On

= -1 TNA's special thyristors are used with low on-state
1 u, =U,+y2 s, F voltage. But even this low on-state voltage has to
be compensated by specially designed operational

2 amplifiers /7/. To prevent uncontrolled transients

F= L . (Uy - Up) § = voltage steepness of higher frequencies also in Group 1 the snubber
2 cireuit has to be represented. For digital simula-

L tions of Group I and II transients it has to be

taken into account that programs using fixed values
of time step At (see section 6.2) require values
of At € 100 us to reduce errors in fixing instants
to less than 1° el. Otherwise the content of har-
monics would be increased.. In Group III and IV
thyristors normally are considered only in on-state

Fig. 12: Evaluation of Upe and F from sparkover
-voltage versus time characteristic u (t)
for times to sparkover between 0.1 as
and 10 ps according to /30/

Table 8: Representation of instrument transformers

Instrument Group I Group II Group IXI Group IV
transformera C.Luz + 3 kliz S50/60 Nz +— 20 xHz 10 kirz =] HHz 100 Bz + S0 MHz

P

H L ) negligible

1
T Ttk

Representation 3/2 I
inductive voltage capacltive voltage voltage currenk
transformer transformer transformer transformer

important in case of

trapped charges if
egligibl negligtble
Saturation no transformers negliqible neglig e glig
or reactors in parallel
important especlally
for capacitlve voltage
Capacltances negligihble negligible very ilmportant
transformers
Inductance of Imporetant for very
current trans- negligible negligible negligible high [requencies
farmers

R = resistance; L = inductance;: ¥ = Flux; Cg, = surge capacitance
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Table 9: Representation of thyristor valves

Thyristor Group I
valves 0.1 oz = 3 kllz
—p—

Group T1
50/60 Nz — 20 Xirz

Group III
10 kHz &~ 3 Milz

Group IV

100 kirz = 50 Milz

THA repreaentation

i

On-state voltage compen-—

C
Ap r

5

On-state voltage compen-

not used

not used

satlon satlon
C
It %y LT n
Digital computer [:}_| | ”
representation —l
|
b | »«j«

i
¢ J: Ty =€ ¢

on thyristors

very important

Important

L] N E2
Fr77 77777777 REEEER RS
tiring pulses negligible negiigible

{only op-atate/cff-state)

fonly on-state/off-state)

Snuhber clrcult important

Ryt CB important very important {inductance LB Included) negligible

Valve raactor lnduc- ‘

tance L, paralleled negliglhle negligible very tmportant very Llmportant

by rasaistance R,

Stray capacitances

Cos € s o negligible negllgible vary Important very important

' Th Y Yy’ TR

Val 1 t

13d:§t§n2§"ﬁ negligible negligible important tmportant

v

or off-state conditions. If the internal stresses For multi-unit circuit-breakers the dispersion of
associated with the commutation process in the insertion times in each unit results in a consi-
valve are of interest, the assumption of an ideal cerable reduction of overvoltages compared with the
switch is not adequate and a more sophisticated case of a circuit-breaker represented by only one
model is reguired. Also it has to be taken into chamber /31/.
account that the inductance value L ef 1iron core
valve reactors changes between "off-state (un- If a eircuit breaker is provided with a closing
saturated) and on-state conditions (saturated). resistor it has te be simulated in any case.
Moreover for these Group III and IV transients L

has to be paralleled by a resistance R, since ae
iron losses have Eo be con-
sidered. Both values are frequency dependent. Thelr
quality factor may reach L /R

earth ang Ehe

high frequencies

capacitances to

the

valve

= 1. Also the stray

Opening operations
(Group 1) are influenced by the arc-conditions. By

digital computer programs they can be modelled in

in the

low frequency range

inductance LV have to be taken into acecount.

For Group IV transients the internal inductances L
of the snubber circuit resistance R, suppresses the
X X s B

influence of the snubber circuit.

4,10 Circuit breakers and disconnectors

Farameters which may be of interest for the repli-
cation of cireuit breakers or disconnectors during
closing and opening operations are compiled in
Table 10. ©On TKNA's special bounce-free relays or
semiconductor switches with voltage drop compensa-
tion are used for the representation whereas on
digital computer programs the basis is an ideal
switeh with controclled operation. During closing
operations the mechanical pole spread (less than
5 ms due to the standards) and prestrikes may have
an influence /31/. For statistical studies on clo-
sing operations it should be taken into account,
that the mechanical pole spread of a specific cir-
cuit breaker may be smaller and not gaussian
distributed as normally assumed for more general
statistical studies.

different ways. One method is to represent the
conductor actual arc voltage wu_(i,t) by multiplying the
voltage-current characteristic u (i) of the are

with a weighting function ¢(t), representing the
arc behaviour versus time under the influence of
blast pressure, arc length and arcing time as
evaluated from circuit breaker tests /32/. Also arc
equations based on black-box models or physical
models can be applied /33/. {see Fig.13)

Chopping effects during interruption of small in-
ductive currents are dealt with by CIGRE WG 13.02
{Interruption of small inductive currents) /347,

For opening operations in the high fregquency range
the breaker characteristies with respect to restri-
kes (withstand voltage versus time between contacts
during opening) and the capability to interrupt
high frequency transient currents have to be taken

into account (see Fipg. 14).

For fast transients in GIS (Group IV) the time of
development of the discharge across the contacts
has an influence in limiting the steepness of the
fronts /3%/. Therefore the spark has to be repre-
sented by a time-varying resistor /18/.



21

machanlcal pole

important

very important

negligible

Table 10 : Representation of circuit hreakers aund disconnectors
Circuik breakers, Group I Group Il Group IILL Group IV
disconnectors L0 B R R T 50460 Mz + 20 kHz 10 Xz = 3 Miz 100 kliz L 50 MUz
—_——
Closing .

neqligible
spread
Prestrikes
{decrease of sparkq negligiblo important important very important
over voltage ver- ity 4 ’ poEt ¥ parta
sus time)
Opening —)"»—
High current important only for important only for
interyuption interruption capabi- interrupticn capabi- neqligible nagligible
{arc equations) lity studtes lity studies
Current choppling important only for lmportant only for in-
(arc instability) negligible interruption of small terruption of small negligible
inductive currents inductive currents
Restrike characté- important only for
ristic Interruption of small
{increase of sparkq negligible Inductive currents very important very lmportant
over voltage ver-
aus time)
High frequency important only for
current interrup- interruption of small
tion negligible inductive currents very ilmportant very important
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Fig. 13: Representation of actual arc voltage /32/
ua(i.t) = ua(i) +elt)
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Fig. 14: Multiple reignitions during interruption
of inductive currents

4.11 Insulation flashover

Lightning overvoltages (Group III} are to a great
extent determined by possible flashovers of the
line insulation. Consequently, a suitable model is
needed to calculate flashover voltage as well as
time to flashover for non standard impulses. Parti-

cularly in studies of backflashover (possible con-
gsequence of strokes to towers and shield wires)
irregular voltage impulses must be dealt with.

CIGRE WG 33.01 (Lightning) is studying these pro-
blems in detail.

The relevant models can be divided into voltage
integration and discharge development models.

Voltage integration models considers the integral
£{t) = f[u(t) - Upo) " dt

where

u(t} = applied voltage

Uow = treshold voltage

n = exponent {n * 1)

Flashover i3 assumed to occur when the integral

reaches a limit value f{t) = F. The parameters Ug ,
n and F are empirical wvalues, based on observed
relations between flashover voltage and time to
flashover for different gaps and impulses tested in
the laboratory. In the "constant area method" /30/
the parameter n is equal to one. (See also section
4.7, Fig. 12, in which the integration model is
applied to determine arrester sparkover). In gene-
ral, n and F are different for positive and nega-
tive pelarity. Statistical spread can be inclu-
ded in the parameter F /36/.

The discharge development models assume that a
leader starts from the energized electrode when the

average gradient in the gap reaches a critieal
value E . The leader then progresses in the gap
with variable wvelocity. The applied voltage when

the leader has crossed the gap is the discharge vol-
tage. A relation 1is assumed, based on physical
observations, between the velocity of the leader

and the other variables of the discharge develop-
ment, as the unbrigded part of the gap, the applied
voltage, ete.

For this model the following expression has been
found for gaps without essential influence of the
insulator /37/:

u(t)

v, - 170 d - [ﬁ—““‘) - E ] e 0-0015 55

X o
where
v, = leader velocity in m/s
d = gap clearance in n
u(t) = applied voltage in kV
X = part of the gap still unbridged by the

leader in m

EO = average gradient in gap corresponding to the

standard lightning
voltage in kV/m

impulse 50 ¥ discharge

E depends on polarity, of electrode configurations
and on gap clearance /37/.

For gaps essentially influenced by insulators no
similar general model could be found. At least for
the time being, in order tc obtain better accuracy,
it is suggested to use either voltage integration
models, with empirical determination of parameters
/36/, or empirical adjustment of discharge develop-
ment ones.

4.12 Tower and tower fooling reprecentation

As pointed out in section 4.1 transmission line
tower impedance and tower footing resistance must
be included when calculating lightning overvolta-
ges (Group III). The footing resistance is of
primary importance, and especially for high towers
and steep surges also the tower impedance will have
an essential effeect.

In such studies the towers are usually represented
by a surge impedance including a travel time. In
principle, the surge impedance is varying along the
tower, but for practical purposes a constant
average value is sufficient. Surge impedance and
travel time can be calculated from the physical
dimensions of the tower /38, 39/. Normally, the
surge impedance will be in the range of 100 - 200
ohms.

The tower footing resistance is very much depending
on the s8o0il resistivity and the €arth electrode
arrangement. In principle the footing resistance is
frequency and current dependent. The numerical
value normally increases with increasing frequency
and decreases with increasing current above a cri-
tical value. The current dependence is a result of
soil jonization /40, H1/.

For earth electrodes of small dimensions (rods
etc.) in soil of low resistivity the footing resi-
stance can be represented by a constant value with
reasonable accuracy. For counterpeise systems that
often must be used in areas of high soil resisti-
vity, however, frequency dependency as well as
current dependency ought to be included /41/. For
the time being it seems that no agreed method how
te combine these dependencies does exist.

4.13 Earthing systems

The comments concerning tower footing resistance
models are alse valid for earthing systems in
general. For substations etec. normally complex



earthing systems (grids) are applied and the effec—
tive earthing resistance is rather low.

For Group 1V transients (for instance external very
fast transients of GIS or faults in the substation)

it may be necessary to include a full representa-
tion of each part of the earthing system. Also in
s50me other special c¢ases (crossbonded cables,

lightning overvoltages in substations of great ex-
tension and peor ground conductivity etec.) a de-
tailed modelling of the earthing system may be
mandatory. A travelling wave approach in which the
electrodes are modeled by line stubs in parallel to
a number of leakage resistances is considered to be
applicable in such cases /42/.

5. Network equivalents and loads

In some cases detailed modelling of all relevant
parts of a system is not possible. Therefore
simplified equivalent circuits are used. This
refers particularly to parts of extended networks
and to complex loads.

5.1 Network equivalents

In general networks consist of several substations
interconnected by lines and of infeeds from power
plants or from other networks directly or via
transformers. A detailed representation of all
components will result in large computation times
and memory requirements in digital computer cal-
culations whereas in case of analog models a large
number of elements is needed. Therefore network re-
duction is necessary.

With increasing distance from the location in a
system which is of interest for a study other parts
of the network can be simplified more and more. But
the equivalent circuits used for the replication
have to offer at their borders the same performance
as the real partial networks over the range of fre-

quency which 1s of interest for the relevant tran-
sients. The following characteristics therefore
must be regarded for the direct and zero sequence

system of these parts of the network:

- power freguency short-circuit impedance

- the most important natural frequencies up to the
maximum frequency of interest for the transient

- the damping in the range of the main freguencies
to be expected

If particularly for Group I and IT transients exact
representations are needed the frequency dependent
impedance Z (f} in the positive and Z . (f) in the
zero sequence system have to be computed by a pre-
calculation taking into account all components of
the partial networks to be reduced including their
frequency dependent losses. For both impedances
Zl(f) and Z.(f) then Foster equivalent circuits
with series arrangement of parallel RL-RC cir-
euits  according to Fig. 15a /43/, or similar
circuits 744/, can be synthezised to match the fre-

a

quency dependent characteristics of Z.(f) resp.
Z {f). 1In general a correct representition of the
complex source impedances up to two times the main

frequency which is of interest will be adequate.

For normal switching
detailed model of the

operations (Group II) the

system in general must
comprehend the part of network up to the second
substaticns behind that of the operating circuit
breaker. For line energization and re-energization
studies exact representation only up to the first
substations is sufficient in most cases. If the
partial network to be reduced is connected via a
transformer to the part modeled in detail only

13

its resulting short circuit impedances in the po-
sitive and zero sequence system have to be consi-
dered, as it has been proposed already in /3/ for
TNA's. For other parts of networks equivalent cir-
cuils as shown in Fig. 15 can be used. If a smaller
part of the whole system is to be reduced a simpii-
fied equivalent ecircuit according to Fig. 15b can
be wused consisting of the resulting short circuit
impedance (LS y Ro.) of the reduced part and Lhe
equivalent capacitance € of the reduced part in
series with an ohmic resistance R, equal tc the
vaiue of the resulting surge impedancg of all lines
connected to the substation except those which are

replicated in detail. Capacitor banks should be
added separately. For partial systems with high
short cirecuit power and a total capacitance much

higher than the part modeled in detail the circuit

aceording to Fig. 15¢ can be used.

All circuits shown in Fig. 15 apply both to the po-
sitive and the zero sequence equivalents of the
relevant network with the obvicus difference that
for the positive sequence it is necessary to con-
nect the voltage source behind the passive equi-
valent network.

t 1 1
b Ry Lo Ry by Ay
r— S
: L network
1t " -— equivalent

E @ c, Ry c, Ry c, R

!

i=1...k

network
-— equivalent

network
equivalent

—-—

¢) Simplified equivalent circuit for partial networks

with high short circuit power

Fig. 15: Network egquivalent circuits (Examples for
positive sequence system)

For Group III and IV transients the method gene-
rally adopted is to model the substation in detail
whereas outgoing lines are replaced by their surge
impedance. If however during the time span of
observation~ of the transient, waves reflected from
the far ends contribute to the transients the line
and the c¢onditions at the far end must be repre-
sented, too (for a time span to be considered of
e.g. t 10 ps all reflections within a distance
of a - 1500 m have to be taken into account if
v = 300 m/ps).

5.2

normally are connected to the systems
transformers their influence is

loads
via

Since
studied



restricted to low frequency ranges, since the in-
ductance of the transformer reduces their effects
at higher frequencies. loads should be taken into
account up to frequencies of some kllz {Group I and
partly Group II). Based on measurements of the
frequency dependence of complex loads in medium
voltage systems CIGRE WG 36.05 {Disturbing lcads)
proposes an equivalent circuit as shown in Fig. lba
for obmic-inductive 1loads on the medium voltage
side behind the transformer/U5/. For motoric loads
an impedance and a voltage source have to be taken
inte account on the medium voltage side {see
Fig. 16b). In both cases also the equivalent
capacitance C of the medium voltage system is of
importance /U6/,

R
c == I XP(f)

X (f)
'U'?
R = P Xs = 0.073-R~- f/fo
Raf/f
X . O
P~ 6.7 Q/P - 0.74
U = system voltage
f = frequency
C = capacitance of medium voltage system
P = ohmie load At power freque .
Q = inductive load powe quency f_

a) Ohmic-inductive loads /457

1 U!rM

Z, =R, +] = .

m = Byt IRy ERVARY 5
UrM = motor rated voltage
SPM = motor complex power
J = motor rated current

rM

JLR = symmetrical locked motor current

C = capacitance of medium voltage system

Values for high voltage motors:

A . =
XM ~ 0.99 ZM ; HM/XM = (.10 to 0.15

Jp/dm = 3 t0 5

b) Mctoric loads

Fig. 16: Representation of loads in medium
voltage systems (MV)
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6. Accuracy

The accuracy of the results obtained depends on the
accuracy of representation of the system components
as well as on the accuracy of the available input
data. Alsc the type and duration of an oscillation
or a transient can be decisive for the achievable
overall accuracy. In detail the following aspects
may influence the accuracy of a study:

6.1 Accuracy of input data
The main problem of accuracy of results is to get
the exact input data.

Frequently these can be determined only approxi-
matively particularly in the plannhing stage of a
network or a substation. In such cases a lofl of
assumptions have to be made according to the ex-
perience already gained on the characteristics of
similar components. In general this refers to fre-
guency dependent parameters but very often also to
basic parameters, particularly in the frequency
ranges Group III and IV. More exact data nermally
are available for frequency ranges Group I and II
(except saturation characteristics) and if well
defined smaller parts of networks are considered.

System parameters also may change with climatic
conditions (e.g. dependence of line sag on tempe-
rature) or be dependent on manufacturing and main-
tenance {e.g. pole spread of circuit breakers).

But the accuracy of the results also depends on the
type of overvoltage studies. Fig. 17 shows some
generalized examples for the influence of parameter
deviations: In case of switching overvoltages
mostly the maximum peak of overvoltages is of inte-
rest which normally occurs during the first 10 to
20 ms after the switching operation. Larger diffe-
rences in peak values may result only by strong
deviations in loss representation (see Fig. i7a for
1, 2 and 5 times losses at power frequency), where-
as deviations in inductances or capacitances of
+ 10 % only lead to a time shifting of the peak
but not to remarkable differences in peak values
(Fig. 17b). Both figures, however, show clearly
that the deviations of oscillations increase with
time. If on the other hand resonance phenomena are
studied (Group 1) even deviations in capacitances
of + 10 % may lead to totally different results
(Fig. 17¢), since resonance phenomena need longer
time to develop as well as they are very sensitive
on matching the exact data.

6.2 Problems of representation

The more separate components a system includes, the
higher the possibility of insufficient or wrong
modelling is. That may influence the accuracy of a
study. Therefore highly skilled and experienced
people are necessary to find out failures in re-
presentation and to ensure results as correct as
possible.

Beyond that, however, specific difficulties may
arise for TNA as well as for digital computer re-
presentations:

6.2.1 TNA representations

The models of the components for TNA application
are mostly limited by the following reasons:

— The representation of extended networks reguires
an extremely large number of compeonents. This
fact can partly be overcome by the use of net-
work equivalents {see section 5), but their rea-



tization by actual inductances, resistances and

capacitances is often very complex, in particu-

lar, if an extended frequency band is required.
p.u.

2.0

a) Switching overvoltages, variation of damping

p.u.
2.0 - o
___cC+l0%
u 1 ceeee 0 -10%
LAV
VAW
H 1
Vg
[
_2.0 A
p.u
4.0 -—¢C
— -~ +10%

'S

Harmonic
current
source

b) Resonance phenomena, variation of capacitances

Fig. 17: Examples for the influence of parameter
variations on switching and resonance
phenomena

- The model inductances have loss characteristies
that match actual network components only within

a limited range. The use of electronic loss com-
pensators helps as regards low frequency losses
but not at higher frequencies in the range of
tens of kHz. In general a careful evaluation is
required.

- The replication of lines by a finite number of
series connected Tr -sections may produce spu-
rious oscillations. Also parasitic capacitances
and inductances of connections of the elements

may introduce incorrect oscillations and unwanted
electrostatic or electromagnetic coupling.

The inaccuracy in
the components may produce

setting the proper values of
undesired unbalances.

5

6.2.2 NDigital compuber representations

There are various digital programs in use with
different characteristies but in general for digi-
tal computer calculations problems may arise as
follows:

- The representation of very extended networks as
accurate as possible requires very long compu-
tation time.

- Except for transmission lines the frequency de-
pendence of losses and inductances in most cases
has to be represented by special equivalent
circuits. Frequently they are complicated to be
handled and of limited application. In general
most digital models are inherently under-damped
at high frequencies. It is often necessary to
add parasitic components {resistors, capacitors
and in some cases also inductances) in order to
limit the frequency band of the model and to give
a reasonable damping at high frequencies.

In
will

cases of current interruption, the current

not be exactly zero at the time step where
the zerc crossing has been detected. In specific
cases this may cause wunreal current chopping
effects. Programs using a fixed time step At
ighore this overshoot, but other programs restart

the calculation with re-initialized variables at
the current =zero found from backward linear in-
terpolation. Therefore programs with fixed time

step may need smaller values of At for the com-
putation of such cases than others.

Setting of initial conditions of the nmetworks may
be very complex when others than power frequency
sources {(e.g. sources of harmonics or direct cur-
rent sources with thyristors) are present. In
such cases often a long time of calculation has
to be spent before a steady state condition of
the network is reached as 1initial condition.
Methods are being developed which superimpose
harmonics found from steady-state solutions to
get more accurate initial conditions /47/.

This representation
programs

guidelines focus on digital
which are able to model a large variety
of transient phenomena with many different net-
work elements. These programs use time domain
calculations with either a fixed or a variable
time step size, which introduces disecretization
errors and therefore influences the accuracy. 0On
the other hand there are also frequency domain
methods based on Fourier or Laplace transforma-
tion. They can model frequency dependence more
accurate, but their application usually is re-
stricted to linear networks. Therefore they are
only used in special cases.

6.3 Achievable overall accuracy
As comparisons between Ffield tests and TNA- and
digital computer studies have shown for Group T1

transients accuracies of + 5 % may be achieved for
small and well defined networks, if statistiecal
peak values are considered /3/. Higher tolerances
have been reported for more extended networks and
single switching operations at the 3C33-Collo-
quium 1981 in Rio de Janeiro, but it is the opinion
of the Working Group that these tolerances can be
reduced with the improved representation methods
available today if the network models are highly
skilled and the component characteristics are well
khown.

overvoltages the preoblem of
conditions <¢ould be

As regards Group I
matching possible resonance



overcome by performing several variants of cal-
culations taking into account possible deviations
by changing the relevani. parameters of input data.

Problems with accuracy still exist with modelling
of saturation characteristies since practically no
exact data are available on the perfermance of
transformers, reactors and generators in the highly
saturated area. Also some problems still exist with
the representation of the transformer itself.

For Group IIT and particularly Group IV transients
the accuracy of calculations is not well verified
so far. Besides the problems in realizing appro-
priate field measurements it is difficult to get
actual input data to model the complex behaviocur of
components and substation sections particularly in
the range of very high frequencies.

7. Conclusions

The report
various network

shows metheds of representation of the
components on TNA's and digital
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Appendix 1: Internal impedance of conductors

A conductor of circular crossection and length s
has an internal inductance and resistance of

_ bLs =
bi = By and By = v 2T

To represent its frequency dependent impedance it
can be subdivided into any number n of (hollow)
cylinders with an interrnal inductance L and con-
ductivity G, = 1/R, (Fig. A1). This model can be
repliecated by an equivalent circuit consisting of
a series connection of each ({(hollow) cylinder.

The values L, and G, of each (hollow) cylinder can
be calculated according to the formulas given in
the table of Fig. 14, depending on the radius re.
Using for the subdivision of the radius the rela-
tion

a good approximation of the real R({f})- and
X(f)-curves can be achieved by varying the exponent
m. The example with n =5 and m = 0.15 shows goocd
agreement of the equivalent circuit with real per-
formance of the conductor up to about 100 kHz.

Vice versa a frequency dependent impedance

R=-HR , X = 2wil,

for £<<F
i X

f £
R = R, T y X727rfl.i P

for f>> 1
i X
X X

]

can be represented by such an equivalent circuit.

It should be mentioned, however, that there is the
correspondence
Ri
Ef'rfx = r

I

Therefore, if R, and f are fixed, also L, is
fixed. But in practical Cases this does not ciuse
trouble, since the external inductances normally

are higher than the internal ones.

Ty oPﬂonal Ty = T;( )m

Ly | LLa-(32)' D | Lol (59

G, | GeTEE) | G [ (540

i
1007 e r= 1.69
R, X Pho = 23.99 mOkhm<am: 2w %
P = [9.09 mn
T < = 9.89 km
n =
1o 5 I = 15

real curves

equivalent circuit
with n = 5; m = 0.15

0.01 8.1 fo 1 10 100 KkHz

—_—

Fig. Al: Equivalent circuit of frequency dependent
internal impedance of a conductor
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