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DIGITAL MODELS OF COUPLING CAPACITOR VOLTAGE TRANSFORMERS FOR
PROTECTIVE RELAY TRANSIENT STUDIES

‘M. Kezunovic, Senior Member
Lj. Kojovic, Member, V. Skendzic, Member
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Abstract— This paper describes an EPRI development of dig-
ital Coupling Capacitor Voltage Transformer (CCVT) mod-
els that are intended for digital simulation of fault transients.
Experimental techniques for laboratory measurements of the
CCVT parameters are outlined. A sensitivity study is per-
formed to identify the influence of various CCVT parameters
on the transient behavior relevant for the relaying studies. Fi-
nally, digital models of three different CCVTs are given and
their transient behavior is compared to the behavior of the ac-
tual transformers.
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INTRODUCTION

This paper introduces digital models of Coupling Capacitor
Voltage Transformers (CCVT) that are based on the Electro-
magnetic Transients Program (EMTP) modeling techniques [1].
These models can be used in EMTP based simulators to study
transient behavior of CCVT as it affects protective relaying.
The models are being incorporated in a digital simulator devel-
oped for protective relaying system studies [2, 3].

The steady state performance of current and potential trans-
formers (including CCVTs) is well understood [4]. However, the
transient performance is not covered by any standard. Specifi-
cally for CCVTs, which have complex circuitry, attempts have
been made to define some acceptable transient performance
specifications [5]. A number of studies have been conducted
to investigate the transient behavior phenomena [6-10]. An
analog model of a CCVT was developed and the time response
was studied using this model [6]. Some experiments were also
conducted to obtain harmonic response of the actual CCVTs
{7]. Several studies were concentrating on the influence of the
CCVT characteristics on the protective relaying performance
(8, 9]. The mentioned studies gave considerable insight into
the CCVT transient behavior as well as some understanding of
the influence of this behavior on the protective relaying per-
formance. Based on these results, it can be concluded that a
detailed representation of the CCVT transient behavior may
have to be taken into account for application testing of protec-
tive relaying systems.

Recent development of digital simulators for relay testing
has enabled the use of EMTP modeling techniques for gen-
eration of fault transients (2, 3]. The need to represent the
transient behavior of the CCVT has prompted investigation
of digital modeling techniques for development of EMTP based
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CCVT models. Previous attempts to develop improved CCVT
models for relaying studies have not included some of the CCVT
stray capacitances and the variations of ferroresonance suppres-
sion circuit designs relevant for detailed analysis of the CCVT
response to the fault transients [10-12]. The most recent papers
on the digital simulator development for relay testing did not
report any new CCVT model developments {13-15].

This paper describes a procedure for development of de-
tailed digital models of CCVTs. Models have been developed
for three CCVT designs. Experimental techniques for labora-
tory measurement of the relevant CCVT parameters are out-
lined and the results are given. The identified parameters have
been used to develop EMTP based models of the CCVTs. Sev-
eral cases of the CCVT behavior in frequency domain have
been investigated by comparing results measured on the actual
CCVTs with the results obtained by simulations using digi-
tal models. It is demonstrated that the digital models provide
quite accurate representation of the transient CCVT behavior
relevant for protective relaying studies.

The first part of the paper introduces measurement tech-
niques for identification of the important CCVT parameters.
The model development is given in the next section, and model
validation is discussed at the end.

MEASUREMENT TECHNIQUES

This section outlines measurement techniques, used to ob-
tain CCVT parameters, and the analysis needed for the model
development. The aim of this study was to develop a relatively
simple measurement approach that can be carried out in a lab-
oratory equipped with readily available instrumentation.

The example used to illustrate the measurement techniques
is obtained using a PCA-5 CCVT [16]. The same measurement
approach is used to obtain the parameters of interest for the
other two CCVT models.

CCVT Measurements

A generic model of a CCVT is shown in Figure 1. The R,
L, C parameters were measured using a direct measurement ap-
proach. Some of the stray capacitances have been measured by
an indirect approach. This measurement procedure is described
below.

Step Down Transformer (SDT) short circuit measurements
have been done in order to estimate the resistive and inductive
portion of the primary and secondary winding impedances. The
stray capacitances of the windings were calculated from the
known leakage inductances and the resonance frequencies.
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Figure 1. Generic CCVT Model.
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The data needed for SDT primary winding leakage induc-
tance calculation was obtained by measuring the input impedanc
as seen from the primary side, with the secondary side short
circuited. The same procedure was then repeated for the sec-
ondary winding leakage inductance. Both measurements are
shown in Figure 2. Secondary impedance is referred to the
primary. It can be seen that the resonance frequency for the
primary winding is much smaller than for the secondary.

For the SDT primary winding, a leakage inductance L, was
measured and found to be L, = 2.8H. As it can be seen from
Figure 2, the resonance frequency f, for primary winding is
fr = 8kHz. The calculated value for the SDT primary winding
stray capacitance is then:

~

1
C, = ————— = 140pF
P L T
10‘E e
E Zp zs
e} o
Zp-Pamary Wiaiding Impedance B
Zs-Secondary Winding Impedance ]

Lrgfened to primary) )

Zp; Zs {ohm]

= )

2 2
Tt T Y Y T T

Py

JESRETITIN

4o

100 10! 102 103 104 10%

=]
E

Frequency (Hz)

Figure 2. Measurements of the CCVT Step Down Transformer
Short Circuit Winding Impedance vs. Frequency.

In order to define the stray capacitance of the coupling in-
ductor winding, measurement of its impedance as a function
of frequency has been performed. The result is shown in Fig-
ure 3. The winding stray capacitance was calculated from the
measured inductance and the resonance frequency. The mea-
sured inductance is L; = 58.35H, the resonance frequency is
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Figure 3. Measurement of the CCVT Compensating Inductor
Impedance vs. Frequency.

fr = 1830H z. The calculated value for the stray capacitance is
then: C. = 130pF.

CCVT Frequency Response Measurements

The frequency response measurement is needed for sensi-
tivity analysis of CCVT parameters and for model validation.
This measurement can be done using various approaches. The
following measurement techniques have been evaluated in this
study:

a) sine waveform signal generator with continuous frequency
control capability, as shown in Figure 4. The tests were
done using 100V sinusoidal signal in the 10 Hz to 10 kHz
frequency range with a resistive burden of 100,

b) dynamic signal analyzer (HP 3561), as shown in Figure 5.
The tests were done using an input signal of 30Vgrass in the
10 Hz to 100 kHz frequency range with a resistive burden
of 10092,

The main problem in the frequency response measurements
was to provide acceptable test signal voltage level over the broad
frequency range (10 Hz-10 kHz). It was also recognized that
an instrument for direct measurement of the frequency response
would be highly desirable.

A readily available solution to the voltage level problem
was the use of a solid state power amplifier which can provide
up to 100 Vrms. In order to obtain an acceptable ratio be-
tween the test voltage and the rated CCVT primary voltage,
an equivalent of the CCVT stack capacitor was used. The stack
capacitor circuit and its equivalent are shown in Figure 6. This
has reduced the rated primary voltage down to the 5kV-15kV
level in the cases studied. Experiments were conducted to ver-
ify the measurement accuracy as a function of the voltage level.
The results have shown that test voltage in the order of 1% of
the reduced rated primary voltage provides good measurement
accuracy. This confirmed results from previous studies [17].
Therefore, the first measurement technique using a signal gen-
erator provides acceptable accuracy and hence this technique

has been used.
Since the sensitivity study had required a number of fre-

quency response measurements to be taken, it was found that
the second measurement technique was more convenient. The
dynamic signal analyzer provides voltage test signals for all the
frequencies in the range simultaneously. This results in a re-
duced voltage level at each of the frequencies. The measurement
accuracy of this technique has been shown to be acceptable for
the sensitivity study measurements. However, the model vali-
dation measurements had to be performed using the first tech-

nique.
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Figure 4. Measurement of CCVT Frequency Response by Using

a Signal Generator.
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Figure 5. Measurement of Frequency Response from CCVT
Primary Side by Using a Dynamic Signal Analyzer
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MODEL DEVELOPMENT

The approach taken for the model development was to be-
gin with a general CCVT model. It was validated based on a
frequency response comparison between the measurements on
an actual CCVT and the EMTP simulations. Sensitivity study
of the frequency response was carried out in order to identify
the CCVT parameters that are most relevant for the transient
behavior representation. This resulted in a simplified model
which appears to be quite appropriate for relaying studies. The
PCA-5 CCVT type is used in this section to illustrate the model
development approach.

General CCVT Model

A general CCVT model can be represented as shown in Fig-
ure 7. It consists of elements such as: compensating inductor
(Re, L., C.), step-down transformer (Rp, Ly, Cp, Cpsy Rs, Ly,
C., L, Rm), ferroresonance suppression circuit (Rg, Ly, Cs),
drain coils (Ld;, Ldz), and other circuits with L,C elements and
gaps which in many cases are non-linear. These elements can
influence the transient response of the CCVT and can consider-
ably distort the secondary signal. Their detailed representation
results in a complex CCVT model requiring data that is not
readily available. Detailed CCVT modeling may require con-
siderable computation time as well.

In order to reduce the CCVT model complexity, a sensitiv-
ity study of the influence of various parameters on the CCVT
frequency response was performed. The results of this study
are given next.
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Figure 7. General CCVT Model

Sensitivity Analysis in Frequency Domain

The sensitivity analysis has been performed by changing
the selected CCVT parameters and observing the frequency re-
sponse. The coupling eapacitor (C1 || C2), compensating induc-
tor stray capacitances (C.), and step down transformer primary
winding stray capacitance (Cj) influences are shown in Figures
8, 9 and 10 respectively. It can be observed that the mentioned
parameters have significant influence on the CCVT transient
response. The same behavior is obtained by the EMTP bas R
model of the basic CCVT circuitry shown in Figure 7. The
EMTP based simulation results are shown in Figure 11 (Cc)
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Figure 8. CCVT Coupling Capacitor Influence on Frequency
Response (Measured by Using Dynamic Signal Au
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Figure 9. Influence of Compensating Inductor Stray Capaci-

tance on CCVT Frequency Response (Measured by
Using Dynamic Signal Analyzer).
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* mre 10. Influence of SDT Primary Winding Stray Capaci-
tance on CCVT Frequency Response (Measur1 v
Using Dynamic Signal Analyzer).
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Figure 11. Influence of Compensating Inductor Stray Capa-
tance on CCVT Frequency Response (Simulated
Using the EMTP Model).
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Figure 12. Influence of SDT Primary Winding Stray Capaci-
tance on CCVT Frequency Response (Simulated by
Using the EMTP Model).

and Figure 12 (Cp). The influence of the secondary winding
stray capacitance (C,), stray capacitance between primary and
secondary windings (Cjp,), secondary winding resistance (Rs)-
leakage inductance (L,), and drain coils (Ldy, Ld;) was deter-
mined to be small in the range up to 10kHz. The gap protection
circuit has no influence on the frequency response unless over
voltage occurs. The effect of the over voltage has not been taken
into consideration at this time since it may not be relevant for
most of the relaying studies. The influence of the step down
transformer iron losses (R ) can not be directly measured and
this had to be investigated using EMTP simulations.

The existing EMTP subroutine “TRANSFORMER” ha~
been used to represent the CCVT step—down transformer. The
use of this subroutine also requires selection of values for R,
and L,.Since the influence of those elements is small, some mea-
surement time can be saved by arbitrarily adopting some small
values as shown in Figures 18, 20 and 22.

The simulation results for Ry, are shown in Figure 13. It
can be observed that influence of R, may be neglected for
values over IMQ. Finally, an EMTP simulation was carried
out to demonstrate that the influence of the CCVT burden on
the transient behavior may be significant, as shown in Figure
14.
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Fieure 13. SDT Iron Loss Influence on CCVT Frequency Re-
sponse (Simulated by Using the EMTP Model}.
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Figure 14. CCVT Burden Influence on Frequency Respoiise
(Simulated by Using the EMTP Model).

As a result of the sensitivity analysis, the general CCVT
model given in Figure 7 was reduced to a simplified model given
in Figure 15. This model was used to perform further analyvsis
of the CCVT transient behavior.
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Figure 15. Simplified CCVT Model

Further Analysis of the Frequency Response

The purpose of this additional analysis was to demonstrate
the importance of stray capacitance (C., Cp) and ferroresonance
suppression circuit (FSC) representation in the model.

The simulation results that demonstrate the model fre-
quency response when C. and C, parameters are neglected are
shown in Figure 16. If the stray capacitances combined with the
ferroresonance suppression circuit are neglected, the frequency
response is given in Figure 17.
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Figure 16. Influence of C,. and C, Parameters on the Frequency
Response of the Simplified CCVT Model.
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Figure 17. Combined Influence of the C,, C; and FSC on the
Frequency Response of the Simplified CCVT Model.

The simulation results gave an indication that the stray
capacitances (C,,Cp) and the ferroresonance suppression cir-
cuit (FSC) need to be taken into account if a study of CCVT
transient behavior is to be performed for the protective relay
application testing purposes.

MODEL VALIDATION

This section of the paper describes validation of the CCVT
models which were developed. The validation is based on com-
parison of the frequency responses obtained by measurements
with the ones obtained by EMTP simulations. The value of the
burden used for the comparison study was 100§ resistive.

Digital Model of the PCA-5 CCVT

After all the CCVT parameters were measured, an PCA-5
model was developed. The circuit diagram that is the basis for
the EMTP model is shown in Figure 18.

Comparison between the measured frequency response and
the one obtained from EMTP simulation is shown in Figure 19.
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Figure 19. PCA-5 CCVT Frequency Response (Measured vs.
EMTP Simulation).

Digital Model of the GE CD-31B CCVT

A CCVT circuit diagram adopted for the EMTP model of
the CD-31B is given in Figure 20 [18]. Comparison between the
measured frequency response and the one obtained from EMTP
is shown in Figure 21.
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Figure 20. EMTP Model of the CD-31B CCVT Circuit Dia-
gram.
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Figure 21. CD-31B CCVT Frequency Response (Measured vs.
EMTP Simulation).
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Digital Model of the Trench Electric TEHM 345 CCVT

The circuit diagram used for the digital model development
is shown in Figure 22 [19]. The ferroresonance suppression cir-
cuit is designed by using a gap and a small resistance value
connected at the secondary. Due to this design solution, the
ferroresonance suppression circuit does not have any influence
on the frequency response unless over voltage occurs. Therefore,
the effect of the ferroresonance suppression circuit is not taken
into account in the EMTP based model simulation. Compari-
son between the frequency response obtained by measurements
and the one obtained from EMTP simulations is shown in Fig-
ure 23. It should be noted that the CCVT circuitry in this
unit is immersed in oil, which was drained out at the time of
measurements.
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Figure 22. EMTP Model of the TEHM 345 CCVT Circuit
Diagram.
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Figure 23. TEHM 345 CCVT Frequency Response (Measured
vs. EMTP Simulation).

Validation Assessment

In all of the three cases the results show that the simu-
lated values are almost identical to the measured values in the
frequency range from 10 Hz up to 1 kHz. The main difference
between simulated and measured values is at the points of high
Q-factor resonance. This is due to the fact that the EMTP
simulation does not take into account iron losses during the
frequency response calculations while the measurements reflect
them. The difference at higher frequencies comes from limited
accuracy in the stray capacitance measurements. This may be
due to the neighboring components influencing the measure-
ments as well as to the L¢ inductance being frequency depen-
dent in the range. The EMTP simulation did not take this
effect into account.

CONCLUSIONS

The results presented in this paper show the following:

— detailed digital models of CCVTs for transient relay
studies can be developed using a relatively simple mea-
surement approach combined with the modeling capa-
bility of an EMTP.

— the level of the modeling detail needed for relaying
studies requires accurate representation of some of the
stray capacitances and the ferroresonance suppression
circuit, which has not been widely recognized in the
past.

— analysis of the transient behavior for the three CCVT
models indicates that all of the CCVT designs have
significantly different transient response.
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Discussion

M. K. Glinkowski, (Rensselacr Polytechnic Inst., Troy, NY): The
authors are congratulated for the work on modeling a CCVT for the
relaying simulation of a power system. Instrument transformers are
important components of the system. They might affect and distort the
current and voltage signals supplied to the relay.

The devices like CCVT’s are especially difficult to represent by a
simple lumped-parameter equivalent circuit. Besides the typically large
values of coupling inductors and small values of coupling capacitors,
the fact that the 60 Hz resonant condition occurs can create additional
complications. In addition, the nonlinear nature of the inductances
prohibits the use of superposition property and Fourier/Laplace
transform analysis.

In the light of the above comments I have two questions to the
authors:

1) What is the effect of the nonlinear elements of their model
(inductors) on the frequency response tests they performed?

2) The model derived from the frequency response tests is good in the
range of some several Hz to ~ 1 kHz. Many transient effects in
the power system are beyond this range, both in low and high
frequency limits. My estimate would be to model the CCVT in the
range of a few Hz to approximately 5-10 kHz. Did the authors run
any comparative transient analysis of their model (10 Hz-1 kHz)
versus an extended model or experiment? If yes, could they com-
ment on the results?

Manuscript received February 18, 1992.

P. G. McLaren, W. W. L. Keerthipala, R. P. Jayasinghe, and J. R.
Lucas, (University of Manitoba, Winnipeg, Manitoba): This paper has
produced a wealth of detail on values for the various elements
required for the simulation of CCVT’s. It will certainly improve on the
model we have been using to date in that we chose to ignore the stray
capacitances of the various constituent parts [D1]. Our model did not
therefore show the rejection “cusp” at frequencies around 1 kHz
which the more complete model used by the authors exhibits. What
our model did show, however, was the effect of burden and core model
for the VT on the characteristics within the pass band of most relays.
This present paper would be greatly enhanced if it demonstrated that
the detailed model is capable of showing subsidence transients and
ferroresonance effects under the appropriate system and burden con-
ditions. Both of these phenomena depend on the core model for the
VT. We found that our model did show both of these effects (see
Figures 16 and 17 of [D1]) and that the tendency to ferroresonance
showed through in the frequency response when the burden was very
small. The peak in the frequency response was then around 4 Hz (see
Figure 19 of [D1]) and is therefore outside the range considered by the
authors. The measured response shown in Figure 23 of the present
paper does indicate a rising trend as it passes through 10 Hz.

Would the authors care to comment on the performance of their
model with respect to subsidence transients and ferroresonance.

Reference

Lucas, J. R., McLaren, P. G., Keerthipala, W. W. L., and
Jayasinghe, R. P., “Improved simulation models for current and
voltage transformers in relay studies,” [EEE Trans. on Power
Delivery, Vol. 7, No. 1, January 1992, p. 152.

(D1]

Manuscript received February 11, 1992.

M. Kezunovi¢, L. J. Kojovic, V. Skendzi¢, C. W. Fromen, D. R. Sevcik,
and S. L. Nilsson: Authors would like to thank discussers for their
comments. The following are our responses.

Discussion by P. G. McLaren, et al., points out the importance of
the core model for the PT. We agree that it would be nice to have a
detailed model of the core, and our further study is concentrating on
evaluating some of the existing core models available in the Electro-
Magnetic Transients Program (EMTP). However, it is found to be
expensive to acquire experimental data that can be used to validate
the proposed models. Having that in mind, the authors find experi-
mental and simulation results presented in reference [1] quite interest-
ing. Unfortunately the results for the d.c. hysteresis model validation
given in Figure 8 in the reference can not be easily compared with the
given manufacturer’s data due to different measurcment units on the

graphs. The same holds true for simulated and measured transient
flux-current loops given in Figures 9 and 10 respectively, since the
experimental data is presented without any scale.

Paper [1] also gives the simulation results for the CCVT behavior
with and without the ferroresonance suppression circuit. The paper
however does not provide experimental verification for the results
given. Frequency response simulations with and without ferroreso-
nance suppression circuit, are presented in Figures 18 and 19 of
reference [1], for 200 VA and 20 VA burdens respectively. Figure 19
given in reference {1] shows the peak representing sub harmonic
oscillations, but again no experimental data is provided to support the
results. From our experience, the ferroresonance suppression circuit
has the significant influence on the CCVT transient response. The
suppression filter model presented in Figure 6 in reference [1] tends to
have low Q factor and may have to be verified against the appropriate
experimental results. We have investigated this problem, and the
results are reported in reference [2].

At this time, we do not have access to experimental data to validate
transient response of our CCVT models under “subsidence” and
ferroresonance conditions. However, several simulations are per-
formed to show time response of the models under the voltage
collapse conditions as well as the influence of ferroresonance suppres-
sion circuit representation. These results are given in the reference [2].

The measurements performed at TAMU laboratories spanned a
frequency range from 5 Hz to 50 kHz. The frequencies below 5 Hz
were not measured due to an increasing measurement error caused by
the low output signal levels. The frequencies above 10 kHz were not
considered to be of the primary importance for two reasons:

e Most of the protective relaying studies do not require accurate
representation of the frequency response in such a wide range.

e The CCVT response modeling in the range over 10 kHz becomes
increasingly complex due to influence of various parasitic elements.

The two questions raised by M. Glinkowski deserve special atten-
tion. Regarding the nonlinear nature of the inductance, it is generally
agreed that the existence of nonlinear elements in the system pro-
hibits the use of superposition property, and Fourier/Laplace trans-
form analysis. However, in the case of nonlinear systems with a limited
number of nonlinear components, the transfer function can still be
identified provided that the measurements are done in the ‘linear’
portion of the characteristic.

To simulate such a system, the circuit should first be represented by
using linear models for all of the nonlinear elements. This is the base
for the model validation used in our paper. The final model is than
obtained by replacing the linear models with the nonlinear ones. This
is in fact a standard practice in the EMTP studies where only a small
number of nonlinear models is used to represent the elements.

The modeling procedure described provides a faithful representa-
tion of nonlinear effects only if:

e The equivalent ‘impedance’ the nonlinear element sees at it’s termi-
nals is adequately represented at all time instants.
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Fig. 1. PCA-5 CCVT Frequency Response (Measured vs. EMTP Simulation

With Fitted Parameter Values)



« The nonlinear element is modeled with a sufficient level of accuracy.

As per first question of Mr. Glinkowski, it should be noted that the
CCVT frequency response measurement method used must take into
account the nonlinear nature of the tested device. The excitation
signal shape and level must be carefully optimized in order to operate
the device in the ‘linear’ portion of the characteristic [3]. In our case,
this was ensured by conducting a frequency response sensitivity study
with respect to the excitation signal level, as indicated in the paper.
The same rule applies to the individual component value measure-
ments.

As per second question, the results presented in the paper indicate
the level of precision obtained by applying the proposed measurement
methodology. As can be seen in the Figures 19, 21, and 23, the
modeling error increases above 1 kHz. The further refinement of the
models can be obtained by subjecting the results to the nonlinear
parametric fitting techniques which are currently being investigated at
TAMU. The preliminary results of the fitting process performed on
the PCA-5 CCVT, show excellent agreement with the measurements,
as indicated in Figure 1.

It should be noted that CCVT is a complex structure, making it
virtually impossible to measure all of the individual model parameters
with the same level of accuracy. This is especially true for the stray
capacitance measurements.

The fitting procedure greatly reduces the individual component
measurement errors by adjusting desired parameters in order to
minimize the model error with respect to the CCVT frequency re-
sponse which was separately recorded. The final results were used as
data for the EMTP simulation shown in Figure 1.

As a conclusion related to all of the questions raised, we would like
to emphasize the following:
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« The modeling approach used in our paper faithfully reflects the
actual CCVT element topology. It is therefore easy to include the
nonlinear core saturation effects by simply substituting the inductor
L,, with an EMTP saturable inductor model. The data needed for
such a simulation can be readily obtained from the transformer
manufacturer.

o By using the outlined approach it can be observed that our model
covers. both the “subsidence” transients and ferroresonance effects.
The final error is dependent primarily on the EMTP hysteresis
modeling precision.
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