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Abstract

This paper explores the mechanism for the harmonic voltage measurement error (HVME) of
a capacitor voltage transformer (CVT) in a comprehensive way and develops a practical
error correction method to improve the harmonic measurement performance of a CVT. The
harmonic equivalent circuit (HEC) of CVTs with different types of dampers are established
and the parameter value calculation methods of the circuit elements are presented. Charac-
teristics of the individual inherent resonance mode of the HEC, including the resonant fre-
quency, the resonant type and the circuit elements involved, are analyzed systematically.
Centered on resonance mode formulation, an universal error correction method for CVTs in
measuring harmonic voltage is proposed based on the piecewise fitting of the transforma-
tion ratio. A physical experimental platform available for low-voltage CVTs is developed in
laboratory, which utilizes a 10-kV harmonic generator and a step-up transformer to provide
harmonic signals with high voltage level. Moreover, a novel experimental scheme for testing
the HVME of high-voltage CVTs is proposed based on alternating current/direct current
(AC/DC) filters. Experiments are conducted on these experimental platforms to test the
HVME of a 35-kV CVT in laboratory and a 525-kV CVT in a back-to-back DC converter sta-
tion. The experimental results verify the validity of the built HECs of CVTs, the resonant
mode analysis results and the resonant frequency calculation method. Finally, the effective-
ness of the proposed harmonic error correction method is proved by several examples.

1. Introduction

CVT havs been widely adopted in high-voltage neutral grounding power networks to provide
voltage signal with an apprciated accuracy to the energy metering system, relay protection sys-
tem etc., due to its overwhelming advantages such as small volume, light weight, less mainte-
nance and high margin of electric field intensity [1-3]. In China, CVT gradually occupies the
majority of the market share of voltage measurement in from the begining of the 1980s, espe-
cially in the recent AC/DC ultrahigh-voltage project and the VSC-HVDC system [4, 5].

The hope that CVT can provide harmonic voltage signals with the same accuracy as that
under the system fundamental frequency has been proven to be an illusion, via both the theo-
retical analysis and experimental verification; therefore, the relevant standard clearly states
that “CVT cannot be used for harmonic voltage measurement”. Reference [6] discusses the
problem of a CVT in measuring harmonics voltage, and notes that the measurement error
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mainly comes from the resonances in the circuit under particular harmonic frequencies. Based
on the HEC of individual element, the influences of the burden rate and the damper structure
on the frequency response of the transformation ratio of a CVT are analyzed quantitatively in
[7], and the validity of the HEC formation and measurement error analysis are verified
through simulation and field test of a 400kV CVT with a resonance-type damper. However, a
CVT with a speedy saturation damper that is applied more widely in power system [8] has not
been involved in this research. Reference [9] establishes the HEC of a CVT with a speedy satu-
ration damper and, on this basis defines the HVME, while the mechanism for the error has
not been studied. The influence laws of several factors that govern the harmonic measurement
error of CVT are researched comprehensively in, e.g., [10-12]. References [10] and [11] focus
on the effect of the stray and coupling capacitance on the harmonic voltage transfer function
of the CVT, and [12] confirms that the measurement error mainly comes from the excitation
impedance and the capacitance divider. Unfortunately, these studies are case specific and take
only some of the influence factors into consideration, thus being unable to serve as the general
basis for the quantitative analysis of the HVME. It shall be noted that method based on fractal
theory [13, 14] is very beneficial for the formulation of egivalent circuit of CVT.

Besides the theoretical analysis, several researches have focused on the experiment techo-
nology for testing the HVME of CVTs. To learn the frequency response characteristics of the
transformation ratio of a CVT, reference [15] proposes to apply harmonic voltage with a lower
amplitude to the primary winding or the secondary winding of a CVT. Although a high-volt-
age harmonic source is no longer needed, the application of this scheme is very limited since
that most CVTs do not allow to be energized from the secondary winding. In [16], an experi-
mental arrangement that applies harmonic voltages to the midpoint of the capacitor voltage
divider is presented, with the aim to derive the harmonic transformation ratio of a CVT. How-
ever, a harmonic source with high voltage level and large power capacity is still required.

It is well known that a resistor or a capacitor voltage divider is the most suitable candidate
for the harmonics measuremnt in high-voltage systems. Unfortunately, these specialized
devices are large in size and very expensive [17, 18] and are therefore inconvenient for field
experiments. Some researchers have independently proposed to insert current transformers
into the internal branches of a CVT [19, 20]. The harmonic voltage on the primary side can
then be accurately measured according to outputs of the current transformers and the imped-
ance-frequency characteristics of the circuit branches into which the current transformers are
inserted. However, these methods are not applicable to CVTs that are already in operation.

This paper studies the harmonic voltage measurement error of a CVT in a comprehensive
and in-depth way and, on this basis, presents a practical error correction method that can
improve the harmonic measurement accuracy to an extent acceptable in engineering. The fol-
lowing innovative results are achieved: 1) In both the quantitative analysis and the influence
law study of the measurement error, we concentrate on the resonant frequencies instead of
analyzing the law of the influence factor individually. This change in disposal facilitates the
revelation of the mechanism for measurement error greatly; 2) A physical experimental plat-
form for testing the HVME of CVT is established. We propose a simple and effective scheme
to address the problem of harmonic voltage amplification and attenuation, therefore improv-
ing the safety of the experimental platform and the accuracy of the experimental results; 3) We
present a novel harmonic voltage measurement method based on the alternating current/
direct current (AC/DC) filters for the high-voltage DC (HVDC) power transmission systems
[21, 22]. This simple and practical method can provide accurate harmonic voltage reference
signal for the determination of the HVME of CVT in high-voltage systems.

The remainder of this paper is structured as follows. In Section 2, the HECs of CVTs with
different types of dampers are established. Section 3 presents the calculation of the resonant
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frequencies of the HECs. The harmonic voltage measurement performances of CVTs with dif-
ferent types of dampers are compared in Section 4. Section 5 presents the principle and appli-
cation of the error correction method, simulation results verifying the effectiveness of this
method are also provided in this section. Section 6 presents the scheme for the development of
a physical experimental platform and the experiment results of the harmonic measurement
error of a 35-kV CVT with a fast-saturation damper. Section 7 presents a method for measur-
ing the harmonic voltage of HVDC power system and verifies the validity of the harmonic
equivalent circuit of a 525-kV CVT. Section 8 applies the error correction method to correct
the harmonic measurement error of a 35-kV CVT and a 525-kV CVT. Section 9 presents the
conclusions.

2. Harmonic equivalent circuit of CVT
2.1 Harmonic equivalent circuit

As shown in Fig 1, the CVT system mainly consists of a capacitive voltage divider, an electro-
magnetic unit and the burden. The capacitive voltage divider is composed of the high-voltage
capacitor C; and the medium-voltage capacitor C,. The electromagnetic unit includes the
compensation reactor Lc, the intermediate transformer T, and the damper Z The damper can
be connected to any one of the secondary windings.

By ignoring the carrier extraction coil and converting the parameter values to the primary
side, the harmonic equivalent circuits of the CVT with a resonant damper [7] and that with a
speedy saturation damper have been built and are shown in Fig 2.

As seen in Fig 2, the equivalent circuit of the compensation reactor is composed of the
inductance L;. and the resistance R; of the winding, the inductance L; . and the resistance Ry,
of the iron core, and the stray capacitance Cy.. L11/Ryy, L12/Rr2, and Lyy/Rryare the induc-
tance/resistance of the primary winding, the measurement and protection winding, and the

A

L,

Née—1IL .

Fig 1. Structure of the CVT system.
https://doi.org/10.1371/journal.pone.0205231.g001
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Fig 2. HECs of the CVTs. (a)With speedy saturation damper. (b) With resonance-type damper.

https://doi.org/10.1371/journal.pone.0205231.g002

damper winding of the intermediate transformer, respectively. The measurement winding and
protection winding are merged due to their same capacity and voltage level. L1, and Ry, are
the excitation inductance and resistance of the intermediate transformer, respectively. Cry is
the primary winding stray capacitance, and the stray capacitances of the secondary windings
are ignored due to the relative small numbers of secondary winding turns, L, and R, are the
burden inductance and resistance, respectively.

The major difference between the two equivalent circuits shown in Fig 2 is the HECs of the
dampers with different structures. Specifically, in Fig 2(A) the HEC of the CVT with a speedy
saturation damper, Ls Rs and Crare the inductance, resistance and stray capacitance of the
damper, respectively. As for the HEC of the CVT with a resonant damper, Ry, Ry, and Ry, are
the resistances of the winding and iron of the damper transformer, respectively, Lq, Ls, and
My, are the self-inductance and mutual inductance of the windings of the damper trans-
former, and Crand Ryare respectively the capacitance and nonlinear resistance of the damper,
as shown in Fig 2(B).

2.2 Calculation of the element parameter values

The parameter values of the elements in the HEC of the compensation reactor can be obtained
via the corresponding experiments, based on the circuit shown in Fig 3.

To acquire the values of R;. and R, we by turn inject a DC current and two AC currents
with a frequency of 50 Hz and 100 Hz respectively, with the RMS values being the same as the
rated current of the primary winding of the intermediate transformer, into the circuit and
then record the voltage Uy, under each test and the power loss under each of the AC current
injection test.
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After solving R, accroding the measured DC voltage Uy, and the injected DC current I,
R; . can then be obtained by solving:

RLCE = PLC(SO) /Iic(f)U) - RLC (1)

where Py so) and I1(s0) are respectively the measured power loss and RMS value of the injected
current in the 50 Hz AC current injection test.

The values of L; . and L; ., can be calculated based on the recorded RMS values of the volt-
ages and currents of the two AC current injection tests after the values of the resistances in Fig
3 have been derived. Next, we establish the simulation model of the compensation reactor
using the Ansoft software according to its actual physical structure and dimensions; then, the
value of the stray capacitance C;. can be estimated through proper selection of the material
attribute and the setting of the boundary conditions.

As for the elements in the HEC of the intermediate transformer, the values of the leakage
inductance Ly, L1, and Lyrand the leakage resistance Ry, Rz, and Ryyof the corresponding
winding, the excitation inductance Ly, and the resistance Rz, can all be known from the
nameplate values provided by the manufacturer. The value of the stray capacitances Cr; can be
acquired in the same way as that for the estimation of Cy..

The burden inductance L, and resistance R, can be calculated by solving:

1 U2 .
R =_— K 2
= ops,, < oSk (2)
11w

L:—X— zN
© 2 2nfinS,y

X sing x k> (3)

where U,y = 100/1/3V and S_y = 100 VA are the rated voltage and rated capacity of the mea-
surement and protection secondary winding, respectively. 7 is the burden rate and cosg is the
power factor of the burden, which has a normal value of 0.8 lagging. f; = 50 Hz, and k_ is the
open-circuit transformation ratio of the voltage between the primary winding and the two sec-
ondary windings of the intermediate transformer.

The value of the inductance Lyand the resistance Ry of the speedy saturation damper shown
in Fig 2(A) can be easily calculated based on the actual values of these two elements provided
by the manufacturer and the open-circuit transformation ratio of the voltage between the

LLce

RLce

Fig 3. Element parameter calculation for the compensation reactor.

https://doi.org/10.1371/journal.pone.0205231.9003
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primary winding and the secondary winding to which the damper connectes. Similarly, the
value of the stray capacitances Cycan be estimated using the Ansoft software. The situation is
relatively complex for the resonant damper shown in Fig 2(B), the transformer winding resis-
tances Rﬂand Rpcan be obtained via the four-point measurement method, i.e., injecting a DC
current with a value that is the rated current of the primary winding of the transformer into
each of the windings. The values of Crand R¢can be known from the nameplate, and the values
of the iron core resistance Ry, the winding self-inductanceLpandLg, and the winding mutual
inductance My 5, can be determined by conducting regular short-circuit and open-circuit tests
on the damper transformer.

2.3 Parameter value calculation results

Reference [7] provides all the parameter values of the HEC of a 400kV CVT with a resonant
damper; we summarize the parameter values of all the elements besides this damper in Table 1
and specificlly list those of the filter in the left column of Table 2. Although we have obtained
the parameter values of the elements of another 400kV CVT with a speedy saturation damper
using the method introduced in the above subsection, for the purpose of performance compar-
ison, the parameter values listed in Table 1 are used for the elements except for the speedy satu-
ration damper, while those of this damper are separately given in the right column of Table 2.

3. Resonance mode analysis

Under the system fundamental frequency, a series resonance in the circuit, which is inherently
formulated by the electromagnetic unit and the capacitive voltage divider of the CVT, can
maintain a constant secondary-side output voltage under any burden condition, thus guaran-
teeing a satisfying voltage measurement accuracy. It is now well known that the large error in
the measurement of harmonic voltage using a CVT originates from several resonances that are
formulated by the stray capacitances and the corresponding inductive element in the circuit.
However, the characteristics of the individual resonance mode, such as the resonant frequency
and the circuit element involved, have not yet been researched comprehensively.

Table 1. Parameter values of the common elements of the two CVTs.

Capacitor divider

Compensation reactor

Intermediate Transformer

Rated burden

https://doi.org/10.1371/journal.pone.0205231.t001

HV capacitance C; 3.18nF
MV capacitance C, 54nF

Equivalent capacitance C;+C, 57.18nF Vv
Winding resistance Ry, 766Q Vv
Core resistance Ry . 9.288 MQ V4
Winding inductance L;, 24.71H V4
Core inductance L; .. 148.9H V4

Stray capacitance Cy 61.17pF
Leakage resistance Ry, 1403Q V4
Leakage inductance Ly, 1.27H V4
Leakage resistance Ry 1054Q V4
Leakage inductance L1, 6.95H V4
Leakage resistance Ry 5904Q Vv
Leakage inductance Ly 6.18H V4
Excitation inductanceL,, 53kH Vv
Excitation resistance Ry, 1070Q Vv

Stray capacitance Cry 267pF
Resistance R, 645.2kQ V4
InductanceL, 1.54kH V4
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Table 2. Parameter values of the two different dampers.

Resonant damper Speedy saturation damper
Damper resistance Ry 37.5Q Stray capacitance Cy 30pF
Damper capacitance Cy 15.4nF Damper resistance Ry 2725Q V4
Resistance Ry 2731Q Damper inductance Ly 3002H V4
Resistance Ry 240.6Q
Self-inductance Ly 529H
Self-inductance Ly, 5.2H
Mutual inductanceMp 42.3H
Core resistance Ry, 13.8 MQ

https://doi.org/10.1371/journal.pone.0205231.t002

3.1 CVT with a speedy saturation damper

After analyzing the HEC of the CVT with a speedy saturation damper shown in Fig 2(A), three
resonance modes can be detected, and the relevant resonance circuits are presented in Fig 4.

From Fig 4(A), we can learn that the first resonance mode is of a series type and is caused
by the Thevenin equivalent capacitance C of the capacitive voltage divider, winding and iron
core inductance of the compensation reactor, winding leakage inductance of the intermediate
transformer and the speedy saturation damper. The resonant frequency of resonant circuit 1
can be sovled using the parameter values listed in Table 1 and Table 2 as:

1
X. = Q
€ 5718 x 1077 x a)( )

_ 3000 x w
1w x9x10°
fi = w/2n = 11.8(Hz)

+ 181.06(Q)

C LLC LLce LTI LT/
_{

Lf § Cf,:
(a)
LLc LLce -]
C
—] | Lie
i CLc ==
CLc i
CTl T LLce

(b) (c)

Fig 4. Resonant circuits of the CVT with a speedy saturation damper. (a) Resonant circuit 1. (b) Resonant circuit 2.
(c) Resonant circuit 3.

https://doi.org/10.1371/journal.pone.0205231.9004
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As seen from the resonance circuit shown in Fig 4(B), the second resonance mode is also of
a series type that is determined by the equivalent capacitance C, winding and iron core induc-
tance and the stray capacitance of the compensation reactor, and the stray capacitance in the
primary winding of the intermediate transformer. The resonant frequency of this resonant
mode is:
X - 1
€ 26576 x 107" x
173.61 X @
1 - x 1.06197 x 107°
f, = o/2n = 668(Hz)

(Q)

X, =

(@)

We can see from Fig 4(C) that the third resonant mode is formulated by the paralleling
inductance and stray capacitance branches of the compensation reactor. It is obviously a paral-
lel-type resonance, with the resonant frequency being:

¥ - 1
€ 6L1Tx 10" x
X, =173.61 x w(Q)

f, = w/2n = 1544.4(Hz)

(@)

3.2 CVT with a resonant-type damper

Similarly, five resonance modes of the HEC of the CVT with a resonant damper can be found
in Fig 2(B), and Table 3 summarizes the resonant frequency, resonant circuit and the elements
involved in each resonance mode.

4. Frequency-response characteristics of the transformation ratio

The simulation models of CVTs with different types of dampers have been built using the
PSCAD software. Fig 6 and Fig 7 respectively illustrates the simulated frequency response
characteristics of the voltage transformation ratio. In these figures, the x-axis is at the logarith-
mic scale, and the y-axis of the amplitude-frequency response figures is in units of dB. The
amplitude of the transformation ratio is normalized according to the rated transformation
ratio.

4.1 CVT with a speedy saturation damper

Fig 6(A) clearly shows that there are three extreme value points in the amplitude-frequency
response characteristic of the transformation ratio for a speedy saturation damper. The two
extreme value points locating at 12 Hz and 650 Hz respectively are of an amplitude larger than

Table 3. Resonance modes of the CVT with a resonant damper.

Resonance mode 1 Resonance mode 2 Resonance mode 3 Resonance mode 4 Resonance mode 5
Resonant type Series Series Paralleling Paralleling Series
Resonant frequency(Hz) 22.96 105.88 398.46 1544.4 3235.57
Elements involved C,R, T&D* C, R, T&D T&D R C,R, T&D
Resonant see Fig 5(A) see Fig 5(B) see Fig 5(C) see Fig 5(D) see Fig 5(E)

circuit
*C = Capacitive voltage divider, R = Compensation reactor, T = Intermediate transformer, D = Damper.

https://doi.org/10.1371/journal.pone.0205231.t1003
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Fig 5. Resonant circuits of the CVT with a resonant-type damper. (a) Resonant circuit 1. (b) Resonant circuit 2. (c)
Resonant circuit 3. (d) Resonant circuit 4. (e) Resonant circuit 5.

https://doi.org/10.1371/journal.pone.0205231.g005

0 dB, which indicates the formation of a series resonance in the HEC of the CVT. These results
show excellent agreement with the analysis in Section 3.1, wherein the calculated resonance
frequencies of the two series resonance modes is respectively 11.8 Hz and 668 Hz. The predic-
tion of the existence of the parallel resonance mode is also well proven by the third extreme
value point, with the amplitudes being smaller than 0 dB in Fig 6(A), and the simulated reso-
nance frequency of 1550 Hz is very close to the calculated value of 1544.4 Hz.

4.2 CVT with a resonant-type damper

Similarly, we conduct a comparison of the simulated results (shown in Fig 7) with the theoreti-
cal analysis results (listed in Table 3) of the frequency response characteristic of the CVT with
a resonant-type damper; the conclusions are summarized in Table 4.

Table 4 shows that the correctness of the theoretical analysis regarding the characteristics of
the resonance modes of the HEC, including the resonant type and resonant frequency, is
proven by the simulated frequency response characteristics

4.3 Harmonic voltage measurement error analysis

Based on the theoretical analysis and simulation results in the above sections, it can be con-
cluded that if we use the rated voltage transformation ratio at the system fundamental fre-
quency (50 Hz in this paper) to calculate the harmonic voltage at the primary side of the CVT,
alarge error in either the measured amplitude or the phase is inevitable due to the serious non-
linear behavior of and the large gap between the actual and rated values in the amplitude and
phase of the transformation ratio frequency response, which is governed by the inherent reso-
nance modes of the HEC of the CVT.
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Fig 6. Frequency response characteristics of the ratio of the CVT with a speedy saturation damper. (a) Amplitude-frequency characteristic. (b)
Phase-frequency characteristic.

https://doi.org/10.1371/journal.pone.0205231.9006

5. Harmonic measurement error correction method

At present, CVT is still the most widely used voltage measurement device in high-voltage systems,
so it is of important practical value to study the practical HVME correction method to provide rel-
atively accurate and reliable harmonic voltage measurement results. The key to improving the
measurement accuracy is to accurately obtain the frequency response characteristic of the trans-
formation ratio of CVT. This paper adopts the curve fitting method to fit the amplitude-frequency
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response characteristic of the transformation ratio of a CVT with a speedy saturation damper. Fig
6(A) shows that the amplitude-frequency characteristic at the resonance frequency has a rapid
change and thus brings great difficulty to curve fitting. Therefore, we divide the fitting process
into two steps. First, the resonant frequency is predicted, and then the frequency response charac-
teristic is fitted piecewise, taking the resonance frequency as the boundary point.

5.1 Prediction of resonance frequency

The L-M-type BP neural network is adopted to predict the resonance frequency and the trans-
formation ratio amplitude at the resonance frequency. Within the frequency range (less than
10000 Hz), the transformation ratio frequency response of the CVT with a speedy saturation
damper has three resonance points; therefore, the output node number of the neural network
number is 6, among which three nodes correspond to the three resonance frequencies and the
remaining three nodes output the amplitudes of the transformation ratios at the resonance fre-
quencies. The parameter values provided by the manufacturers, as shown in Table 1 and

Table 2, are taken as the input variables. These variables are denoted with “,/”, and 17 input
variables are obtained in total.

Taking the typical values of the variables in Table 1 and Table 2 as the mean values and 2%
of the mean values as the variance values, 100 groups of value samples are generated based on
the normal distribution. Based on these values, the corresponding HEC is established in
PSCAD to carry out the simulation calculation, and 100 groups of the amplitude-frequency
response characteristics of the transformation ratio are obtained.

The training set is obtained by randomly selecting 50 groups of amplitude-frequency
response characteristics, 25 groups of which are used to determine the suitable hidden layer
number of the neural network, and the remaining 25 groups are taken as the validation sets.
The commonly used leave-one-out cross method is used to determine the node number in the
hidden layer, and the best node number of the hidden layer of the neural network is 12.

Table 5 presents the prediction results of the resonance frequency and the transformation
ratio amplitude at the resonance frequency using the well-trained neural network. It can be
seen that the designed neural network can fairly well predict the resonance frequency and the
transformation ratio amplitude at the resonance frequency.

5.2 The fitting of the amplitude-frequency response characteristic

After predicting the resonance frequency, the transformation ratio amplitude-frequency response
characteristic is divided into several segments, taking the resonance frequency as the boundary
point, and the corresponding neural networks are designed to fit these segments. The CVT with a
speedy saturation damper has three resonance frequency points, so the amplitude-frequency
response characteristic is divided into four segments, as shown in Fig 6(A). The L-M-type BP neu-
ral network is adopted to fit the amplitude-frequency response characteristic in these segments,
the inputs and parameter samples in these segments are the same as the predicted resonance fre-
quency in Part A of this section, and the node number of the hidden layer and the design of the
output unit are different. For each segment of the amplitude-frequency characteristics, 0.004
decade (dec) is taken as the frequency interval to determine the corresponding output node num-
ber, and the leave-one-out cross method is used to determine the node number of the hidden
layer in the neural network. The neural network design results are shown in Table 6.

5.3 Analysis of the fitting results

A group of validation parameters are selected from the validation set, and Fig 7 presents the fit-
ting results. Table 7 lists the comparison of the fitting results to the actual values within a part
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Amplitude (dB)

of the frequency. The decision coefficient for the amplitude-frequency characteristic curve fit-
ting in Fig 8 is 0.99828. The prediction and fitting method can fairly well realize the prediction
of the transformation ratio amplitude-frequency characteristic of the CVT and thus improve
the accuracy of CVT harmonic voltage amplitude measurement.

6. Laboratory experiment results

6.1 Experimental platform

Fig 9 shows the circuit diagram of the experimental platform. During the experiment, the har-
monic voltage is provided by a self developed high-capacity three-phase harmonic source with

—— Without damper
——— With damper
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3220Hz
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o
o
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Fig 7. Frequency response characteristics of the ratio of the CVT with a resonant-type damper. (a) Amplitude-frequency
characteristic. (b) Phase-frequency characteristic.

https://doi.org/10.1371/journal.pone.0205231.g007
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Table 4. Comparison of the resonance modes of CVT with a resonant damper.

Resonant type Resonant frequency(Hz)
Resonance mode 1 Theoretical Series 22.96
Simulated Amplitude>0 dB 23
Resonance mode 2 Theoretical Series 105.88
Simulated Amplitude>0 dB 110
Resonance mode 3 Theoretical Paralleling 398.46
Simulated Amplitude<0 dB 400
Resonance mode 4 Theoretical Paralleling 1544.4
Simulated Amplitude<0 dB 1550
Resonance mode 5 Theoretical Series 3235.57
Simulated Amplitude>0 dB 3220

https://doi.org/10.1371/journal.pone.0205231.t1004

a rated line voltage of 10-kV. Considering the minimum voltage level of a CVT is a line voltage
of 35-kV, a small capacity step-up transformer is employed to increase the harmonic voltage to
35-kV.

As shown in Fig 10 the arrangement of platform, a CVT with a speedy saturation damper,
an electromagnetic voltage transformer (TV) and a resistive CVT (RCVT) are connected in
parallel to one phase of the step-up transformer on the 35-kV side. The experiment is con-
ducted to simultaneously analysis the harmonic measurement error of the CVT and that of the
TV. The RCVT provides the actual harmonic voltage measurement on the 35-kV side to deter-
mine the harmonic measurement error. The outputs of these three devices are simultaneously
connected to a Fluke 1760 power quality analyzer.

Fig 11 shows the amplitude-frequency response characteristics of the transformation ratio
of the RCVT obtained by simulations, where the horizontal axis corresponds to the logarith-
mic scale frequency. We can see that the RCVT has a very wide frequency band with a rated
fundamental transformation ratio of 100V/35,000V = 0.002857, thus can be used as the stan-
dard measurment device in the experiment.

6.2 Analysis of the experimental results and improvement plan

The 10-kV harmonic generator is controlled to output the rated fundamental voltage superim-
posed with the 2"-31* harmonic voltages with amplitudes of 1 kV (line voltage). The load of
the RCVT is the input resistance of the power quality analyzer (1-M(Q), and the loads of the
CVT and VT are the same. Experiments are conducted under four sets of loading conditions:
(1) power factor: 1; load: 100% of the rated load (denoted by 100%+1); (2) power factor: 0.8
lagging; load: 100% of the rated load (denoted by 100%+0.8); (3) power factor: 1; load: 50% of
the rated load (denoted by 50%-+1); (4) power factor: 0.8 lagging; load: 50% of the rated load
(denoted by 50%+0.8). Table 8 shows the 2"9-15™ harmonic voltage measurements on the sec-
ondary side of the RCVT, CVT and VT (due to the limited space, only the results for three of
the four sets of loading conditions are presented).

Table 5. Prediction of the resonant modes of the CVT with a speedy saturation damper.

Resonance mode Resonance frequency Ratio amplitude
Actual value Prediction value(Hz) Error Actual value Prediction value(dB) Error (%)
(Hz) (%) (dB)
1 12.975 13.095 0.925 8.482 8.576 1.11
2 689.984 689.985 0.0 14.477 15.217 5.11
3 1510.703 1567.455 3.76 -30.274 -31.352 3.56

https://doi.org/10.1371/journal.pone.0205231.t005
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Table 6. Design of the neural networks for the fitting of the frequency response characteristics.

Fitting object Input node number hidden layer node number output node number
Segment @D 17 25 200
Segment @ 17 21 150
Segment ® 17 19 100
Segment @ 17 28 150

https://doi.org/10.1371/journal.pone.0205231.t006

In theory, the amplitude of the harmonic voltage on the secondary side of the RCVT is
5.7737 V when the amplitude of the harmonic voltage on it primary side is 3.5 kV/,/3 and the
transformation ratio is 0.002857, i.e., 3.5 kVx0.002857/,/3 = 5.7737 V. However, Table 8
shows that under each loading conditions, the amplitude of the harmonic voltage on the sec-
ondary side of the RCVT differs significantly from the theoretical value and the amplitude of

the harmonic voltages of some orders (e.g., 2

nd_Sth

) are considerably amplified. For example,

the amplitude of the 4™ harmonic voltage under the 100%+1 loading condition is 22.796 V.
This result indicates that the 4™ harmonic voltage on the 35-kV side could be as high as 7.979
kV; this amplified harmonic voltage may threaten the safety of the experimental system. In
contrast, harmonic voltages of some higher orders (6™-15™) are significantly attenuated. For
example, the amplitude of the 15™ harmonic voltage under the 100%+1 loading condition is

Table 7. Fitting results of the amplitude-frequency response of CVT with a speedy saturation damper.

Frequency (Hz) Actual value (dB) Fitting results (dB) Error (%)
100 -0.02071 -0.03482 68.09%
150 -0.79653 -0.79714 0.08%
200 -0.88137 -0.86266 -2.12%
250 -0.72488 -0.69204 -4.53%
300 -0.41592 -0.37101 -10.80%
350 0.031082 0.088049 183.28%
400 0.629597 0.699825 11.15%
450 1.413035 1.498716 6.06%
500 2.439797 2.544383 4.29%
550 3.807935 3.93727 3.40%
600 5.693182 5.859398 2.92%
650 8.413642 8.651041 2.82%
700 12.34333 12.79019 3.62%
750 14.10634 14.82924 5.12%
800 9.086895 9.520996 4.78%
850 4.341188 4.698706 8.24%
900 0.683054 1.047568 53.37%
950 -2.3229 -1.92282 -17.22%
1000 -4.93639 -4.48395 -9.17%
1050 -7.31057 -6.79119 -7.10%
1100 -9.5415 -8.93935 -6.31%
1150 -11.6988 -10.9949 -6.02%
1200 -13.8383 -13.009 -5.99%
1250 -16.011 -15.0259 -6.15%
1300 -18.27 -17.0895 -6.46%
1350 -20.6677 -19.2445 -6.89%
1400 -23.2506 -21.5407 -7.35%
https://doi.org/10.1371/journal.pone.0205231.t1007
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Fig 8. Fitting results of the amplitude of the transformation ratio.

https://doi.org/10.1371/journal.pone.0205231.9g008

0.4570 V, indicating that the amplitude of the 15" harmonic voltage on the 35-kV side is only
160 V. The harmonic voltage with a too low amplitude may decrease the accuracy of the exper-
iments to a certain extent. The phenomenon of harmonic voltages amplification and attenua-
tion suggests that the orginal experimental platform scheme should be improved.

Table 9 lists the specific parameter values of the single-phase 10-kV/35-kV step-up trans-
former adopted in the original experiment platfrom. We can see that this transformer has a rel-
atively small capacity and the short-circuit impedances under higher frequencies are very
large. We decide to replace this transformer with a single-phase 10-kV/35-kV oil-immersed
transformer, of which the specific parameter values are listed in Table 9.

Fig 12 shows the inherent impedance of two step-up transformers with different capacities
as well as the total impedance of the experimental platform circuit (observed from point A in
Fig 9) and the amplitude-frequency response characteristics of the total load of the experimen-
tal platform (observed from point B in Fig 9) for these two transformers.

10kV
harmonic | 7\, 35kv
voltage A W3
generator

CVT RCVT TV

v

_| Harmonic
analyzer

Fig 9. Structure of the experimental platform with a step-up transformer.

https://doi.org/10.1371/journal.pone.0205231.g009
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Fig 10. Arrangement of part of the experimental setup.
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Fig 11. Amplitude-frequency response of the RCVT transformation ratio.
https://doi.org/10.1371/journal.pone.0205231.9011
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Table 8. RMS values of the measured harmonic voltages.

Harmonic order

100%+1
2 7.7467
3 12.132
4 22.796
5 8.8914
6 4.4491
7 2.7864
8 1.9165
9 1.4444
10 1.1148
11 0.8943
12 0.7385
13 0.6160
14 0.5233
15 0.4570

RCVT /V CVT /V VT/V

100%+0.8 50%+0.8 100%+1 100%+0.8 50%+0.8 100%+1 100%+0.8 50%+0.8
7.7679 7.8087 7.8050 7.8184 7.8758 7.6903 7.7729 7.8069
12.128 12.167 12.368 12.315 12.409 12.0795 12.2107 12.1218
22.527 23.073 23.832 23.439 24.191 22.6907 23.3205 23.0523
8.8871 8.8851 9.6356 9.5443 9.6651 8.8616 8.9121 8.8710
4.4531 4.4423 5.0469 4.9729 5.0710 4.4287 4.4387 4.4340
2.7899 2.7779 3.4175 3.3440 3.4512 2.7771 2.7821 2.7729
1.9190 1.9093 2.5683 2.4449 2.6333 1.9053 1.9097 1.9038
1.4498 1.4434 2.2121 2.0052 2.3606 1.4402 1.4398 1.4361
1.1169 1.1104 1.6170 1.3852 2.0170 1.1100 1.1103 1.1073
0.8959 0.8948 0.7072 0.5472 0.7491 0.8902 0.8931 0.8847
0.7400 0.7378 0.2020 0.1885 0.2339 0.7346 0.7370 0.7352
0.6171 0.6163 0.1261 0.1233 0.1409 0.6131 0.6148 0.6044
0.5241 0.5234 0.1637 0.1671 0.1675 0.5203 0.5219 0.5220
0.4576 0.4571 0.1749 0.1984 0.2004 0.4542 0.4556 0.4440

https://doi.org/10.1371/journal.pone.0205231.t008

Fig 12 demonstrates that for the small-capacity step-up transformer (original one), both the
total impedance and the transformer impedance increase as the frequency increases above 200
Hz, whereas the load impedance decreases to be far smaller than the transformer impedance.
Thus the harmonic voltage mostly falls on the leakage reactance of the step-up transformer,
resulting in significant attenuation of the harmonic voltage on the 35-kV side. In addition, the
amplitude of the transformer impedance (inductive) is very close to that of the load impedance
(capacitive) at point A in Fig 12 (where the frequency is approximately 200 Hz). Therefore, the
experimental platform circuit will resonate, significantly amplifying the lower-order (27¢-5')
harmonic voltages near 200 Hz on the 35-kV side. This phenomenon is consistent with the
experimental results shown in Table 8, which also demonstrates the safety risk and poor mea-
surement accuracy of the experimental platform equipped with the original step-up trans-
former. In comparison, when applying a step-up transformer with a capacity of 1000 kVA, the
transformer impedance is always smaller than the load impedance within the entire frequency
range investigated. The simulation results show that for this transformer, no harmonic voltage
amplification or attenuation occurs on the 35-kV side. This finding indicates that the experi-
mental platform with a large-capacity step-up transformer is feasible.

6.3 Harmonic measurement error of the35-kV CVT

Table 10 lists the experimental results with respect to the secondary side of the CVT obtained
under the 100%+1 loading condition. Fig 13 shows the harmonic measurement error under
various sets of loading conditions. The harmonic measurement error is defined as:

URCVT(h) - UCVT(h) % 100%

error =
Urcvr(h)

Table 9. Parameters of the two step-up transformers.

Step-up transformer

original

ordinary

Capacity
(kVA)

10
1000

https://doi.org/10.1371/journal.pone.0205231.t009

Short-circuit impedance (p.u.) Short-circuit loss (p.u.) No-load loss (p.u.)

0.015
0.012

0.002
0.0014

0.12
0.065
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Fig 12. Impendence-frequency characteristics of the experimental platform circuit.

https://doi.org/10.1371/journal.pone.0205231.g012

where Ugrcyr(h) and Ucyr(h) represent the amplitude of the h™ harmonic voltage measured
by the RCVT and CVT, respectively.

Using the method presented in Section 2 of this paper, a harmonic equivalent circuit is
established for this 35-kV CVT, and the parameters of the circuit components are obtained.
The three resonant frequencies of the harmonic equivalent circuit are calculated as follows: f;
=2.88 Hz, f, = 525.55 Hz and f; = 646.96 Hz. Fig 14 shows the amplitude-frequency response
characteristics of the CVT transformation ratio obtained using PSCAD simulation.

The curve shown in Fig 14 has three extreme points, which correspond to frequencies of
approximately 3 Hz, 500 Hz and 650 Hz. In addition, Fig 12 shows that the harmonic measure-
ment error obtained from the experiment has two extreme points, which occur near the fre-
quencies of the 10" (500 Hz) and 13™ (650 Hz) harmonic components. No experiment is
conducted on frequencies lower than 50 Hz. The extreme values of the harmonic measurement
error indicate that the amplitude of the CVT transformation ratio also has extreme values.
Thus, the theoretical analysis, simulation results, and experimental results with respect to the
resonant mode and resonant frequency of the CVT with a speedy saturation damper are in
very good agreement. Furthermore, Table 10 demonstrates a relatively large error in the har-
monic voltage measurements using the CVT; specifically, the measurement error of the

Table 10. Harmonic measurement error of the 35-kV CVT.

Harmonic voltage orders

2

5

8
11
14
17
20
23
26
29

https://doi.org/10.1371/journal.pone.0205231.t010

Measurement error (%) | Harmonic voltage orders | Measurement error (%) | Harmonic voltage orders | Measurement error (%)

0.8598
8.7777
37.9226
-16.2789
-68.0002
-47.9928
-45.4857
-42.5665
-40.3929
-33.5749

3 1.9856 4 4.8436

6 14.1526 7 24.2350
9 63.5481 10 81.6521
12 -68.3040 13 -77.1423
15 -56.1596 16 -55.6452
18 -49.3004 19 -45.0349
21 -43.7971 22 -42.9837
24 -41.3738 25 -40.8241
27 -37.9508 28 -39.2155
30 -38.7925 31 -28.932
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Fig 14. Amplitude-frequency characteristic of the transformation ratio of the 35-kV CVT.
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Table 11. Rated element parameters of the two filters.

Filter C1
12/24 0.9954 uF
HP3 1.6046 UF

https://doi.org/10.1371/journal.pone.0205231.t011

L1 C2 L2 R1
36.374 mH 1.829 puF 19.794 mH 250 Q
789.31 mH 12.8367 uF — 750 Q

amplitude of the 10™ harmonic voltage reaches 81.65%, which once again confirms the state-
ment that CVTs cannot be used to measure harmonics.

7. Field experiment on measuring the harmonic measurement error
ofaCVT

It is hard to perfrom the experiment on CVTs with voltage ratings of 110kV or above in labo-
ratory, due to the technical difficulty and high investment in the development of a harmonic
voltage generator with a high voltage level and a large power capacity. A convenient and prac-
tical method, which plays the same role as that of the RCVT, is the foundation to successfully
conduct the field experiments on the harmonic voltage measurement error of CVTs with high
voltage ratings.

7.1 Harmonic measurement method for high voltage systems

We propose a harmonic voltage measurement method that is used exclusively for HVDC and
UHVDC power transmission systems with paralleling AC/DC filters. In this method, the cur-
rent i,z of the filter is measured and then decomposed using e.g. FFT technology. Then, based
on the frequency characteristics of the filter impedance provided by the manufacturer, the
amplitude and phase of the individual harmonic voltage can be calculated by:

Usiny 295y = Lznw 'Z<h)1(¢(h) + 02H(h)>

where Iy and 075 is the RMS value and phase angle of the h" harmonic component of
the current in the filter, respectively; Z,) and @, is respectively the amplitude and phase angle
of the 1™ harmonic impedance of the filter; and Us;,) and @y is respectively the RMS value
and phase angle of the h'" harmonic component of the voltage of the bus to which the filter
connects.

We can see from the above explanation that the proposed harmonic voltage measurement
method is of simple calculation and easy implementation since that it requires the real-time
current and impedance frequency characteristic of the AC/DC filter only. It should be noted
that a current transformer generally has an appreciated frequency response characteristic to
provide accurate harmonic current measurement signals [23].

7.2 Application of the harmonic measurement method

A back-to-back DC power transmission system that connects a 330-kV AC system with a
500-kV AC system is examined in this paper. A double-tuned 12/24 AC filter and an AC3
high-pass filter, of which the elements rated values are listed in Table 11, are connected in par-
allel to the 500-kV and 330-kV AC buses of the converter station, respectively. Simulation
model of this DC power transmission system has been established using PSCAD software, as
shown in Fig 15.

The fault recorder of the converter station has been triggered manually when the DC power
transmission system is in stable operation. Three sets of operation data during several funda-
mental frequency cycles have been recorded, including: (1) The voltages of the buses to which
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Fig 15. Simulation model of the back-to-back HVDC system.
https://doi.org/10.1371/journal.pone.0205231.g015

the two filter banks connect, the active power of the HVDC system, the firing angle of the rec-
tifier, and the extinction angle of the inverter. This data set is used to adjust the setting of the
simulation model accurately; (2) The currents of the two filters that are used to calculate the
harmonic voltages of the AC buses; (3) The voltages on the secondary side of the CVT's that
are used to calculate the harmonic measurement error. Fig 16 shows the recorded waveforms
of the filter currents and the CVT voltages.

The individual harmonic voltage and the total harmonic voltage of each of the two AC
buses are obtained by two ways: 1) performing simulation using the first set of data, and 2) uti-
lizing the proposed measurement method with the second set of data. Fig 17 shows the wave-
form of the total harmonic voltage of the 500-kV bus, and Table 12 compares the amplitude of
the harmonic voltage of each order (only those of the 2"4-15™
sented) for the two methods.

Fig 17 demonstrates that the total harmonic voltage obtained from the simulation is in very
good agreement with that calculated by the filter currents. Table 12 shows that the error of the
proposed method for the harmonic component with relatively large amplitude (e.g., the 3",

harmonic voltages are pre-

v

Voltage of the CVT Current of the

Fig 16. The waveforms of the filter currents and CVT voltages.
https://doi.org/10.1371/journal.pone.0205231.g016
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Fig 17. Total harmonic voltage of the 500-kV bus.

0.98

0985 099

https://doi.org/10.1371/journal.pone.0205231.9017

5™ 11™ and 13" harmonic voltages) is very small, while the errors for other harmonics are rel-
atively large due to their relatively small amplitudes. Nevertheless, the proposed method can
achieve the goal of accurately measuring the harmonic voltage of a high voltage system, thus
providing a convenient way for conducting the field experiments on CVTs with high voltage

ratings.

Table 12. Comparison of the amplitude of the individual harmonic voltage.

Harmonic order 330-kV bus 500-kV bus
Simulated Measured by filter(V) Error(%) Simulated Measured by filter(V) Error(%)
(\2) (\%)
1 275753.7 275760.5 0.02 430937.1 431032.4 0.02%
2 70.588 69.705 -1.25% 65.9753 66.8393 1.31%
3 171.463 171.892 0.25% 1511.393 1525.941 0.96%
4 2.1964 0.6385 -70.93% 0.6614 3.3531 406.93%
5 141.527 140.253 -0.90% 1914.667 1913.117 -0.08%
6 2.4024 1.6637 -30.75% 3.4162 1.601 -53.13%
7 81.4384 82.0818 0.79% 824.296 821.887 -0.29%
8 1.9653 2.0921 6.43% 2.9302 0.9149 -68.78%
9 8.6657 8.0073 -7.60% 3.8381 1.6173 -57.86%
10 1.7756 1.5775 -11.15% 3.6735 1.9086 -48.04%
11 742.546 740.125 -0.33% 1191.311 1170.205 -1.77%
12 1.3291 0. 9902 -25.50% 1.840 0.7297 -60.32%
13 488.065 483.838 -0.87% 581.651 575.602 -1.04%
14 1.8142 1.5411 -15.09% 2.1064 1.5111 -28.28%
15 2.1306 1.9182 -9.98% 2.0933 0.6791 -67.56%
https://doi.org/10.1371/journal.pone.0205231.t1012
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Table 13. Comparison of the RMS values of the individual harmonic voltages.

h

N o | W

11
13

https://doi.org/10.1371/journal.pone.0205231.t1013

Uﬁlter(h)
V)

431032.4
1525.941
1913.117
821.887
1170.205
575.602

Ucvia(h) k(h) Ui (h) Error
V) (dB) V) (%)
83.09 0.052 433618.6 0.6
0.2468 -1.278 1501.236 -1.62
0.3342 -0.997 1968.153 -0.88
0.1566 -0.133 809.478 -1.51
0.3623 4.274 1164.56 -0.48
0.3411 10.072 561.633 0.63

7.3 Verification of the harmonic equivalent circuit for the 500-kV CVT

A TYD13.0.0051 type CVT with a rated voltage of 525//3 kV is connected in parallel to one
phase of the 500-kV AC bus of the back-to-back HVDC system. Using the method proposed
in Section 2, the HEC of this CVT has been established and the parameter values of the circuit
elements have been obtained. The amplitude-frequency response characteristic of the transfor-
mation ratio (k(h), h is the harmonic order) of this CVT is obtained through simulation and
the third set of the recorded data (U, (h)) presented in the previous section are used jointly
to calculate the amplitude of the individual harmonic voltage of the 500-kV bus (U, (h)). The
proposed harmonic measurement method is employed to provide the actual values of the
amplitudes of these harmonic voltages (Ugzer(h)) of the 500-kV bus. Table 13 lists the calcula-
tion results of the harmonic voltages with the amplitudes exceeding 100 V.

In Table 13, the error of the calculated amplitude is less than 2% for each harmonic compo-
nent, which demonstrates the accuracy of the obtained frequency response characteristics of
the CVT. Thus, these experimental results confirm the validity of the theoretical research
results concerning the harmonic equivalent circuit presented in Section 2 of this paper.

8. Application of the harmonic measurement error correction
method

The neural network-based error correction method for harmonic measurement proposed in
Section 5 is applied to the 35-kV and 525-kV CVTs with speedy saturation dampers. Table 14
lists the predicted resonant frequencies, and Table 15 compares the harmonic measurement
errors before and after the correction.

From Table 14 it can be known that the error correction method can predict the resonant
frequencies of CVTs with different voltage levels accurately, except for the relatively large error
in predicting the highest resonant frequencies. Table 15 reveals that the error in the calculation
of the harmonic voltage on the primary side based on the fundamental transformation ratio is
very large. For example for the 525-kV CVT, the error of the amplitude of the 11™ harmonic
voltage reaches 63.57% before correction. While after correction, the measurement errors are
effectively reduced, for example the error of the 11™ harmonic voltage reduces to only -0.48%.

Table 14. Prediction of the resonance frequencies.

Resonant mode 1
Resonant mode 2

Resonant mode 3

https://doi.org/10.1371/journal.pone.

Actual value
(Hz)

2.88
525.55
646.96

0205231.t014

35kV 525kV
Predicted value Error Actual value Predicted value Error
(Hz) (%) (Hz) (Hz) (%)
2.90664 0.925 18.53 18.68751 0.85
526.338325 0.15 713.5 714.9984 0.21
671.285696 3.76 1582.1 1626.082 2.78
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Table 15. Comparison of the harmonic measurement error.

h

O [0 [N QWU W N~

— = = =
SRS IR SRR )

15

Before correction
0.52%
0.86%
1.99%
4.84%
8.78%
14.15%

24.24%
37.92%
63.55%
81.65%
-16.28%
-68.30%
-77.14%
-68.00%
-56.16%

https://doi.org/10.1371/journal.pone.0205231.t1015

35-kV CVT 500-kV CVT
After correction Before correction After correction

1.89% 0.92% -1.29%
2.43% -12.71% -2.14%
-2.24% -14.56% -1.62%
2.48% -17.71% -3.89%
0.79% -7.71% 2.88%
-2.41% -5.88% 0.65%
-1.33% -2.41% -1.51%
0.69% 10.01% 2.74%
7.16% 14.58% -3.42%
5.54% 35.82% -0.20%
-2.70% 63.57% -0.48%
6.07% 117.13% 0.64%
1.45% 228.84% 0.63%
-0.13% 423.63% -1.73%
1.43% 264.33% -0.06%

These results verify that the harmonic measurement error correction method proposed in this
paper is correct and effective for CVTs with various voltage levels.

9. Conclusions

This paper studies the mechanism for HVME and the correction method of CVTs with differ-
ent types of dampers. The CVT measurement error is mainly derived from the multiple reso-
nant modes excited by the equivalent circuit under the harmonic condition. Series resonance
causes the transformation ratio amplitude at the resonance frequency to be larger than the
rated value, which makes the harmonic voltage amplitude at the primary side to be smaller
than the actual value, and even less than 1/5 of the actual value at most. However, the opposite
is true for the parallel resonance; the calculated value under some frequencies can even reach
more than dozens of times the actual value. The influence of dampers with different structures
on the HVME of the CVT varies greatly. A speedy saturation damper makes little contribution
to the HVME.

Through the analysis of the influence of the CVT resonant modes and different structures
of dampers on the HVME, this paper presents a practical HVME error correction method
based on neural network technology. The simulation results show that it can effectively fit the
transformation ratio amplitude-frequency response characteristic curves of the CVT and
improve the harmonic measurement accuracy of the CVT to some extent.

The experiments results verify the validity of the established harmonic equivalent circuit,
the resonant frequency analysis, and the resonant frequency calculation. Relatively large error
is inevitably introduced by CVTs to measure harmonic voltages. This error can be reduced to
a certain extent using the harmonic measurement error correction method proposed in this
paper, thus provides a basis for more better understanding the harmonic voltage characteris-
tics of high-voltage systems.
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