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Abstract: - The term power quality is, in general, closely related to the quality of the voltage. Considering the 
widespread presence of sensitive loads in the electric grid, and the increasing awareness of the consumers 
concerning the quality of the power supply, the control and measurement of power quality parameters, for 
instance, harmonics, interharmonics, sags, swells, etc., are increasingly becoming much more important [1, 2, 3, 
4]. Most of the necessary calibration procedures for power quality monitors and power quality analyzers are 
already defined in the international standards, mainly in the IEC 61000 series [5] and ANSI/IEEE Standards. 
This paper presents results of a research intended to develop a methodology for the calibration of high voltage 
transducers for power quality measurements in high voltage networks, considering that such kind of procedures 
are not yet established in the pertinent standards. In this research it is also considered that the conventional high 
voltage laboratory is not suitable for power quality tests, so some improvements are necessary on this subject. In 
this development, modelling and computer simulation using ATP – Alternative Transients Program [6] were 
used for to assess the frequency response of the test setup, and the design of the reactive compensation of the test 
circuit. 
 
Key-Words: - high voltage transducers, capacitive voltage dividers, power quality measurements, harmonics, 
IEC 61000 series, high voltage. 
 
1   Introduction 
The control of power quality parameters in 
transmission and distribution networks demands 
qualified personnel, measurement equipment and 
suitable transducers for the power quality 
measurements. Considering the voltage transducers, 
the bibliographic survey performed shows that there 
is not enough consensus defining the calibration 
procedures for high voltage levels typically found in 
transmission and distribution networks [7, 8]. This 
paper summarizes the analysis performed and the 
main results of the research, aiming to develop a 
calibration test setup for high voltage transducers 
aiming to power quality measurements in power 
systems high voltage networks.  
 
 
2   Test Setup Development 
Capacitive voltage dividers (CVD) are in common 
use for the measurement of power quality parameters 
in power systems networks [9], thanks to its 
modularity and easy installation in transmission and 
distribution substations’ environment. Fig. 1 shows a 

typical installation at field, in a 345kV transmission 
substation. In this Fig. 1 the high voltage branch of 
the CVD is shown, composed by six 500pF modular 
capacitances, nominal voltage 50kV. Referring to 
Fig. 2, all the capacitances of the high voltage branch 
(C1) are identical with nominal value of 500pF. For 
the measurements, the number of 500pF capacitances 
can be changed according to the expected voltage to 
be measured, in order to limit the voltage on the C2 
capacitance of the secondary low voltage branch. 
This paper shows the development of the test circuit 
for the calibration of voltage transducers, aiming to 
measurements of power quality disturbances in power 
systems high voltage networks. This kind of 
development faces many levels of difficulties, 
considering that the generation of stabilized and well 
defined power quality disturbances, in the high 
voltage range (for example, over 1kV), for calibration 
purposes, requires the adaptation of the conventional 
high voltage laboratory equipment. The conventional 
high voltage laboratory, in general, is equipped only 
with high voltage sources for generating power 
frequency (60Hz or 50Hz) and impulse (atmospheric 
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and switching) high voltage waveforms, used in 
dielectric tests of high voltage equipment insulation 
[10]. For calibration of high voltage transducers used 
in power quality disturbances measurements, 
additional waveforms are necessary, for instance, 
voltage harmonics, sags (or dips), swells, etc. In this 
way, in this research, the following test circuit 
components were defined, in order to achieve the 
calibration circuit: 
 

 
Fig. 1 – Capacitive voltage divider (CVD) – installation for 
measurements in a 345kV substation. 
 
- arbitrary waveform voltage source for generating 
sinusoidal waveforms, with low harmonic distortion, 
considering harmonic frequencies up to the 50th 
order (3000Hz), and generation of composite 
waveforms (fundamental frequency + harmonics), 
with enough power capacity for the calibration tests. 
In this research, a conventional commercial power 
quality generator was used for this purpose. 
- a step-up high voltage test transformer, fed at the 
low voltage side by the arbitrary waveform voltage 
source, to produce in the high voltage side, the 
waveforms generated by the source (considering 
composite waveforms and harmonics), with enough 
power required by the calibration tests. The option of 
to generate high voltage waveforms in the way 
described above, was motivated by absence, or by the 
non availability, of high voltage sources for the 
waveforms required by the research in the calibration 

tests, mainly considering high voltage levels found in 
transmission systems, in the hundreds of kV range. 
The expected load for the test transformer, during the 
calibration tests, is supposed to be of capacitive 
nature, mainly capacitive voltage dividers (CVD) and 
capacitive voltage transformers (CVT). In general, 
CVTs present very high values of capacitance (few 
thousands of pF), becoming in this way a very heavy 
load for the high voltage test transformer.  
- Capacitive voltage dividers, composed by 500pF 
modules, voltage 50kV. 
- Power quality analyzer for the transducers’ 
calibrations. In this research, a class A [11] 
commercial power quality analyzer was used.   
At the initial stage tests, a high voltage transformer 
with rated voltage 220V/100kV, rated power 10kVA, 
was used. The test circuit is shown in Fig. 2. 

 
Fig. 2 – Tests performed with the arbitrary waveform voltage 
source – test setup. 
 
 
2.1    Electric model of the high voltage 

transformer 
The option of using a high voltage transformer to 
generate the high voltage for the calibration tests 
implies in to introduce in the test circuit, a series 
equivalent reactance of the transformer. This option 
turned to be necessary, considering the non 
availability of a commercial high voltage source, with 
the capability for generating required waveforms for 
the calibration tests. The series association (sum) of 
this leakage reactance with the load capacitances 
(CVD – Capacitive Voltage Dividers and CVT – 
Capacitive Voltage Transformers) results in a 
resonating (tuned) circuit for certain harmonic 
frequencies. 
 For the electrical modelling of the high voltage test 
transformer, the equivalent circuit was obtained by 
means of impedance voltage and no-load loss tests. 
The obtained equivalent circuit, for 60 Hz, is shown 
in Fig. 3. 
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Fig. 3 – Equivalent circuit of high voltage transformer where: 
Req –equivalent resistance, Xeq. – equivalent leakage reactance, 
Xm – magnetizing reactance, Rp – equivalent no-load loss 
resistance. 
 
Considering the impedance voltage and no-load loss 
tests, the value of the equivalent circuit parameters 
are shown in Table 1. 
 

Table 1 – Equivalent circuit of the high voltage test 
transformer 

 
Parameter 

Values referred to 
low voltage side 

(Ω) 

Values referred to 
high voltage side 

(Ω) 
Req (Ω) 0,151 31,2k 
Xeq (Ω) 0,673 139,0k 
Rp (Ω) 322,7 66,7M 
Xm (Ω) 116,3 24,0M 

 
2.2    Electric model of the test setup 
Considering the obtained values of the step-up test 
transformer (referred to the high voltage side) and 
CVD, the equivalent circuit of the test setup is shown 
in Fig. 4. 
 

 
Fig. 4 – Electrical model of the test setup, with step-up test 
transformer and capacitive voltage divider. Obs.: Resistance R5 is 
included for a better numerical stability in computer simulations, 
without affecting overall results for its very high value of 
1.000.000MΩ. 
 
 

2.3    Test setup modelling and computer 
simulation 

Aiming to analyze the test circuit behavior under 
harmonic voltages, modelling and computer 
simulation were performed using ATP – Alternative 
Transients Program [6]. For the simulations, the 
model of the test setup shown in Fig. 4 was used. The 
test setup frequency response, obtained with ATP 
program, is shown in Fig. 5. There, transformer 
output voltage and CVD output voltage (multiplied 
by 100) are shown for each frequency. A resonant 
frequency can be seen at 350 Hz. 
 

 
Fig. 5 – Test circuit frequency response obtained with ATP 
program, showing transformer high voltage output. 
 
Computer simulation results show a non flat 
frequency response of the test circuit, with a resonant 
frequency at 352Hz (near 5th harmonic). 
Experimental results of measurements made at 
transformers’ low voltage side, using a power quality 
analyzer, and spectral analysis performed, show 
accordingly results, with an amplifying effect at 5th 
harmonic, caused by the proximity with the 
resonating frequency.  
 
 
2.4    Analysis of the circuit 
Considering the test setup model, a simplified 
equivalent circuit results by calculating the series and 
shunt association of impedances. This simplified 
circuit is shown in Fig. 6 and 7. 
 

 
Fig. 6 – Test circuit electrical model. 
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Fig. 7 – Test circuit simplified electrical model. 
Considering the equivalent circuit, the resonating 
frequency is caused by the series association of eqX   

(step-up transformer leakage reactance) and eqZ  
(equivalent impedance of the shunt association of 
CVD and magnetizing reactance of transformer). 
At resonating frequency: 
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where mL  – magnetizing inductance of transformer 

and eqL
– leakage inductance. 

 
By applying the numerical values: 

srd /58,2238=ϖ  
So, the calculated resonating frequency f = 356.28 
Hz, shows good agreement with the computer 
simulation results. 

 
 
2.5    Laboratory tests results – Test setup 

development 
Measurement results obtained with a power quality 
analyzer, and using an arbitrary waveform generator 
at the high voltage transformer input showed that this 
test setup can generate high voltage harmonics 
presenting low harmonic distortion. Fig. 9 shows high 
voltage transformer output spectrum, when a 60Hz 
sinusoidal waveform is applied at input. The 
measurement was performed at the capacitive voltage 
divider low voltage branch, using a power quality 
analyzer. In Fig. 8, a low harmonic distortion can be 
seen, with very small values of higher order voltage 
harmonics. 
 

 
Fig. 8 – Test transformer output voltage spectrum, with a 60Hz 
voltage applied at input. 
 
Fig. 9 shows high voltage transformer output, when 
the input arbitrary waveform generator is adjusted for 
composite waveform generation, with frequencies 60 
Hz, 180Hz, 300Hz and 400Hz. The measurement was 
performed using the power quality analyzer applied 
to the CVD output. Fig. 10 shows the output voltage 
spectrum of the high voltage transformer. 
 

 
Fig. 9 – Test transformer output voltage, for input voltage with 60 
Hz, 180Hz, 300Hz and 400Hz harmonic components. 
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Fig. 10 – Test transformer output voltage spectrum, for input 
voltage with 60 Hz, 180Hz, 300Hz and 400Hz harmonic 
components. 
 
According to Fig. 10, at transformer output only 
harmonic components actually applied to the input 
were obtained (60Hz, 180Hz, 300Hz and 400Hz), 
showing the linear behavior of the transformer. 
Considering the voltages amplitudes for each 
harmonic frequency, it depends on the transformer 
ratio and frequency response of the test setup. In this 
research, alternatives for to improve frequency 
response where studied, by applying at the low 
voltage side of the test transformer passive 
components (resistances, capacitances and 
inductances), aiming at generating fundamental and 
harmonic voltages (high voltages), without causing 
overflow of the voltage source (arbitrary waveform 
generator), with rated power 5kVA. Good results 
where obtained in such studies (see section 4). 
 
 
2.6  Measurement of CVD capacitances 
 
Capacitance and loss tangent values of the CVD 
components are of fundamental importance, 
considering its role in the transformation ratio and 
phase error during measurements. So, measurements 
where performed in the high voltage branch 
capacitances using Schering Bridge method, 
considering that in this method, measurements are 
performed applying high voltages, with similar 
conditions found in actual measurements using CVD. 
Those capacitance measurements where performed 
with test voltages of 10kV and 30kV, and similar 
results where obtained for the capacitance and loss 
tangent measurements for both test voltages. 
 
In actual conditions, the secondary branch 
capacitance of the CVD works under a voltage of 
about 200V (60Hz). For the measurement of that 

secondary branch capacitance, three methods where 
used, shown in Table 2. 
 
 

Table 2 – Measurement of CVD secondary 
capacitance 

Measurement method Applied 
voltage during 
measurement 

(V) 

Frequency 
(Hz) 

Schering Bridge 
(Tettex)  

200 60 

Resonating Bridge 
(QuadTech) 

1 1k 

Volt-ampère Method 200 60 
 
Measurement results in all three methods where very 
similar between each other, showing a little influence 
of test voltage and frequency in the capacitances 
values. 
 
 
3 Test Setup For Calibration Of 

Voltage Transducers 
 
Considering high voltage measurements at field, in 
general instrument transformers are used, for power 
frequency voltages. However, for using such 
transducers in power quality studies, a calibration in a 
broader frequency range turn to be necessary, 
considering the various kinds of power quality 
disturbances. The capacitive voltage transformer 
(CVT) is a transducer commonly found in 
transmission and distribution substations. A CVT, in 
general, presents a high capacitance (thousands of 
pF), arising, from this fact, a technical difficulty for 
the test circuit implementation. 
 
This high capacitance, and associated low impedance, 
may become a problem for the voltage source (an 
arbitrary waveform generator) to feed the test setup, 
considering its rating of 5kVA. For instance, a 
4,000pF CVT, for use in a 230kV power system, is a 
27kVA load at rated voltage, above the rating of the 
arbitrary waveform generator with rated power of 
5kVA. This difficulty increases for higher order 
harmonics. 
 
Fig. 11 shows the test setup for the calibration of a 
capacitive voltage transformer (CVT). 
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Fig. 11 – Test setup for the calibration of a capacitive voltage 
transformer, with voltage source (arbitrary waveform generator), 
high voltage transformer, capacitive voltage divider (adopted as 
Reference Transducer) and test object (CVT). 
 
Fig. 12 shows the electrical equivalent model of the 
test setup shown in Fig. 11  
 

ΩΩΩΩ 0317,0 mH 3883,0 ΩΩΩΩk 75,19 mH 1004,242 6××××

F 10395 -6 µµµµ⋅⋅⋅⋅

F 10395 -6 µµµµ⋅⋅⋅⋅

F 0,213193 µµµµ

F 104,4 -3 µµµµ⋅⋅⋅⋅ΩΩΩΩM
43,71

mH
106,15 6⋅⋅⋅⋅

kV 300/kV 38,0 DPC TPC

P1 P2

E 1 V

 
Fig. 12 – Electric model of the test setup shown on Fig. 11, 
with voltage source (arbitrary waveform generator), high voltage 
transformer, capacitive voltage divider (adopted as Reference 
Transducer) and test object (CVT). 
 
The test transformer used in this circuit is a 300kV, 
70kVA step-up transformer, where the equivalent 
circuit, again, was obtained by means of no-load and 
impedance voltage tests. 
 
Computer simulation studies were performed, using 
Alternative Transients Program – ATP, considering a 
hypothetical voltage source (amplitude 1V) applied at 
the circuit’s input.  
 
Fig. 13 shows the frequency response curve of the 
circuit of Fig. 12, without reactive compensation. 
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Fig. 13 – Frequency response curve of the circuit shown on Fig. 
12, without reactive compensation - Output voltage applied to the 
Capacitive Voltage Transformer (CVT) 
 

The frequency response curve on Fig. 13 is similar to 
Fig.5 one’s, showing a non flat frequency response of 
the test setup, with a resonant frequency at 125Hz. 
 
Fig. 14 shows this same curve, presented in log-log 
scale. 
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Fig. 14 – Frequency response curve of the circuit shown on Fig. 
12, without reactive compensation, presented in log-log scale - 
Output voltage applied to the Capacitive Voltage Transformer 
(CVT). 

 
Fig. 15 shows the voltage source electrical current 
output for each harmonic frequency. In this Fig., a 
resonant frequency can be seen at about 125Hz, 
showing a current peak at this frequency. 
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Fig. 15 - Frequency response curve of the circuit shown on Fig. 
12, without reactive compensation, presented in log-log scale - 
Electrical current at voltage source output for each harmonic 
frequency. 
 
Considering the frequency response curve shown on 
Fig. 15, high values of electrical current are to be 
expected at the arbitrary waveform generator output, 
showing the necessity of some kind of frequency 
dependent compensation  to be provided. By means 
of computer simulation using ATP program, many 
alternatives of reactive compensation circuits were 
studied, aiming to generate high values of output 
voltage applied to the Capacitive Voltage 
Transformer, and concomitantly, low values electrical 
currents at the voltage source output. 
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4 Test setup with shunt reactive 

compensation 
 
 
In order to obtain the necessary high voltage 
waveforms for the calibration tests, additional studies 
were made, considering the use of passive 
components (resistances, inductances and 
capacitances), aiming at reactive compensation 
considering harmonic frequencies. Those studies 
where performed using Alternative Transients 
Program – ATP, considering a hypothetical voltage 
source (amplitude 1V) applied at the circuit’s input.  
 
Those computer simulations aimed at evaluating the 
output voltage applied to the CVT, for each harmonic 
frequency. Also, those studies analyzed the voltage 
output in many different situations, by applying 
resistances, capacitances and inductances at the high 
voltage and/or low voltage sides of the step-up 
transformer, for to improve the frequency response 
curve of the test circuit, aiming at obtaining in the test 
setup higher values of voltage output together with 
lower values of input electrical current. 
 
Fig. 16 shows the electric model of the test setup for 
the calibration of a 230kV CVT, capacitance 
5,300pF, with reactive compensation provided by the 
shunt capacitance and shunt inductance. This reactive 
compensation is intended for to obtain low intensity 
of electrical current at 60Hz and, simultaneously, 
high values of voltage for harmonic voltages applied 
to the CVT. The dimensioning of the shunt 
capacitance and inductance was performed with the 
aid of the ATP program computer simulation. 
 

 
Fig. 16 – Electric model of the test setup, for calibration of a 
230kV CVT. At left, is shown the shunt capacitance and 
inductance, and the 0.5Ω resistance for reactive compensation. 
 
In this test setup, the values of the shunt inductance 
and capacitance are adjusted for each harmonic 
frequency. For instance, for the calibration of the 
CVT in harmonic frequency of 300Hz (5th 
harmonic), a 1.5mH inductance and a 650µF 
capacitance are used. The 0.5 Ω resistance in series 
with the voltage source makes smoother the 
frequency response curve, simplifying the tuning of 

the shunt capacitance and inductance values for 
reactive compensation. Table 3 shows values of 
reactive compensation for other harmonic 
frequencies, considering a 5,300pF - 230kV 
capacitive voltage transformer. 
 
Table 3 – Reactive compensation for each harmonic 

frequency, for 5,300pF CVT 
CVT 

Capacitance 
(pF) 

Frequency 
(Hz) 

Shunt 
inductance 

(mH) 

Shunt 
capacitance 

(µF) 
120 0.35 15,000 
180 1.2 2,300 
300 1.2 650 

 
5,300 

660 1.4 117 
 
Figs. 17 and 18 shows the frequency response of the 
test setup (without the 0.5Ω series resistance), with 
reactive compensation for 300Hz, for test transformer 
voltage (high voltage side) and voltage source output 
current, respectively. 
 

110

210

310

410

0 100000 200000 300000 400000 500000 600000

FS-CIRC-C-DPC-TPC-FONTE-BT-IND-PARAL-1.5MH-CAP-PARAL-600UF-SCAN1-COR-IND>P2    (Type 4)

V
ol

ta
ge

 (
V

)

Frequency (Hz/1000)  
Fig. 17 – Test setup frequency response, with reactive 
compensation for 300Hz, without the 0.5Ω series resistance. Test 
transformer output voltage (high voltage side). 
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Fig. 18 – Test setup frequency response, with reactive 
compensation for 300Hz, without the 0.5Ω series resistance. 
Voltage source (arbitrary waveform generator) output current. 
 
Fig. 18 shows that at 300Hz, a minimum value of 
voltage source output current is obtained. Also, for 
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60Hz there is another minimum, making this test 
setup suitable for applying, during the calibration 
tests, a composite waveform with a 60Hz and 300Hz 
voltage harmonic components. 
 
Fig. 19 shows the voltage at primary (low voltage 
side) side of the step-up transformer, for each 
harmonic frequency. The primary side voltage 
remains stable, implying in stability of the arbitrary 
waveform generator voltage source output. 
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Fig. 19 – Voltage at primary (low voltage side) of step-up 
transformer considering harmonic frequencies. 
 
Fig. 20 shows the electrical current at this same low 
voltage side of the step-up transformer. High values 
of electrical current (200A range at test voltage) are 
expected at 60Hz frequency for transformer primary 
side. 
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Fig. 20 - Electrical current at primary (low voltage side) of step-
up transformer. 
 
Fig. 21 shows the electrical current in the shunt 
inductance, at the primary side of the step-up 
transformer. High values (200A range at test voltage) 
of electrical current are expected at 60Hz frequency. 
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Fig. 21 – Electrical current in the shunt inductance, at the 
primary side of the step-up transformer. 
 
Fig. 22 shows the electrical current in the shunt 
capacitance at the low voltage side of transformer. 
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Fig. 22 - Electrical current in the shunt capacitance, at the 
primary side of the step-up transformer.. 
 
4.1 - Influence of the series resistance 
 
Fig. 23 shows the test setup equivalent circuit, with 
series 0.5Ω resistance, shunt 1.5mH and 600mF 
capacitance for passive reactive compensation 
applied at the low voltage side of the step-up 
transformer. 
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Fig. 23 - Electric model of the test setup, with series 0.5Ω 
resistance, shunt 1.5mH and 600µF capacitance for passive 
reactive compensation applied at the low voltage side of 
the step-up transformer. 
 
Fig. 24 shows output voltage of the test setup, applied 
to CVT. 
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Fig. 24 – Output voltage of test setup, applied to CVT, with series 
0.5Ω resistance, shunt 1.5mH and 600µF capacitance for passive 
reactive compensation. 
 
Fig. 25 shows the voltage source output current, with 
series 0.5Ω resistance, shunt 1.5mH and 600µF 
capacitance for passive reactive compensation. 
 

 

 
Fig. 25 – Voltage source output current, with series 0.5Ω 
resistance, shunt 1.5mH and 600µF capacitance for passive 
reactive compensation. 
 
Figs. 24 and 25 shows that the presence of the series 
0.5Ω resistance provides an smoothing effect on the 
peaks of the frequency response curves (compare 
with Figs. 17 and 18), at the resonant frequencies. 
This feature is advantageous, making easier the 
tuning of the test circuit, in the sense that the 
specification and adjustment of the values of the 
capacitances and inductances used for reactive 
compensation are less strict, without the necessity of 
being too precise concerning its design specification. 
 

 
5   Conclusions 
Considering the obtained experimental results, it was 
possible to assure the effectiveness of this test setup 
for generating sinusoidal high voltage waveforms, 
keeping under control, at low values, the total 
harmonic distortion. Also, with this test setup 
composite waveforms were produced, at high voltage 
level, keeping under control the harmonic distortion, 
with the aid of reactive compensation. Additionally, 
with reactive compensation, it was possible to keep 
under acceptable low values, the voltage source 
output current considering 60Hz and other higher 
order harmonic current components. This test setup 
also showed the feasibility of to test, at high voltage 
levels, test objects with high capacitance (capacitive 
voltage transformers with thousands of pF 
capacitance), for 60Hz and higher order harmonics, 
using reactive compensation. 
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