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Abstract.— This paper describes two models: a saturable
current transformer model (CT) and a wide-band coupling
capacitor voltage transformer suitable for real-time transi-
ents simulation. By using very efficient network reduction
and network synthesis techniques, the operations count for
these models is kept to a minimum. The accuracy of ‘the mo-
dels has been tested in connection with our real-time transi-
ents ‘simulator RTNS [I] and compared to conventional
EMTP models [2].
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1. INTRODUCTION

Under normal transient conditions, instrument trans-
formers do not affect the behaviour of the electric power
system. It is then possible to model instrument trans-
formers in separate DSP boards, which receive their input
from the real-time simulator, and which send their output
through amplifiers to protective relays or to other equip-
ment being tested. With the solution bemg performed in a
separate DSP board for each 1nstrument transformer, fast
‘solution algorithms may not be quite as critical as for the
real-time simulator itself. Nonetheless, solutions must still
be reasonably fast.

This paper describes fast solution algorithms for current
transformers and for coupling-capacitor voltage trans-
formers, assuming they have no effect on the power system.

2. CURRENT TRANSFORMER

In géneral, current transformers do not influence the
transient behaviour of the electric power network, except in
special and unusual circumstances of ferroresonance. With
the exception of such special cases, current transformers
can thercfore be simulated separately from the electric
power system. Its primary current will be known from the
network solution.

A fast and non-iterative solution method for obtaining the
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secondary current from the known primary current is de-
scribed here.
a) Equivalent circuit

A rteasonably accurate equivalent circuit of the current
transformer is shown in Fig. 1 with all quantities referred to

Figure 1. Equivalent circuit of current transformer.

the secondary side, where
primary current referred to the secondary side,
ip, = current through resistance R, for the approximation
of iron core losses, ’

= magnetizing current through non—hnear mductance
= secondary current.
Smce the primary current i', is an impressed current
source, the primary leakage 1mpedance Z,. does not influ-
ence the results, and is therefore not needed.

The primary current is the sum of three current
components,

=g +im+is. 1)
Each on¢ of the component currents in this equation can be
expressed as a function of the flux linkage A in the trans-

former core, which leads to a single equation for i, as a func-
tion of 1',.

b) Core loss branch

The voltage across the core loss resistance is

v=Rpe -iFe, (2)
but v is also the voltage in the parallel magnetizing branch,
e/
v=—r. 3)

With the trapezoidal rule of integration, which is identical to
the use of a central difference quotient, and after substituting
Eq. 3) into (2), the left-hand side of Eq. (3) becomes

A)/Af, and the right-hand side becomes
Relipenen T Ipoqs)/2, Where subscripts new and old refer to
the values at the present time step f and the preceding time
step at 7 - Af, respectively. Therefore,

i Fenew = cFe)\fnew + hFe~o'ld; (43)
where the history terim hy, contains values from the
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preceding time step,

R Fe ol = —CReMold — I Fe-old (4b)
with the constant
__2
Cle = Ruht’ (4¢)
¢) Magnetizing branch

The flux-current relationship of the magnetizing branch
is represented by the piecewise linear curve of Fig. 2.

Astait

Lan iy
Figure 2. Piecewise linear representation of magnetizing branch.

If the operating point lies in the linear segment starting
with A /i .., then

im = start =

70-=Raar), )

where L is the slope of that segment.‘This can be rewritten
as

o1, :

m= "}\: mos 6
im=7 +k (6a)

with a known constant k,, for each segment, ,
km = istart — xslt:m . (6b)

d) Secondary side branch

By combining the secondary leakage impedance with the
burden into the secondary side impedance
R, +j03Ls = (Ra + R purden) +j(0)L2 +®Lpurden), )]
we get

v =Ryis +Ls dl“’ , (8a)
or with Eq. (3),
}vnew 7,‘ xold _ is—new + is-old i.s‘—new - is—ald
AT =R 5 +Lg ; . (8b)
This can be rewritten as
Ls-new = Cshnew + hsold, (98)
with the history term
Rs_otd = —Cshota — dsi o1, (9b)
and the two constants
1 RAt
Cs =~ , s(—— -Ls). (%)
TL RN

2
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e) Secondary current as function of primary current
With Eqgs. (1), (4a), (6a) and (9a) we obtain

Zl"+c.s')x+(hFe +km +hs) (10)

Now let us express A as a function of i, with Eq. (9a), and we

obtain the desired expression of i, = f(i") in the form
is = ki@ —hpe =km=hg)+hs.

where k, is the constant

C
fy=—
ch+z+cS

i =ipetim+is=(Cr+

(11a)

(11b)

If the history terms are known from values at the preceding
time step, the secondary current can be obtained from the
primary current with Eq. (11a) with only one multlphcatlon
and four additions.

f) Updating history terms

After the new secondary current 7, has been found at
time ¢, the history terms must be updated to advance the sol-
ution by Ar.

For the updating calculations, the term c,A__,, rather than
is first found from Eq. (9a),

CsAmew = Is—now — hs—ala'- (12)
The new history term for the secondary side branch then fol-
lows from Eq. (9b),

Hsnew = —Cshnpew — sl gonew . (13)

The history term for the core loss branch is found from the
recursive formula
NEe-new = kFe(Cshnew) = A po-old, 14)

which follows from Eq. (4b) if i, is replaced with its ex-
pression from Eq. (4a). The constant &, is

2c ,
- (15)

These updating formulas add another 2 multiplications and
3 additions to the effort required in each time step, for a total
of 3 multiplications and 7 additions. There is also a check
needed to see whether ¢, in Eq. (13) has taken us into
another segment in the piecewise linear representation of the
magnetization curve.

kpe =

Current Transformer simulation
1.48 Scalo 18es(2) Dr .Domnel Dr Marii,L.Linares
1.20 Prinsry current referred to neTMArs
100 |
! \ Secondary currents for:
8.60] 1.1terating to adjust mnt cosf.
\ ir. 7 Z.Mon adjusting segnent coef
0.68 Y @3 seen, outpats, for this case
‘ are the sane! .
8.403 \
1 col
9.283 ool 4
9.08 : 2 L
-8.28] \ \ Pl
-9.48 ]
-8.68 - i ; .
a.80 0.3 B.40 8.58 8.60

x—ulc Scale 18es(-1) ® Weriman .

Figure 3.



166

g Example

Figure 3 compares the results of this algorithm with the
standard EMTP solution method. Both answers are practi-
cally identical. This case is taken from a field test compari-
son . described in [3], where six segments were used to
represent the magnetization curve. In practice, it is usually
possible to use fewer segments and still achieve acceptable
accuracy. For the duplication of test results described in
[4], simulation results with a two-segment representation
were almost as accurate as those from more detailed repre-
sentatlons The knee point in a two-segment representation
seems to be more important than all other parameters of
the saturation curve.

3. CoupLING CAPACITOR VOLTAGE TRANSFORMER

A simplified schematic of a coupling capacitor voltage
transformer is shown in Fig, 4.

high volmgé line
= 2 , _
58 .
. 8 potential ferroresonence
E&  transformer SUpPressor

to relays
(burden)

i
it

Figure 4. Schematic of a Coupling Capacitor Voltage Transformer.

As reported in [5] and [6], a detailed wide frequency
band model of a CCVT is complicated due to the magnetic
and capacmvc interactions in the various parts of the com-
ponent magnetic devices (tuning reactor, potential trans-
former and ferroresonance suppressor).

a),Poteﬁtidl transformer and reactors

Figure 5a shows a lumped-parameter equivalent circuit
fot a single-phase two-winding transformer [7], 1-3 are the
mput terminals and 2-4 the output terminals. This repre-
sentation is valid for frequenc1es up to the hundreds of
kilohertz, The circuit includes the various stray capaci-
tances inside the device: winding to winding (Cy, ), turn to
turn (Cy, C,) and winding to ground (Cyg, Cio), as well as
the frequency dependent leakage impedance AN () and
the possibly nonlinear and frequerncy dependent core mag-
netization branch Z_(o).

The core magnetxzauon branch is usually more conveni-
ently relocated across the outside terminals of the winding
closest to the core (usually the low-voltage winding). This
branch can then be modelled by itself with as much detail
as desired, or as allowed by the solution time constraints.
As noted in [8], the saturation and hysteresis characteris-
tics of this branch can influence the low frequency spec-
trum of the solution.

For- single-coil devices, like the tuning reactor and

HL)IL
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CHGI-_I( Z1eaid®) N, N, '3_' Crg/2
. Lo
Crg/2
.
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(a) Two-winding transformer.

n :
Cis )

Zon(w)

(b) Reactor.

Figure 5. Lﬁmped-paramctcr high frequency equivalent circuits for two
winding transformers and reactors.

ferroresonance suppressor in Fig. 4, the equivalent circuit
(Fig. 5b) is half the equivalent circuit of the two-winding
transformer of Fig 5a. In reactors the magnetzzatzon branch
Z,, is the main impedance of the circuit. Normally, however,
reactors are built so as not to saturate and both Z,_, and Z,
can be modelled as lineal frequency dependent R-L branches
and synthesized in a similar way as Z,..(®) in the two wind-
ing transformer,

b) Simplifi ed equivalent circuit

Using a circuit transformation [9], the winding to winding
capacitance Cy, which bridges both sides of a two-winding
transformer, can be moved over to only one side, as indi-
cated in Fig. 6. The result is a capacitance in parallel with
Z, plus additional capacitances in parallel with C, and C;.

Vi VL
Cya/2 /1 2 N/ N,
1 Zepi@) N, N, 2 Clg/2

', 0.7 J_l
G 2,0 = LG
Cﬂ‘ﬂ\ o 1 CLT?LGQ

3 L

Figure 6. High frequency equivalent circuit for a two-winding transformer.

After subtracting the outside capacitances at the terminal
ports 1-3 and 2-4, the impedance Z,,, in parallel with Cy /a
is the short-circuit impedance measured during a short-cir-
cuit test. As described in [7], the various capacitances of this



Magnitude (ohms)

equivalent circuit, as well as the short-circuit impedance
Zyn (i in parallel with Cy /a) can be obtained directly
from simple measurements. A typical measured short-cit-
cuit impedance response is shown in Fig. 7.
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Figure 7. Short-circuit impedance (Z,,,,,) of a two-winding transformer:
measured and synthesized responses.

It is shown in [7] that Z, .(®) (Fig. 7) can be matched
very accurately using a number of RLC blocks: one block
per resonant peak (Fig. 8a).
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Figure 8. Synthesis RLC network to approximate Z,,,,, (®). (2) Multiple
peak high-accuracy synthesis. (b) Main peak acceptable accuracy synthesis.

¢) CCVT model for real-time simulation

A very accurate CCVT model can be obtained by combin-
ing the PT model described above with corresponding mo-
dels for the tuning reactor, ferroresonance suppression
circuit and the C’s of the capacitive divider, in a similar
manner to that suggested in [8]. In the context of a real-
time simulator like RTNS [1], however, even though the
CCVT model can be coded in a DSP board, execution
speed is still important. If the real-time simulator is to be
used, for example, for relay testing and solution steps of
about 50 ps are acceped, the maximum accurate bandwidth
of the simulation is around 2 to 4 kHz due to the distortion
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of the integration rule.

Our experience in this case is that for transients up to a
few kilohertz, it is sufficient to approximate only the first
resonant region of the short-circuit response of the magnetic
device (Fig. 7). A very reasonable approximation of this re-
gion can be achieved with a simple RLC combination: R,, L,
C, (Fig. 8b). In this minimal approximation, R, and L, can
be taken as the 60 Hz values, while C, is calculated to match
the first resonant peak.

We are currently in the process of implementing this
model in our real-time simulator RTNS. It should be empha-
sized that the proposed approach leads to a general two-port
model for the CCVT device and, therefore, it can be used for
any value of burden connected to the output port. Also, the
clear identification in the model of the magnetization branch
of the potential transformer permits the addition of as much
detail as needed (depending on the PT design) for the repre-
sentation of saturation and hysteresis phenomena.

It should also be memntioned that the accuracy that can be
obtained even with a single RLC block in the proposed
model for magnetic devices is due, in large part, to the topo-
logical separation in the model of the constant-valued stray
capacitances from the frequency dependent short circuit
branch. This separation cannot be easily achieved with black
box models based on measured "open-circuit" terminal re-
sponses (e.g., the [Y(o)] transformer admittance
description).

4. CONCLUSIONS

This paper has presented models for current transformers
and coupling capacitor voltage transformers suitable for
real-time transients simulation. The CT model represents sa-
turation using a piecewise linear representation. Algorithmic
efficiency is achieved by eliminating unnecessary internal
nodes in the model. The paper also reports on recent work
on the modelling of frequency responses of transformer de-
vices. The transformer model developed achieves the correct
frequency response by a clear topological separation of the
parasitical capacitances from the leakage and copper losses
of the windings. The capacitances are constant and the fre-
quency dependent effects are concentrated on the short-cir-
cuit impedance branch. A simplified version of this general
model, consisting of a single RLC branch, is sufficiently
accurate for real-time simulations with time steps in the
order of 50 ps.
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