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1Abstract—This article deals with the development of 

capacitive voltage divider for high voltage measurements and 

presents a method of analysis and optimization of its 

parameters. This divider is a part of a combined voltage and 

current sensor for measurements in high voltage power 

networks. The sensor allows continuous monitoring of the 

network distribution status and performs a quick diagnosis and 

location of possible network failures. Deployment of these 

devices will support semi-autonomous control of power 

networks and it can be considered as a step from traditional 

power grids toward smart grids. This is a worldwide trend 

connected with increasing number of renewable energy sources 

and plug-in electric vehicles as described in. In this way, it 

contributes to the reliability of the distribution network. 

Together with automated control techniques and fault location 

methods, it enables its self-healing capability. The following 

characteristics required for the sensor include: current 

measurement error up to 2 %, voltage measurement error up to 

0.5 %, and power measurement error up to 5 %. At the same 

time, it is necessary that the sensor is cost-effective - relatively 

cheap. There were selected capacitors made in series 

production for the capacitive divider designing. The capacitive 

voltage divider was tested in terms of time and temperature 

stability; the results are described in the paper. Then, the 

method of mathematical correction of a temperature 

dependence of the capacitive voltage divider was suggested and 

tested.  

 
 Index Terms—Voltage measurement; Capacitive divider; 

Temperature dependence; Error compensation. 

I. INTRODUCTION 

Voltage instrument transformers based on inductive 

principle are most often used to measure high AC voltage in 

distribution networks. Their advantages include high 

accuracy (accuracy class usually from 0.1 to 3), relatively 

high output power from 1 VA to 100 VA [1], as well as 

temperature and time stability. The significant advantage is a 

galvanic isolation of input and output with high isolation 
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strength. For example, for voltage instrument transformers 

up to 24 kV, it is 50 kV Root Mean Square (RMS) for 60 

seconds and voltage pulse 125 kV 1.2 μs/50 μs [2]. 

However, their disadvantages are high cost and weight [3] 

and increased measurement error for non-sinusoidal 

waveforms or transients [4].  

In recent years, optoelectric voltage sensors using Pockels 

effect (using optically anisotropic materials) have also begun 

to be used for high voltage measurements. They are based on 

fibber Bragg gratings and piezoelectric crystals. They 

exhibit immunity to electromagnetic interference, galvanic 

isolation, and wide bandwidth. Their development has 

already reached the commercial stage, but they are still not 

very commonly used. In addition to many good properties, 

they also have some seriously bad ones, such as a 

temperature dependence [5]. Furthermore, high voltage 

measurement technologies based on liquid crystal sensor 

were developed [6], but they are still in stage of laboratory 

development.  

Another widespread principle of voltage measurement is a 

capacitive voltage divider. Unlike a resistive divider (which 

is used mainly at low voltage and it can also be used for DC 

voltage), there is almost no power loss. However, unlike the 

measuring transformer, it does not provide galvanic isolation 

of the input and output voltage. The internal impedance of 

the capacitive divider is very high, compared to the 

measuring transformer, so almost no current can be taken 

from it. For this reason, its load impedance must be very 

high. However, its big advantage over the measuring 

transformer is its lower cost and weight. For example, a 

25 kV measuring transformer (unnamed manufacturer) 

weighs 29 kg and costs approximately 1000 Euro, a 25 kV 

capacitive sensor (capacitive divider) from the same 

manufacturer is about 5 times lighter and 2.5 times cheaper. 

For these reasons, capacitive dividers are often used for high 

voltage measurement [7]. 

The intention of the team of authors was to develop a 

cost-effective 22 kV capacitive voltage divider that would be 

part of a combined voltage and current sensor for 

measurement at a 22 kV power line. 
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II. A DESIGNED CAPACITIVE DIVIDER 

For good stability and linearity of capacitive divider, it 

would be favourable to use the same capacitors for both high 

voltage and low voltage parts of the divider. This is 

suggested in [8] for a 150 kV capacitive voltage divider. 

However, in that case, it requires 308 capacitors of 3.3 nF in 

series for high voltage part and 3 such capacitors in parallel 

for low voltage part, what is very unpractical. For our 

purposes, we can choose another combination of different 

capacitors, and we evaluated several combinations. 

Nevertheless, this solution was still unpractical and 

expensive. 

According to [9], it is good to use compressed gas, high 

voltage capacitors with voltage ratings in the high voltage 

part of capacitive divider. They have extremely good 

stability and linearity for both magnitude and phase. 

Unfortunately, the capacitors are expensive and fragile. They 

are suitable for accurate laboratory measurement, but not for 

our application, which should be robust and cheap. 

Therefore, we decided to use commercially manufactured 

high voltage capacitors to ensure the cost-effectiveness of 

the product, which is being developed. 

High voltage ceramic capacitors MZS55PC50KV202K 

with capacitance of 2 nF and nominal voltage of 50 kV were 

chosen for high voltage parts. The capacitors contain a 

ceramic dielectric, which the manufacturer refers to as 

“PULSE-CERAMIC firing dielectric ceramic material”. It is 

supposed to be their own material. The capacitors have a 

non-repetitive peak voltage overload of 100 kV [10]. These 

capacitors are in series of two in a voltage divider achieving 

theoretically a pulse voltage endurance of up to 200 kV, 

which complies with the norm [2] requiring value of 125 kV. 

The resulting capacity is then 1 nF (see Fig. 1). The ceramic 

capacitors 474J5GACTU with dielectric C0G serve as low 

voltage capacitors in the divider. This type of capacitor is 

the most stable from the commercially available ceramic 

capacitors and therefore most suitable for measuring 

purposes. In [9], these capacitors are used for measurement 

purposes also. 

 
Fig. 1.  Designed capacitive divider with a following resistive voltage 

divider and a low-pass filter. 

The circuit in Fig. 1 has a dividing ratio of 27690:1 and a 

phase shift of 0.44 ° for a 50 Hz frequency. The resistors 

connected in the circuit together with the 10 nF capacitor 

form a low-pass filter with a cut-off frequency of 3114 Hz. 

The signal in the designed sensor will be further digitally 

processed at a sample rate of 16 kS/s, which complies with 

the cut-off frequency of the filter. The phase shift of 0.44 ° 

can be easily corrected in the digital processing. 

Due to the deviation of the values of the used components, 

the circuit can show deviation in the dividing ratio and the 

phase. In case of an individual calibration of every produced 

sensor, these deviations can be eliminated by calibration 

constants in the microprocessor in the sensor. 

However, an important fact that will affect the accuracy of 

the sensor in real operation is the time and temperature 

stability, which has to be researched during the development. 

III. ACCURACY REQUIREMENTS OF THE DESIGNED SENSOR 

When developing a combined voltage and current sensor, 

there was set a target to have a voltage measurement error up 

to 0.5 % and a current measurement error up to 2 % at rated 

values (this is influenced by the used current sensor, which 

we don't  deal with in this paper). These values were stated 

according to [11] and in accordance with experiences of our 

industrial partner (producer of power network diagnostic 

devices) also. The permissible error of active power 

measurement of the first harmonic component was set at 5 % 

(indicative power measurement). From these parameters, the 

requirement of accuracy of the phase shift measurement can 

be determined as follows. 

For the active power of first harmonic, there is a generally 

known relation 

    cos( ).P R I     (1) 

The power measurement error can be expressed as a total 

differential 
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The percentage error is then 

 
% % % %/ 100 tan( ).P P P U I            (3) 

Further the permissible phase shift measurement error is 

 
% % %( ) / tan( ) /100.P U I         (4) 

Assuming a power factor in the network of 0.8 up to 1, 

this corresponds to a phase shift of 0.643 radians up to 0 

radians. 

For the angle φ = 0, the expression φ/tan(φ) cannot be 

quantified numerically, but its limit is 1. 

Then, the permissible error value of the phase shift 

measurement is from 0.021 radian up to 0.025 radian. In 

order to ensure proper functioning, we must count on the 

smaller of these values. We will further consider that half of 

the angle measurement error will get on the voltage sensor 

and half - on the current sensor. Thus, the permissible error 

value of the phase shift voltage measurement in degrees will 

be 

 (0.021 180) / 2 0.6 .       (5) 
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IV. AN EXPERIMENTAL WORKPLACE FOR THE CAPACITIVE 

DIVIDER TESTING 

For proper operation of the combined voltage and current 

sensor and its main purpose (failure location), it is very 

important to keep maximum voltage error below the stated 

limit [11] in all operation conditions during sensor lifetime. 

Because properties of different capacitors are influenced by 

temperature changes and aging [12]–[14], it was necessary 

to verify the behaviour of developed capacitive divider. 

To test the properties of the capacitive divider, an 

experimental workplace was assembled (its connection is 

visible in Fig. 2). In this circuit, two high voltage capacitors 

are not connected in series, there is only one, and the supply 

voltage is reduced to the half value (i.e., 11 kV). This 

connection is advantageous because of the smaller isolation 

distances. 

 
Fig. 2.  Experimental circuit for verification of properties of the capacitive 

divider. 

Most of the measured values are measured by the analog-

to-digital converter USB6210 with a sample rate of 20 kS/s. 

In the first variant of testing, a mains-powered regulating 

autotransformer was used instead of AC Power Supply PCR 

1000LA. However, it was found that voltage fluctuations in 

the mains (although only about 1 %) had an undesirable 

effect on the measurement results. Therefore, later was used 

a stabilized 1000LA PCR source. 

Three capacitive voltage dividers are measured at the 

same time in order to measure more statistical samples. 

When measuring, it is the most important to verify 

changes in the voltage divider depending on the temperature 

and time. Absolute accuracy is not the most important thing 

at the moment; what is important that there are changes in 

measured values. During the measurement, there may be 

small changes in values. It is not clear in advance, if the 

changes come from the high voltage capacitor, the low-

voltage capacitor or from the USB 6210 converter itself. In 

order to diagnose, in which part of the circuit these changes 

occur, some voltages are also measured independently with 

Agilent 34401A and UNI T UT805 digital voltmeters. 

Both digital voltmeters measure RMS value of the 

voltage. The values measured by the USB 6210 converter 

are processed in software created in LabVIEW. The 

software evaluated the harmonic component of 50 Hz, both 

its RMS value and the phase shift. 

The testing circuit is designed, so that the high voltage 

and low voltage parts are separate units that can be placed 

separately in the constant climate chamber. The circuit 

diagram of the testing circuit is shown in Fig. 2 and the three 

high voltage capacitors ready for testing are shown in Fig. 3. 

 
Fig. 3.  Ready-to-test high voltage capacitors. 

V. MEASUREMENTS ON THE CAPACITIVE DIVIDER 

In total, 6 high voltage capacitors were tested; three 

capacitive dividers were always tested simultaneously. 

At the beginning of each measurement, both the voltage 

and phase shift values were calibrated, so that at this point 

the voltage and phase shift deviations were zero (calibration 

constants were set in the computer program). 

During the measurement, it was necessary to verify that 

deviations that occur during the measurement are not caused 

by the error of the measuring apparatus (based on the 

USB6210 converter), but that they come from changes in the 

researched voltage divider. This was done so that some 

quantities were measured by the USB6210 converter, as well 

as by the digital voltmeters. Figure 4 shows a comparison of 

the two measurements, showing that the values measured by 

the USB6210 converter and by the digital voltmeters are 

substantially the same. Therefore, the used measuring 

apparatus did not bring a noticeable error to the 

measurement. 

 
Fig. 4.  The comparison of measurement by the USB6210 and by the 

digital voltmeters. 

A three-day long stability test of all six capacitors was 

done at a constant temperature of 25 °C. The results are 

shown in Fig. 5. 
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Fig. 5.  Long-term stability test of high voltage capacitors. 

As you can see from Fig. 5, in the first 48 hours after 

switching on the voltage of the capacitor divider is being 

stabilized. Output voltage is completely stabilized after 

about 72 hours (three days). The highest recorded deviation 

was 110 V for the C4 capacitor, which represents 1 % of the 

measured voltage. This is a significant value, so in the 

further measurements, it is necessary to let the capacitor 

divider stabilize for two or three days on the rated voltage. 

This rule must also be kept in the further calibration of the 

capacitive divider during its production. This process is not 

caused by heating the capacitor and its temperature 

dependence (as it seems at first sight). From the following 

temperature measurements, it is evident that the temperature 

dependence of capacitors is reversed, with heating a negative 

voltage deviation. The whole process is probably caused by 

polarization effects in the dielectric of the high voltage 

capacitor. Relaxation polarization or interlayer polarization 

may be an explanation [15]. 

Voltage divider phase shift error was very low during the 

whole test, within ±0.03 °, i.e., below the permissible phase 

shift error. There is no need to solve it. 

After 72 hours of stabilization of the capacitive divider, 

the temperature dependence of the capacitors was tested. 

The temperature of the low-voltage capacitor of the 

capacitive divider (and other components) remained constant 

approximately at about 25 °C. The high voltage capacitors 

were placed into the constant climate chamber and the 

temperature was gradually changed between -20 °C and 

+65 °C. At each of these temperatures, they were kept for 

20–25 hours. The temperature range was chosen with regard 

to extreme temperature changes in Central Europe [16], the 

strongest frost of about -20 °C and the highest summer 

temperature in a direct sunlight of about + 50 °C. We 

assumed that the interior of the sensor will be approximately 

5 °C warmer due to losses in components, and to be sure, we 

chose the test temperature range from 5 °C to 10 °C higher. 

The measurement results are shown in Fig. 6 and Fig. 7. 

 
Fig. 6.  The results of the temperature test of high voltage capacitors 1, 2, 

and 3. 

Figure 6 and Figure 7 show that the voltage deviation of 

some capacitors reaches up to 250 V, which represents 

2.3 % of the measured voltage. This error is much higher 

than the required error of 0.5 %, and therefore the 

temperature dependence of the capacitors has to be 

compensated. This is described later in Section V. The phase 

shift deviation is a maximum of 0.3 °, which complies with 

the stated requirement of ±0.6 %. 

Furthermore, the temperature dependence of the low-

voltage part of the capacitive divider was measured. The 

high voltage capacitors were placed at a constant 

temperature of 25 °C and the low-voltage part (see Fig. 2) 

was placed in a constant climate chamber. During the 

preliminary measurement, it was found that the thermal 

stability of the low-voltage part of the divider, especially of 

capacitors with C0G dielectric, is much better than at the 
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high voltage capacitors (this can be assumed from the 

manufacturer’s catalogue data as well). Therefore, the test 

for measuring the low-voltage part of the divider could be 

shorter. The test results are shown in Fig. 8. 

 
Fig. 7.  The results of the temperature test of high voltage capacitors 4, 5, 

and 6. 

 
Fig. 8.  The results of the temperature test of low-voltage part of the 

capacitive divider. 

Figure 8 shows that the voltage deviation in the entire 

temperature range does not exceed 30 V, which is 0.3 % of 

the measured voltage. The phase shift deviation is maximally 

of 0.06 °, which is below the permissible deflection of 0.6 °. 

These deviations themselves do not require correction, but 

since software temperature correction must be done in the 

sensor anyway, it is appropriate to include this deviation as 

well. 

Table I summarizes the measurement results for all tested 

capacitors. 

The values from Table I are further illustrated in Fig. 9. 

 
Fig. 9.  Summary of the results of thermal test of the capacitive divider. 

TABLE I. SUMMARY OF TEMPERATURE TEST RESULTS OF THE 

CAPACITIVE DIVIDER. 

  -20 °C 0 °C 25 °C 45 °C 65 °C 

HV capacitors’ 

voltage 

deviation (%) 

C1 2.22 1.38 0.02 -0.96 -1.81 

C2 1.89 1.03 0.04 -0.58 -1.31 

C3 1.94 1.17 0.06 -0.82 -1.57 

C4 2.35 1.26 0.01 -0.86 -1.72 

C5 2.01 0.99 0 -0.7 -1.29 

C6 2.18 1.1 0 -0.78 -1.42 

HV capacitors’ 

phase shift (°) 

C1 -0.293 -0.167 0.004 0.009 -0.043 

C2 -0.301 -0.18 0.002 0.007 -0.044 

C3 -0.266 -0.157 -0.002 0.013 -0.099 

C4 -0.211 -0.102 -0.001 0.037 -0.015 

C5 -0.197 -0.09 0.009 0.039 -0.024 

C6 -0.188 -0.076 0.024 0.041 -0.026 

LV part of the 

divider voltage 

deviation (%) 

C1 -0.21 -0.1 -0.05 0 0 

C2 -0.19 -0.09 -0.04 -0.03 -0.09 

C3 -0.24 -0.12 -0.08 0 -0.04 

LV part of the 

divider phase 

shift (°) 

C1 -0.009 -0.002 -0.005 0.003 0.064 

C2 -0.021 -0.024 0.002 0.004 0.061 

C3 -0.012 -0.005 0.002 0.002 0.063 

VI. A CORRECTION OF TEMPERATURE DEPENDENCE OF THE 

CAPACITIVE DIVIDER 

In order to achieve the accuracy of the combined voltage 

and current sensor listed in Section III, a temperature 

correction of the measured voltage is required. This will be a 

mathematical correction being performed by the 

microprocessor in the sensor. It is desirable that the 

correction algorithm is as simple as possible for reasons of 

simplicity and reliability. 

It is assumed that in future production each sensor is 

going to be individually tested in a constant climate chamber 

and correction constants are going to be written into each of 

them. However, due to the time-consuming nature of such 

process, it is going to be measured only at two temperatures. 

First, the sensor is going to be stabilized for 72 hours at 

25 °C, then the values are going to be measured at this 

temperature, then the sensor is going to be cooled to 0 °C, 

and after 24 hours, the values are going to be measured at 

this temperature. The entire calibration is going to take 

approximately 96 hours, which means 4 days. 

It was decided not to compensate the temperature 

dependence at the phase shift. The phase shift is going to be 

compensated by a constant value at the temperature of 0 °C. 
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Then, the phase shift deviation caused by the temperature 

changes should not exceed 0.2 ° over the expected 

temperature range. 

Relation 

 
corected measured .K    (6) 

A linear function was selected to compensate the voltage 

measurements 

 
corected measured V1 V2( ),U U K t K     (7) 

where t is the temperature. 

The constants Kφ, KV1, and KV2 are going to be 

determined from measurements at 25 °C and 0 °C as 

follows: 

 
transformer 0 C capacitive divider 0 C ,K      (8) 

 
V2 transformer 0 C capacitive divider 0 C ,K V V    (9) 

 
V1 transformer 25 C capacitive divider 25 C V2( / ) / 25.K V V K    (10) 

Variables with the “transformer” index are measured 

using a measuring transformer that we consider accurate. 

Variables with the “capacitive divider” index are measured 

by the capacitive divider, which we want to adjust. 

VII. THERMAL TESTING OF A COMPLETE CAPACITIVE 

DIVIDER 

For the final temperature stability test, three capacitive 

dividers were assembled, into which high voltage capacitors 

showing the highest temperature dependence were selected 

to check the most unfavourable case. These were C1, C4, 

and C6. The three dividers were subjected to a calibration 

measurement for 4-day period. The whole capacitive divider 

(HV and LV part) was tested in the constant climate 

chamber. The measurement results are shown in Fig. 10. 

 
Fig. 10.  Results of calibration measurement of capacitive voltage dividers 

with high voltage capacitors C1, C4, and C6. 

Based on this measurement, the calibration constants Kφ, 

KV1, and KV2 were determined according to (8)–(10). The 

results are shown in Table II. 

TABLE II. CALIBRATION MEASUREMENT RESULTS. 

 
VC1 (V) VC4 (V) VC6 (V) φC1 (°) φC4 (°) φC6 (°) 

0 °C 134.5 119.5 103.4 -0.148 -0.116 -0.085 

25 °C 0.7 0.4 -1.1 0.008 0.002 0.006 

 
C1 C4 C6 - - - 

Kφ 0.148 0.116 0.085 - - - 

KV1 0.000484 0.000430 0.000371 - - - 

KV2 0.9879 0.9892 0.9910 - - - 

 

After that, the capacitive dividers were subjected to 

measurements in the constant climate chamber, at which the 

temperature varied stepwise between -20 °C and +65 °C. 

The measurement results were mathematically corrected 

according to (5) and (6) and the constants in Table II. The 

measurement results are shown in Fig. 11. 

 
Fig. 11.  Measurement results of capacitive dividers with compensation. 

From the measurement results in Fig. 11, it is obvious that 

maximal voltage deviation is 50 V, which represents 0.45 % 

of the measured value (11 kV). The phase shift error is a 

maximum of 0.2 °. Both values comply with the accuracy 

requirements. Reference [11] states values 0.7 % and 

0.7 grad = 0.63 ° for steady states, what is our case. 

However we have set even stricter limits (0.5 % and 0.6 °) in 

Section II, which are still met. Parameters of our sensor are 

sufficient for both localization of network failures and 

indicative power measurement. 

Furthermore, it can be seen from the record that during 

the temperature change the voltage deviation (peak) is 

temporarily increased. The size of the largest peaks is about 

0.45 %, which is less than the set value of 0.5 %, but is close 

to this value. The peak duration is about 3 hours and that 

corresponds to the time of temperature stabilization when 

changing from one value to another. This error is probably 

caused by the gradual penetration of an ambient temperature 

into the high voltage capacitor and the different thermal time 

constant of the temperature sensor and the high voltage 

capacitor.  

The reduction of this temporary error is going to be a 

subject of further research. The simplest solution is to place 

the temperature sensor in a close physical contact with the 
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HV capacitor so that the temperature of the sensor 

accurately follows the temperature of the capacitor during 

heating and cooling. However, keeping the isolation 

distances is a limiting factor. A more complicated option 

may be to create a mathematical algorithm of the deviation 

compensation that includes the thermal inertia of the 

capacitor (thermal time constant). Thermal modelling of 

capacitive voltage divider is solved in [17], where thermal 

time constant is taken into account. It may be the way to 

solve this problem. However, whether the creation of such 

algorithm is realistic and whether this algorithm would be 

reliable, it must be tested first. 

As far as the phase shift error is concerned, it does not 

even reach half of the permissible value over the entire 

temperature range of the measurement, so it is not necessary 

to consider any reduction. 

VIII. CONCLUSIONS 

In the frame of the development of a combined current 

and voltage sensor intended for measurement in HV 

networks, there was developed a capacitive voltage divider 

as a substitution of classical inductive voltage instrument 

transformer. This divider uses MZS55PC50KV202K high 

voltage capacitors, which are favourable because of their 

cost. Requirements for accuracy of voltage, current, power, 

and phase shift measurements were determined for the 

sensor in Section II according to [11]. A total of 6 capacitive 

dividers were subjected to laboratory testing. During the 

laboratory testing of the capacitive divider, it was found that 

after connecting the capacitive divider to voltage it stabilizes 

for about 48 hours. Immediately after connection, the 

deviation of the measured voltage is highest and for some 

capacitors, it was about 1 %, which exceeds the specified 

permissible value of 0.5 %, but after about 6 hours, it 

already drops below the permissible value. In addition, 

capacitive dividers were tested in the constant climate 

chamber. There was found temperature dependence caused 

mainly by temperature dependence of high voltage 

capacitors. Measurement error caused by temperature 

changes exceeded the permitted range. Further, to 

compensate this temperature dependence, a mathematical 

algorithm was developed and tested. It was verified, that 

after correction by this algorithm, the accuracy of 

measurement complied with the specified requirements. 

Accuracy after mathematical correction is also within 

limits of most common classes of inductive voltage 

instrument transformer [3]. 

In the future, it is possible to improve the mathematical 

algorithm so that it includes the thermal time constant of the 

HV capacitor, which must be researched further. 
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