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Abstract – In this work, a coupling capacitor voltage trans-
former (CCVT) model to be used in connection with the 
EMTP (Electromagnetic Transients Program) is presented. A 
support routine was developed to compute the linear 230 kV 
CCVT parameters (resistances, inductances and capacitances) 
from the magnitude and phase of the CCVT voltage ratio 
measured in laboratory, from 10 Hz to 10 kHz. The errors 
were fairly small in the whole frequency range. The potential 
transformer (PT) multiple windings, its magnetic core and the 
silicon carbide surge arrester nonlinear characteristics were 
taken into account in the model in order to improve transient 
responses due to overvoltages. The surge arrester gap spark-
over voltage was measured and the silicon carbide nonlinear 
characteristic was estimated. It is shown that careful attention 
must be taken when computing the ferroresonance suppres-
sion circuit (FSC) parameters to avoid numerical instabilities 
in time-domain simulations. The protection circuit is very 
effective in damping out transient voltages when a short cir-
cuit is cleared at the CCVT secondary side. 

Keywords – CCVT model, EMTP, system protection, data ap-
proximations. 

I. INTRODUCTION 

For many years, electric utilities have used coupling ca-
pacitor voltage transformers (CCVT) connected to protec-
tive relays and measuring instruments. However, problems 
have yet been traced to incorrect inputs. This has affected 
the reliability of the power system and caused failure in 
many CCVT. In Brazil, some electrical energy companies 
have reported unexpected overvoltage protective device 
operations in several CCVT leading to failures of some 
units. The reported overvoltages occurred during normal 
switching conditions [1]. 

Many works including field measurements, laboratory 
tests and digital simulations, have been conducted to study 
the performance of the CCVT. Some studies have been con-
centrated on nonlinear behavior of the potential trans-
former (PT) magnetic core to accurately simulate the tran-
sient response of CCVT [2, 3, 4]. 

Other works have considered the effect of stray capaci-
tances in some CCVT elements to explain the measured 
frequency responses in the linear region of operation [5, 6]. 
There are some problems in obtaining the CCVT parame-
ters. In [5], the used measurement techniques need disas-
sembling the CCVT and in [6], a method was developed to 
estimate the CCVT linear parameters from frequency re-
sponse measurements at the secondary side without the 

need to access its internal components. Saturation effects of 
the magnetic core were not taken into account. 

In this work, a coupling capacitor voltage transformer 
model to be used in connection with the EMTP (Electro-
magnetic Transients Program) is presented. The potential 
transformer multiple windings and the silicon carbide surge 
arrester nonlinear characteristic were included in the 
CCVT model in order to improve the transient response to 
overvoltages. Preliminary results were presented at the 
IPST 2001 [7]. 

CHESF (Companhia Hidro Elétrica do São Francisco) 
made available a 230 kV CCVT unit. Frequency response 
measurements of magnitude and phase, in the range from 
10 Hz to 10 kHz, were carried out for this unit and used as 
input data to a fitting routine based on Newton’s method [8, 
9] to compute the linear CCVT parameters R, L, C. 

Digital simulations of ferroresonance were carried out 
using this model. The results show that careful attention 
must be taken when computing the ferroresonance suppres-
sion circuit (FSC) parameters to avoid numerical instabili-
ties in time-domain simulations. The protection circuit is 
very effective in damping out transient voltages when a 
short circuit is cleared at the CCVT secondary side. 

II. BASIC PRINCIPLES 

The basic electrical diagram for a typical CCVT is 
shown in Fig. 1. The primary side consists of two capaci-
tive elements C1 and C2 connected in series. The PT pro-
vides a secondary voltage vo for protective relays and 
measuring instruments. The inductance Lc is chosen to 
avoid phase shifts between vi and vo at power frequency. 
However, small errors may occur due to the exciting cur-
rent and the CCVT burden (Zb) [2]. 

 
 
 
 
 
 
 
 
 
 
 

Fig. 1  Electrical diagram for a typical CCVT. 
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Ferroresonance oscillations may take place if the circuit 
capacitances resonate with the iron core nonlinear induc-
tance. These oscillations cause undesired information trans-
ferred to the relays and measuring instruments. Therefore, 
a ferroresonance suppression circuit (FSC) is normally 
included in one of the CCVT windings. 

Circuits tuned at power frequency (L in parallel with C) 
and a resistance to ground have been often used as ferrore-
sonance suppression circuits [4, 6] because they damp out 
transient oscillations and require small amount of energy 
during steady-state. 

III. DEVELOPED ANALYTICAL METHOD 

The diagram shown in Fig. 1 is valid only near power 
frequency. A model to be applicable for frequencies up to a 
few kilohertz needs to take into account the PT primary 
winding and compensating inductor stray capacitances at 
least [3 − 6].  

In this work, the circuit shown in Fig. 2 was used to rep-
resent the CCVT. It comprises of a capacitive column (C1, 
C2), a compensating inductor (Rc, Lc, Cc), a potential trans-
former (Rp , Lp , Cp , Lm , Rm) and a ferroresonance suppres-
sion circuit (Rf , Lf1 , Lf2 , −M , Cf) [5, 6]. 

The FSC configuration is shown in Fig. 3(a). A non-
saturable iron core inductor Lf is connected in parallel with 
a capacitor Cf so that the circuit is tuned to the fundamental 
frequency with a high Q factor [4]. The FSC digital model 
is shown in Fig. 3(b). The damping resistor Rf is used to 
attenuate oscillations caused by the ferroresonance phe-
nomenon. 
 

 
 
 
 
 
 
 
 
 
 

Fig. 2  CCVT model for calculation of parameters. 

 
 
 
 
 
 
 

       (a)                         (b) 
Fig. 3  (a) FSC configuration. (b) FSC digital model. 

A. Calculation of the CCVT Model Parameters 

In order to develop the analytical expressions of CCVT 
model, it was considered only the linear region of the PT 
magnetic core because the core was not saturated during 
the frequency response measurements. The nonlinearity is 

included in time-domain simulations to improve the repre-
sentation of the transient effects in CCVT. The circuit 
shown in Fig. 2 is considered with specific impedances Z1, 
Z2, Z3, Z4, Z5 and with all the elements referred to the PT 
secondary side, according to Fig. 4. 

 
 
 
 
 
 
 
 
 
 

Fig. 4  CCVT model with specific impedances. 

The expressions for the impedances in the s domain, 
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Where, r is the PT ratio and the symbol // means that 
elements are in parallel. 

The CCVT model parameters R, L, C should reproduce 
the transfer functions of magnitude and phase represented 
by vo/vi. They are calculated using the technique described 
below for the minimization of nonlinear functions. 

B. Minimization Technique of Nonlinear Functions 

Here, the used iterative technique for minimizing nonlin-
ear functions is based on Newton’s method which uses a 
quadratic approximation to the function F(x) derived from 
the second-order Taylor series expansion about the point xi. 
In two dimensions, the second-order Taylor series ap-
proximation can be written in the form: 
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And for n dimension, the expression above in ma-
trix/vector form is: 

pxpxpxpx )(
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In order to obtain the step p, the function F is minimized 
by forming its gradient with respect to p and setting it equal 
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to zero. Therefore, 

∇2F(x)p = −∇F(x). (4) 

The approximate solution xk+1 is given by: 
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Newton’s method will converge if [∇2F(x)]-1 is positive 
definite in each iterative step, that is, zT[∇2F(x)]-1z > 0 for 
all z ≠ 0. This technique is known as the full Newton-type 
method [8, 9]. It is a modification of Newton’s method for 
that iteration in which [∇2F(x)]-1 is not positive definite. In 
the procedure, ∇2F(x) is replaced by a “nearby” positive 
definite matrix )(2 xF∇ and p is computed solving 

)()(2 xpx FF −∇=∇ . 
The function to be minimized is called merit function 

χ2(x) and it is given by expression below: 
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Where ωi is the i-th measured frequency value and yi is 
the i-th measured frequency response value of the n data 
points. σi is the standard deviation for each yi. x is the vec-
tor which contains the parameters R, L, C to be determined 
and y(ωi; x) is the analytical model function. 

A FORTRAN routine was developed to minimize the 
merit function χ2(x) using the method described above. 
Besides the function y(ωi; x), it is necessary to know its 
first and second derivatives with respect to each parameter 
of the vector x. The algorithm is based on the following 
steps [7]: 
1. Supply the CCVT frequency response values yi for each 

frequency ωi and enter with a guess for the parameters R, 
L, C (vector x); 

2. Determine χ2(x) and evaluate χ2(x + p); 
3. Save the value of χ2(x + p) and for a user defined num-

ber of iterations m, compare the actual value of the merit 
function to its old value m iterations before: 

4. If the difference is greater than a user defined tolerance, 
go back to step 2. Otherwise, stop the iterative process. 

IV. LABORATORY MEASUREMENTS 

Frequency response measurements of magnitude and 
phase were carried out for the 230 kV CCVT. The rms  
v − i nonlinear curve for the PT magnetic core was meas-
ured as well. The surge arrester nonlinear characteristic 
was estimated from measurements of its gap sparkover 
voltage in our high voltage laboratory. 

A. Frequency Response Measurements 
During the frequency response measurements, a low-

pass filter was required to attenuate high frequency noises. 
A 3rd order RC active filter with a cut-off frequency of 15 
kHz, was used [10]. A signal generator feeding an ampli-
fier whose maximum peak-to-peak voltage is 2 kV, was 
connected across the high voltage terminal and the ground, 
according to Fig. 5. 

 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5  Frequency response measurements for the 230 kV CCVT. 

B. PT Nonlinear Characteristic Measurements 

A sinusoidal voltage supplied by an autotransformer was 
applied across terminals X1 − X3 and gradually increased 
from zero up to 251.3 V rms, according to Fig. 6. The rms 
V – I data points were obtained. The data were converted 
into the peak λ − i data using a routine from [11]. 

In order to estimate the PT magnetic core saturation, the 
air core inductance was calculated by the expression: 

l
SN

Lsat
0

2µ
≅ . (7) 

Where, N = 81 is the number of coils of the secondary 
winding, µ0 = 4π.10-7 H/m is the magnetic permeability in 
vacuum, S = 91.5 cm2 is the core crossection area and l = 
71.28 m is the average length of the secondary winding. It 
was considered that saturation occurs with a flux density of 
2.1 T, which corresponds to λknee = 1.556415 V.s. The 
value of iknee was calculated from [11] after a logarithmic 
extrapolation of the previous points in the rms V – I curve. 
This corresponds to the previous to the last point of the λ−i 
data points shown in Table I. The last segment slope is Lsat. 

 
 
 
 
 
 
 
 

 

Fig. 6  Measurement of the PT saturation curve. 

Table I  Nonlinear characteristic of the PT magnetic core. 

Peak Current (A) Peak Flux (V.s) 
0. 076368 0.025772 
0.720881 0.189066 
1.429369 0.396889 
2.511675 0.748388 
3.662012 0.863553 
4.587227 0.903317 
5.712037 0.942706 

55.527018 1.556415 
5552.7018 1.562242 
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C. Surge Arrester Nonlinear Characteristic Estimation 

The 230 kV CCVT protection circuit comprises by a 
silicon carbide (SiC) surge arrester connected in parallel 
with the capacitance C2. 

In order to estimate the surge arrester v − i characteristic,  
its sparkover voltage was measured at power frequency. 
The voltage supplied by a high voltage transformer, rated 
100 kV and 10 kVA, was applied gradually across the 
surge arrester terminals until gap sparkover was reached. 
For 7 measurements, the sparkover voltage average value 
was 58.5 kV rms. 

According to ANSI/IEEE C62.1-1989 Standard [12], for 
a completely assembled gapped silicon carbide arrester the 
power frequency sparkover voltage should not be smaller 
than 1.5 times the rated voltage. Therefore, the tested surge 
arrester was rated as a 39 kV rms unit. 

A 39 kV rms surge arrester has an arrester discharge 
voltage (V10) at 10 kA for 8/20 equal to 89.7 kV. This 
value of V10 was taken from ANSI/IEEE C62.2-1987 Stan-
dard [13]. 

The surge arrester v − i characteristic is obtained as per-
cent of discharge voltage at 10 kA for 8/20 µs. This charac-
teristic depends also on the waveform applied to the ar-
rester. In this work was considered a wavefront of 2 ms 
because the measurements were made at power frequency. 
The estimation of percent was based on a typical character-
istic for 6 kV silicon carbide arrester, supplied by the 
manufacturer [14]. The 39 kV surge arrester nonlinear 
characteristic is shown in Table II. 

Table II  Silicon carbide surge arrester nonlinear characteristic. 

Peak Current  (A) Peak Voltage (kV) 
100 20.8 
200 27.9 
500  39.0 

1000 42.9 
2000 45.5 

V. ANALYSIS AND DISCUSSION OF THE RESULTS 

A. 230 kV CCVT Parameters 

The 230 kV CCVT parameters were obtained from fre-
quency response data points of magnitude and phase meas-
ured in the high voltage laboratory of our university. The 
initial guesses and fitted parameters, referred to the poten-
tial transformer secondary side, are shown in Table III and 
Table IV, respectively. The magnitude and phase curves 
for the measured and fitted voltage ratios are shown in fig-
ures 7 and 8, respectively. 

Table III  230 kV CCVT initial guesses parameters. 

Rc = 1.0 Ω Lp = 3.0 mH Lf2 = 95.0 mH 
Lc = 2.0 mH Rm = 90.0 Ω Rf = 4.0 Ω 

Cc = 1100.0 µF Lm = 300.0 mH M = 10.0 mH 
Cp = 1.0 µF Lf1 = 10.0 mH − 
Rp = 3.0 Ω Cf = 140.0 µF − 

 

Table IV  230 kV CCVT calculated parameters. 

Rc = 0.39 Ω Lp = 4.92 mH Lf2 = 47.39 mH 
Lc = 3.71 mH Rm = 50.6 Ω Rf = 4.99 Ω 

Cc = 11486.1 µF Lm = 700.0 mH M = 9.31 mH 
Cp = 216.3 nF Lf1 = 10.87 mH − 
Rp = 0.0395 Ω Cf = 166.39 µF − 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 7  Magnitude curves for the measured and fitted 230 kV 
CCVT voltage ratios. 

 
 
 
 
 
 
 
 
 
 
 

Fig. 8  Phase curves for the measured and fitted 230 kV CCVT 
voltage ratios.  

The average errors of magnitude and phase for initial 
guesses parameters are, respectively, 23.3 % and 16.0o.  
After the fitting, the average errors of magnitude and phase 
are, respectively, 5.5 % and 8.9o. According to figures 7 
and 8, the errors are fairly small for frequencies up to 2 
kHz. Near 60 Hz the magnitude and phase errors are very 
small. This is the region in which the CCVT operates most 
of the time. 

There are some CCVT parameters known at 60 Hz with 
reasonable accuracy, which are the cases of Lc and Rp. In 
the fitting process, constraints were used to perform a fine 
adjustment of these previously known parameters. Here 
they were allowed to vary within 20 %. This procedure 
imposes limitations for the fitting technique, but it gives 
more realistic results. 

If Cc and Cp are neglected in the model, the frequency 
response of CCVT does not follow the frequency response 
curve of the entire model. In order to verify this, a sensitiv-
ity analysis was carried out for the voltage ratio magnitude 
curve, considering the entire model (parameters from Table 
IV) and the model using Table IV values with Cc and Cp set 
to zero. The results are shown in Fig. 9. It can be seen a 
large difference between the curves from 100 Hz onwards. 
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Fig. 9  Sensitivity analysis for the CCVT magnitude curve. 

B. Ferroresonance Simulations 

To perform the 230 kV CCVT ferroresonance simula-
tions, MICROTRAN [15] was used. The CCVT model is 
shown in Fig. 10. The magnetizing inductance Lm was re-
placed by a nonlinear inductance connected across the 
CCVT secondary terminals whose λ − i data points are 
shown in Table I. The potential transformer was repre-
sented by the three winding single-phase transformer model. 
The protection circuit composed by a silicon carbide surge 
arrester was included as well. Its v − i nonlinear character-
istic is shown in Table II. At point A the system was repre-
sented by its Thévenin equivalent. 

The ferroresonance simulations were based on tests rec-
ommended by IEC 186 Standard [16]. The first test estab-
lishes that the equipment must be energized at 1.2 p.u. of 
rated voltage. One of the secondary terminals is short cir-
cuited and its burden has to be nearly zero. The short cir-
cuit must be sustained during three cycles at least. 

In order to analyze the importance of the FSC in tran-
sient damping, two simulations were performed: one case 
with the FSC included in the CCVT model and another 
case when the FSC is removed. In both cases, the simula-
tions consist of a close-open operation of a switch SW con-
nected across the CCVT secondary terminals, as shown in 
Fig. 10. The switch closes at t = 125 ms and remains closed 
during 6 cycles, when the short circuit is cleared. 

In the simulation that takes into account the FSC, it was 
observed numerical instabilities taking place in the CCVT 
secondary voltage waveform, according to Fig. 11. This 
problem can be explained by writing the FSC admittance, 
Yf(s), based on its model shown in Fig 3(a). 
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Where, A1 = Cf(Lf1 + Lf2), B0 = Rf, B1 = Lf2 − M, B2 = 
RfCf(Lf1 + Lf2) and B3 = Lf1Lf2Cf − MCf(Lf1 + Lf2). Replacing 
the FSC parameters by their calculated values (Table IV), 
it is obtained two imaginary zeroes, z1 = j321.18 and z2 = 
−j321.18, and three real poles, p1 = 11404.0, p2 = −577.0 
and p3 = −167.0. 

The numerical instability takes place due to the pole  
p1 = 11404.0 located on the right half-plane of the s plane. 
In order to eliminate the instability it is necessary to make 
B3 in equation (8) greater than or equal to zero, assuring 
that all poles are located on the left half-plane of the s 
plane. This condition is satisfied by assuming values for 
inductance M smaller or equal to 8.84 mH. In fact, the fit-
ting procedure gave a non-realizable model for the ferrore-
sonance suppression circuit. This problem is solved if the 
coil Lf is divided into Lf1 and Lf2 and modeled as L1 + M 
and L2 + M, respectively, where L1 and L2 are leakage in-
ductances. The fitting routine was modified to take this 
assumption into account. The error for the amplitude curve 
is about the same as the fitted curve shown in Fig. 7. How-
ever, for phase curve, the fitting was not so accurate for 
frequencies beyond 200 Hz. Further investigations are 
needed regarding the CCVT equivalent circuit in order to 
improve the fitting for the phase curve. 

 For ferroresonance analysis, the value of M equal to 
8.84 mH does not affect the simulation results, because the 
ferroresonance takes place in low frequencies, normally 
between 1/3 sub harmonic and the 3rd harmonic. In this 
frequency range the magnitude and phase curves for the 
CCVT voltage ratio are very similar for both values of M, 
8.84 mH and the estimated value, 9.31 mH. 

Fig. 12 shows the CCVT secondary voltage waveform 
when the FSC is removed. The oscillations remain up to 
500 ms, when the steady-state is reached. Fig. 13 shows the 
same case with the FSC included in the CCVT model. The 
oscillations are damped in a time smaller than 100 ms, in 
conformity with ferroresonance standard tests. 

Fig. 14 shows the CCVT secondary voltage when the 
FSC is included in the model, but considering the failure of 
the protection circuit. Comparing Fig. 14 with Fig. 13, one 
can see that the protection circuit is very effective in limit-
ing peak transient voltages at the CCVT secondary side. 
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Fig. 10  230 kV CCVT model for electromagnetic transient studies. 
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Fig. 11  CCVT secondary voltage: numerical instability. 

 
 
 
 
 
 
 
 
 

Fig. 12  Secondary voltage: CCVT without the FSC. 

 
 
 
 
 
 
 
 
 

Fig. 13  Secondary voltage: CCVT with the FSC. 

 
 
 
 
 
 
 
 
 

Fig. 14  CCVT secondary voltage: failure in the protection circuit. 

Although the results shown in figures 11-14 are interest-
ing, it is not certain at this stage whether they are accurate. 
Laboratory measurements will be carried out in the near 
future for validation purposes. 

VI. CONCLUSIONS 
In this work, a CCVT model for electromagnetic tran-

sient studies was presented. The model comprises linear 
parameters R, L, C obtained from the fitting routine based 
on Newton’s method that uses as input data the frequency 
response measurements of magnitude and phase, in the 
range from 10 Hz to 10 kHz. The model includes the PT 
magnetic core and SiC surge arrester nonlinear characteris-
tics and may be used in connection with the EMTP. 

The results show that careful attention must be taken 
when calculating the FSC parameters to avoid numerical 
instabilities in time-domain simulations. Although the re-

sults reveal the importance of the FSC and the protection 
circuit in damping out transient voltages when a short cir-
cuit is cleared at the CCVT secondary terminals, the au-
thors intend to perform ferroresonance tests in laboratory 
for validation purposes. 
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