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Abstract. Partial discharges occur because of insulation defects, when the elec-

tric field amplitude locally exceeds the dielectric strength of the cavities inside 

the insulating material. The thermal, chemical and electrical phenomena associ-

ated with the partial discharges are dangerous for insulation systems of high volt-

age equipment, as they can accelerate the aging process. Therefore, partial dis-

charge tests are nowadays prescribed as routine tests for most of the high voltage 

devices. The calibration of a partial discharge measuring system is carried out to 

determine its scale factor before every test. The calibration is performed with 

partial discharge calibrator. IEC 60270 describes methods used for the evaluation 

of the actual charge generated by the calibrator. However, some factors that may 

influence the performance test results regarding the influence of circuit compo-

nents, partial discharge measuring system’s linearity, bandwidth and pulse train 

response on calibration are not specified. This paper presents an improved 

method for performance testing of partial discharge calibrators. A reference par-

tial discharge calibrator was used, and the traceability of calibration was estab-

lished. Various effects on calibration procedure were investigated such as the in-

fluence of circuit components, partial discharge measuring system’s linearity, 

bandwidth and pulse train response on calibration. Performed tests in this paper 

showed that these factors cannot be neglected and therefore an improved method 

for performance testing of partial discharge calibrators is proposed which con-

siders mentioned factors and minimizes their influence on the calibration proce-

dure.    

Keywords: Partial discharges, Calibrator, Calibration methods, Charge meas-

urement.  

1 Introduction 

Partial discharges (PDs) are localized electric discharges that partially bridge the insu-

lation between electrodes of different potential in high voltage (HV) equipment. Such 

discharges appear on terminals as current pulses having duration of few nanoseconds. 

PDs occur because of insulation defects, when the electric field amplitude locally ex-

ceeds the dielectric strength of the cavities inside the insulating material. The thermal, 
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chemical and electrical phenomena associated with the PDs are dangerous for insula-

tion systems of HV equipment, as they can accelerate the aging process. As PDs can 

lead to the insulation degradation, their detection is very important to evaluate the state 

of the insulation, identify possible defects and eventually prevent insulation breakdown. 

Hence, PD tests are nowadays prescribed as routine tests for high voltage devices such 

as transformers, bushings, cables, machines, etc. [1]. 

The calibration of a PD measuring system is carried out to determine its scale factor. 

Each PD event causes a reading of the PD measuring instrument which is proportional 

to apparent charge and its magnitude depends on capacitance of the test object. To 

measure this quantity in terms of picocoulombs the standard [2] specifies a calibration 

method which is based on the simulation of the internal charge transfer between the PD 

source and the terminals of the HV equipment by means of an external adapted PD 

calibrator, as shown in Fig. 1. The PD calibrator is equipped with a pulse generator 

connected in series with a calibrating capacitor. 

 

Fig. 1. Equivalent circuit for calibrating the apparent charge [4]: Ca – virtual capacitance of the 

test object; Cb – stray capacitance of the PD source; Cc – internal capacitance of the PD source; 

C0 – series capacitance of the calibrator; Sg – spark gap; Pc – PD calibrator; Ck – coupling capac-

itor; Zm – measuring impedance; U0 – voltage step created by the calibrator; Ub – voltage step 

created by the PD source; U1 – voltage step across Ca due to the calibration; U2 – voltage step 

across Ca due to a PD event; Ht – high voltage termination of the test object; Gt – grounded 

terminal of the test object; Mi – PD measuring instrument.  

Different approaches can be used for the evaluation of the actual charge generated 

by the calibrator, such as calibration by comparison with a reference charge or calibra-

tion by digital integration of the current pulses [2], [3]. The preferred method for cali-

bration of PD calibrators is a comparison method in which a reference calibrator should 

be used to obtain a charge that is measured with a suitable PD measuring system. 

The same PD system is then used to measure the charge produced by the calibrator 

under test. Using a reference calibrator with well-established characteristics and trace-

able calibration ensures the traceability of the calibration. In practice, the reference cal-

ibrator can be a standard PD calibrator, which has been traceably calibrated by an 
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accredited or a national laboratory. It is also possible to use a pulse generator in series 

with a known reference capacitor, both with traceable calibrations and verified to con-

form to the requirements given in [2]. 

Alternative method for checking the performance of PD calibrators includes the 

measurement of the voltage um(t) that is developed across a well-defined low induct-

ance resistor Rm having a value lying between 50-200 Ω, Fig. 2. Voltage should be 

measured by a calibrated digital oscilloscope of bandwidth not less than 50 MHz. 

 

Fig. 2. Equivalent circuit of alternative calibration method 

The shapes of PD current pulses detected at terminals of the test object are attenuated 

and may contain oscillations, but the current-time integral is almost changeless. Con-

sequently, not the peak value of the PD current pulses but the current-time integral, i.e. 

charge of the captured PD pulses, is the most suitable quantity for assessment of the PD 

intensity [4]. The charge q generated by the calibrator is obtained by integrating the 

voltage waveform: 

 � � � ������ � 	
� �������. (1) 

The uncertainty of this method mainly depends on the dynamic performance of the 

digital oscilloscope, the numerical integration procedure (especially the choice of the 

lower and upper boundaries of the integration) and the accuracy of the Rm value. Inte-

gration error of digital oscilloscope was analyzed in [5] where the PD calibrator was 

tested by above described method in the range from 10 pC to 1000 pC. It is shown that 

the disturbing signals, high frequency oscillations etc. must be considered for the charge 

values less than 10 pC. The numerical integration of the current pulse delivered from a 

PD calibrator is the easiest way to carry out a performance test of the calibrator itself 

by using readily available measuring equipment. References [3] and [6] discuss the role 

and the relative importance of the various influence quantities which intervene in the 

measurement and can increase the measurement uncertainty. It is shown that type and 

length of connecting leads as well as the bandwidth of the oscilloscope can have only 

a second order influence, whereas the correct estimate of the vertical sensitivity and the 

numerical integration procedure, namely the definition of the base line and the choice 

of the integration limits, can play a more significant role. The described method can 

become more difficult for low amplitude calibration pulses which would often require 
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digital oscilloscope settings near the lower sensitivity limit where signal to noise ratio 

is usually unfavorable. 

In [7], a method for calibration of PD calibrators has been developed based on meas-

urement of voltage over a known capacitor by a calibrated digital voltmeter and the 

charge was calculated as the voltage multiplied by the capacitance. The best achieved 

relative expanded uncertainty (confidence level 95 %) with this method for the calibra-

tion of PD calibrator at 80 pC was within 2 %, including the uncertainty contribution 

from the measured object. A programmable PD calibrator composed of an arbitrary 

waveform generator that is connected in series to a capacitor is described in [8]. The 

developed programmable calibrator allows the generation of reference charges with a 

relative expanded uncertainty of 4 % for generated charges ranging from 10 to 50 pC 

and uncertainty of 1.2 % for generated charges up to 1000 pC. PD calibrator was used 

for generating suitable pulse charge sequences and investigating the performances of 

four PD measuring systems equipped with analogue and digital measuring instruments. 

In this paper, a reference PD calibrator that consists of arbitrary waveform generator 

(AWG) in series with reference capacitor is described. Afterwards, an improved 

method for performance testing of PD calibrators is proposed which considers ambigu-

ities in the current IEC standard [2] regarding the influence of the PD measuring sys-

tem’s linearity, bandwidth and pulse train response on calibration. Also, the influence 

of test circuit components on calibration is investigated and a method for minimization 

of its influence on calibration is proposed. 

2 Test Setup for Performance Test on PD Calibrators 

Performance tests on PD calibrators are carried out with the reference method according 

to [2]. Actual calibrator charge should be determined on all nominal settings of the 

calibrator and the uncertainty should be within ±5 % or 1 pC, whichever is greater. The 

developed reference PD calibrator shown in Fig. 3 consists of an AWG connected in 

series with a reference capacitor Cr. 
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Fig. 3. Equivalent circuit for calibrating the apparent charge 

Series capacitor of the reference PD calibrator, Cr, is shielded with capacitance typ-

ically in range from 1 pF to 1000 pF and 1 % tolerance. Capacitors Ca and Ck, also 
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shielded, represent the capacitance of the test object and coupling capacitor while Zm 

represents measuring impedance. AWG was used as a programmable rectangular volt-

age source Ur. It is a stable voltage with peak-to-peak amplitude that can be varied from 

20 mV to 20 V and a rise time of approximately 30 ns, which fulfils the requirements 

of [2], i.e. it has a rise time less than 60 ns. The output AWG voltage Ur is measured 

with digital voltmeter. The frequencies of commercially available PD calibrators are 

typically in the range of a few hundred hertz, making it impossible to accurately meas-

ure the voltage with voltmeter. Therefore, it was necessary to lower the voltage fre-

quency to a value that is suitable for measurement. The frequency of rectangular voltage 

was lowered to 50 mHz, corresponding to half period of 10 s, which is enough to per-

form 10 measurements at each voltage polarity. Afterwards, mean value of 10 meas-

urements at each polarity (U+ and U-) was determined and Ur was calculated as a dif-

ference U+-U-. Expanded measurement uncertainty of Ur was less than 0.05 % for all 

cases. Fig. 4 shows the test setup for performance testing of PD calibrators. 
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Fig. 4. The test setup for performance testing of PD calibrators: 1 - digital multimeter; 2 - arbi-

trary waveform generator; 3 - capacitor Cr; 4 - switch; 5 - capacitors Ca and Ck; 6 - measuring 

impedance Zm; 7 - PD measuring system; 8 - PD calibrator under test 

2.1 Influence of the Test Circuit Components on Calibration 

Reference calibrator shown in Fig. 3 is used for calibration of PD calibrator with a pulse 

repetition frequency N=100 pulses/s, step voltage amplitude Ux and Cx =100 pF. Nom-

inal charge Qx generated by PD calibrator under test can be expressed as:  

 �� � �� ⋅ ��. (2) 

The calibrator is connected to the test circuit and the actual total charge QxT gener-

ated by PD calibrator is given by: 

 ��� � �� ⋅ �������. (3) 
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where Ce is the equivalent capacitance of the test circuit, including capacitance of the 

test object Ca, capacitance of coupling capacitor Ck and capacitance of the measuring 

impedance Cm. According to (3), if Cx≪Ce, then QxT≈Qx. Analogously, the actual total 

charge QrT produced by reference PD calibrator is given by: 

 ��� � �� ⋅ ��⋅�������. (4) 

If we assume that the PD measuring system is perfectly linear, then Qx can be deter-

mined from the following expression: 

 ��� � ��� ⋅ ����, (5) 

where αr and αx represent readings of PD measuring system when reference PD cali-

brator and PD calibrator under test are connected to the test circuit, respectively. Qx can 

be determined from (3), (4) and (5): 

 �� � �� ⋅ �� ⋅ ���� ⋅ ����������. (6) 

If Cx≈Cr, then according to (6) the influence of Ce on calibration can be neglected. Oth-

erwise, Ce should be known since in some cases it can significantly affect the calibra-

tion. The capacitances Ca and Ck are known for calibration purposes, but capacitance 

of the measuring impedance Cm is commonly unknown and can be measured with im-

pedance meters or determined as described in section 2.3. 

 

2.2 Influence of PD Measuring System Linearity 

When calibration is performed, the reading of the PD measuring system is adjusted to 

a certain value α that is arbitrary and corresponds to the applied charge. Since αx and αr 

are not equal, their difference can affect calibration if PD measuring system is not lin-

ear. For analogue PD measuring instruments, the linearity of the output indication may 

be influenced by the performances of the different system components, such as the am-

plifier and the logarithmic converter used in some instruments. 

According to [2], determination of the scale factor of the measuring system should 

be performed by calibration pulses of at least three different charge magnitudes, ranging 

from 100 % to 10 % of full range, at low pulse repetition rate (about 100 pulses/s) on 

each magnitude range. The variation of scale factor shall be less than ±5 % to prove the 

linearity of the measuring system.  

In order to determine the influence of PD measuring system linearity on calibration, 

a calibrator under test was realized in the same way as the reference calibrator - AWG 

in series with known capacitor Cr=Cx=100 pF, tolerance ±1 %. In this way the charge 

of calibrator under test Qx is known. PD measuring system under test has analogue 

logarithmic scale. Influence of the linearity on calibration was investigated for three 

deflections α of PD measuring system corresponding to the beginning, middle and end 

of the scale. Reference calibrator produced charges Qr of 10 pC, 25 pC and 100 pC, 

while the charge Qx of calibrator under test was varied in range ±20 % of Qr. Assuming 
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the PD measuring system is linear and since Cx=Cr, total charge Qx generated by PD 

calibrator under test can be expressed from (6): 

 �� � �� ⋅ �� ⋅ ����. (7) 

Percentage error ε (8) between actual Qxn and measured Qx is shown in Fig. 5. 

 � � ��������� ⋅ 100%. (8) 

 

Fig. 5. Results in case assuming the PD measuring system is linear 

According to the results shown in Fig. 5, error is affected by Qx/Qr especially if α is at 

the beginning or end of the scale. The influence of PD measuring system’s linearity on 

calibration can be minimized if reasonably good matching between the readings is ob-

tained, i.e. the following condition is fulfilled: 

 �� ≈ �� ⇒ %� ≈ %�. (9) 

In order to eliminate an influence of linearity of PD measuring system, an automated 

procedure was developed that ensures that difference in the output indication ∆α from 

reference PD calibrator and PD calibrator under test is minimized. Therefore, the ref-

erence voltage Ur is adjusted until a following condition is obtained: 

 &% � '������� ' < 0.2	%. (10) 

Reference voltage Ur is adjusted automatically according to simple iterative procedure 

described by expression (11): 

 ���,� � ���,�	� ⋅ ������-.�, (11) 

where n is number of iterations necessary to achieve condition (10). The results in Fig. 

6 show that calibration errors are drastically reduced, maximum ε is below 0.2 % in all 

cases, so the influence of linearity on calibration is practically eliminated for full scale. 
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Fig. 6. Results in case when influence of PD measuring system linearity on calibration is mini-

mized 

2.3 Influence of the Ce on Calibration 

In practice, the nominal Cx of PD calibrator under test is sometimes unknown. If series 

capacitances of the reference calibrator and calibrator under test differ (Cx≠Cr), the in-

fluence of capacitance Ce on calibration cannot be neglected. 

In the following example, test object with nominal parameters Cx=100 pF and 

Qx=100 pC is checked against reference calibrator with three different Cr values: 10 pF, 

100 pF and 1000 pF. For each Cr, an automated procedure from the previous chapter 

was applied to eliminate the effect of PD measuring system nonlinearity: the voltage of 

reference generator was adjusted to get the matching between the readings on PD meas-

uring instrument. Table 1 shows the calibration errors for different ratios of Cr/Cx. 

Table 1. Calibration errors for different Cr/Cx ratios 

Cr/Cx ε (%) 

0.1 3.09 

1 -0.40 

10 8.96 

 

Test result shown in Table 1 indicates that large errors can be introduced in calibration 

results if Cx≠Cr. Even in this case, the calibration can be more accurate if Ce is known. 

Capacitances Ca and Ck are known in this case. In practice, the capacitance of measuring 

impedance Cm is unknown, but can be estimated with setup shown in Fig. 7. Two ref-

erence calibrators Cr1=100 pF and Cr2=1 nF are successively connected to measuring 

impedance and voltages are adjusted to get matching of readings (α1≈α2) from which 

follows: 

 ��	 ⋅ ��.��.��� ≈ ��/ ⋅ ��0��0��� , (12) 

and 
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 � ≈ ��.⋅��0⋅�1�0�1�.�1�.⋅��.�1�0⋅��0 . (13) 

Finally, Ce is obtained from the expression (14): 

 �2 ≈ �3 + �5⋅���5���. (14) 

Ur2

Cm

Cr2

Ur1

Cr1

PD measuring 

instrument

 

Fig. 7. Equivalent circuit for estimation of Cm 

With known Ce, the Qx can be determined more accurately from (6). For Cr/Cx=10 per-

centage difference ε is reduced from 8.96 % to 1.3 %, which shows that the calibration 

could be successfully performed in this way even in case when Cr≠Cx. 

 

2.4 Influence of the PD Measuring System Bandwidth 

PD measuring systems can be wide-band or narrow-band with different frequency 

ranges and usually they have several band pass frequency ranges. Wide-band PD in-

struments are characterized by a measuring impedance having fixed values at the lower 

f1 and upper f2 limit frequencies, with certain attenuation below f1 and above f2. PD 

measuring systems quantifying apparent charge magnitudes are band-pass systems, 

which predominantly are able to suppress the high power frequency displacement cur-

rents including higher harmonics. The lower frequency limit of the band-pass f1 controls 

this ability. Narrow-band PD instruments are characterized by a small bandwidth ∆f 

and a mid-band frequency fm, which can be varied over a wider frequency range, where 

the amplitude frequency spectrum of the PD current pulses is in general approximately 

constant.  

In this section, the influence of wide-band PD measuring system frequency band-

width on calibration was investigated. A test object Qx=100 pC ±1 % was checked 

against reference calibrator at different bandwidth settings and results are given in Ta-

ble 2. The lowest percentage difference of -0.21 % is achieved for frequency bandwidth 

20 kHz – 400 kHz. Therefore, this bandwidth should be used for calibration. 
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Table 2. Influence of PD measuring system bandwidth on calibration 

Frequency bandwidth ε (%) 

20 kHz – 400 kHz -0.21 

70 kHz – 400 kHz 1.44 

20 kHz – 700 kHz 2.83 

70 kHz – 700 kHz 2.16 

20 kHz – 1 MHz 2.66 

70 kHz – 1 MHz 3.84 

 

2.5 Influence of the PD Measuring System Pulse Train Response 

In practice, PD calibrators usually have a pulse repetition frequency N (number of 

pulses per second) between 50 and 400 pulses/s. It is known that the reading α of PD 

measuring system, which is proportional to voltage UPD measured by PD measuring 

system, depends on pulse repetition frequency of PD calibrator. Requirements on pulse 

train response of PD instruments are given in standard [2]. The test consists in verifying 

that the measuring system response is included between the maximum and minimum 

values indicated by the standard.  

Pulse train response was evaluated by injecting 100 pC charge pulses from the ref-

erence PD calibrator with the repetition frequency from 50 to 400 pulses/s. Influence 

of the pulse repetition frequency on the response α of the PD measuring system is 

shown in Fig. 8. 

 

Fig. 8. Pulse train response of the PD measuring system 

Result show that pulse repetition frequencies of the reference PD calibrator and PD 

calibrator under test should be matched to eliminate the effect of the pulse train re-

sponse of PD measuring system on calibration.  
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3 Measurement Uncertainty 

Total charge Qx generated by PD calibrator under test is: 

 �� � �� ⋅ �� ⋅ ���� ⋅ ����6� 75⋅7�7587�����6� 75⋅7�7587� . (15) 

According to [2], actual PD calibrator charge should be determined on all nominal 

settings of the calibrator. The uncertainty of this determination should be assessed to 

be within ±5 % or 1 pC, whichever is greater. Expanded measurement uncertainty of 

Qx can be determined from the expression (16), where uCa is uncertainty of capacitance 

Ca, uCr is uncertainty of capacitance Cr, uCk is uncertainty of capacitance Ck, uCx is un-

certainty of capacitance Cx, uCm is uncertainty of capacitance Cm, uαx/αr is uncertainty of 

reading ratio αx/αr and uUr is uncertainty of voltage measurement. 

 ��� � 2 ⋅ 9:;��;1� ⋅ �1�</ + :;��;�� ⋅ ���</ + :;��;�� ⋅ ���</ + :;��;�6 ⋅ ��6</+:;��;�5 ⋅ ��5</ + :;��;�� ⋅ ���</ + =;��;>�>� ⋅ �>�>�?/  . (16) 

4 Conclusions 

PD tests are nowadays prescribed as routine tests for most of the high voltage devices. 

The calibration of a PD measuring system is carried out to determine its scale factor 

before every test. The calibration is performed with PD calibrator. Standard describes 

methods used for the evaluation of the actual charge generated by the calibrator. How-

ever, some factors that may influence the performance test results regarding the influ-

ence of circuit components, PD measuring system’s linearity, bandwidth and pulse train 

response on calibration are not specified. Performed tests in this paper showed that 

these factors cannot be neglected and an improved method for performance testing of 

PD calibrators was proposed. This method considers mentioned factors and minimizes 

their influence on the calibration procedure. 
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