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Abstract – Oil-paper insulation of valve-side windings in converter transformers withstand electrical 
stresses combining with AC, DC and strong harmonic components. This paper presents the physical 
mechanisms and experimental researches on partial discharge (PD) of oil-paper insulation at pulsating 
DC voltage. Theoretical analysis showed that the phase-resolved distributions of PDs generated from 
different insulated models varied as the increase of the applied voltages following a certain rule. Four 
artificial insulation defect models were designed to generate PD signals at pulsating DC voltages. 
Theoretical statements and experimental results show that the PD pulses first appear at the maximum 
value of the applied pulsating DC voltage, and the resolved PD phase distribution became wider as the 
applied voltage increased. The PD phase-resolved distributions generated from the different discharge 
models are also different in the phase-resolved distributions and development progress. It implies that 
the theoretical analysis is suitable for interpretation of PD at pulsating DC voltage. 
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1. Introduction 
 
Converter transformers play an important role in high 

voltage direct current (HVDC) transmission systems [1-2]. 
Oil- paper insulation is one of the major types of insulation 
in converter transformers. Valve-side windings of HVDC 
converter transformers were subjected to pulsating DC 
voltage stresses consisting of AC, DC and strong harmonic 
components [3-5]. With the increase of the transmission 
voltage rating, partial discharges (PDs) will happen in 
the weak insulation of converter transformer. It is 
harmful to normal operation of the converter transformer, 
even the whole HVDC transmission system. PD properties 
of oil-paper insulation under pulsating DC voltage are 
complicated but very important to the normal operation of 
the converter transformer. 

Many works have been focused on detection, properties 
and pattern recognition of PD under individual voltage of 
AC, DC, and harmonic. Literature [4] proposed modeling 
of PD development in electrical tree channels under AC 
voltages, and some PD characterizations of streamers 
were proposed in publication [5]. Furthermore, some 
evaluations of PD patterns and oil-paper aging were 
presented in [6-7]. Researches about pattern recognition 
for PD under AC voltage were studied in publication [8-

9]. PDs of oil-paper insulation under DC voltage were 
different from that under AC voltage. U. Fromm gave an 
overview on PDs under DC voltage and proposed a new 
histogram for interpretation of PD under DC voltage [10]. 
Publication [11] proposed the mechanism, detection and 
analysis of PD under DC voltage, while classification for 
them was presented in [12]. Besides, several new detected 
approaches of ultra-high-frequency (UHF) were proposed 
in literatures [13-14]. In addition, researches about PD 
properties under impulse voltages were proposed in 
literatures [15-17]. When it comes to HVDC converter 
transformers, the insulation subjected to pulsating DC 
voltage, which made the electric field distribution in 
insulation much more complex. Many research achieve-
ments about PD characteristics at AC or DC voltage cannot 
be directly applied to that at pulsating DC voltage. A 
motivation is thus given to investigate the PD process and 
characteristics of oil paper insulation when subjected to 
pulsating DC voltage. 

For better interpretation of PD properties in converter 
transformer, this paper presents the theoretical mechanism 
and experimental research on PD properties of oil-paper 
insulation under pulsating DC voltage. First of all, 
pulsating DC voltages across winding-to-ground insulation 
of the three single-phase units of converter transformer 
were analyzed. The voltages consisting of AC and DC 
voltages with equivalent amplitudes were selected for 
investigation. Theoretical mechanisms were proposed for 
interpretation of PD properties of four insulation defect 
models. Furthermore, four artificial insulation defect 
models were designed to generate PD signals under 
pulsating DC voltage, which were detected by a Rogowski 
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coil sensor in experiments. Experimental results showed 
that the phase-resolved distributions of PDs generated from 
the four models were in agreement with the theoretical 
analysis but different from each other. It was conducive 
for faults diagnosis based on PD signals in converter 
transformers. 

 
 

2. Voltages Analysis in Converter  
Transformer 

 
Fig. 1 shows the simulated result of the output voltages 

of the converter transformer by software PSIM. It confirms 
that valve-side windings of HVDC converter transformers 
subjected to pulsating DC voltage stresses consisting of AC, 
DC, and strong harmonic voltage components. 

The ratio of AC peak voltage to DC voltage level in 
wye-connection unit and delta-connection unit are 1:3 and 
1:1, respectively. The voltages across winding-to-ground 
insulation of the three single-phase units of transformers 
can be expressed as Eq. (1). 

 
 uad = uacsin(ωt +φ) + udc  (1) 

 
The pulsating DC voltage with lower RF will cause 

more serious damages to oil-paper insulation at room 
temperature, where RF is defined as the ratio of AC peak 
voltage to DC voltage level. Thus the paper only presents 
the PD properties under pulsating DC voltage with RF=1. 

 

Table 1. List of symbols. 

Parameters Descriptions 

u0 
Voltage due to the applied voltage, u0=f·uad, where f is 
a constant 

uq Voltage due to the surface charge 
uc Voltage over the cavity 

uCB Breakdown voltage of the cavity 
up Impulse voltage of partial discharges 
ur Residual voltage 

 
 
3. Physical Mechanisms of PD under Pulsating  

DC Voltage 
 
Before analysis of PD mechanisms under pulsating DC 

voltage, several parameters are presented in Table 1. The 
physical mechanisms of four insulation defects involving 
cavity discharge, surface discharge, floating discharge and 
corona discharge are shown as follows. 

 
3.1 Analyses of cavity discharge 

 
The process of cavity discharge under pulsating DC 

voltage is more complex than that under individual AC 
or DC voltage. PDs in gaseous cavities inside a dielectric 
are usually considered the most dangerous [11]. Two 
conditions must be fulfilled in order to start a PD. First, 
the magnitude of the electric field in the cavity should be 
higher than a minimum breakdown voltage. Second, a 
free electron is necessary to start the ionization process. 
In the PD process, the charge variation can be reflected 
by the electrodes between the cavity models. The PD 
process of cavity discharge can be depicted by a plane-
parallel capacitor, which is shown in Fig. 3.  

When the applied voltage reaches the breakdown 
electrical field of the cavity, as called ECB, PD will 
happen in the gaseous cavity. The gas molecules will ionize 
to electriferous particles involving electrons and positive 
ions. When the external voltage is applied, the positiveions 
is pulled in the direction of the applied voltage, while 
electrons are pulled in the opposite direction. The internal 
surface charges in turn produce opposite voltages compared 
with the external voltage, which is shown in Fig. 3. 

Once the maximum value of u0 is bigger than uCB, PD 
will occur in the cavity. The voltage over the cavity uc 
decreases sharply due to charge accumulation on the cavity (a)                  (b) 

Fig. 1. Waveform of converter transformer valve-side 
windings: (a) Y connection; (b) Δ connection 

 

 
Fig. 2. Waveform combined with AC and DC voltages 

 
Fig. 3. Discharge distribution of air gap when discharge 

happened
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surface, as is shown in Fig. 4. The electrical field generated 
by the space charge keeps stable in absence of the volume 
resistivity and dielectric constant. uc is usually lower than 
the breakdown voltage uCB after the first PD and the 
discharges pause.  

Considering the volume resistivity and dielectric 
constant of the insulation, the surface charge q diffuses into 
the dielectric bulk due to conductivity of the cavity surface. 
The uq(t) can be approximated by: 

 
 /( ) tq qu t u e τ−= −   (2) 

 
where uq is the instantaneous amount of charge at the 
cavity surface of the previous PD. τ is the time constant of 
the charge relaxation process, which can be approximately 
expressed as [18]:  

 
 rvερτ =  (3) 

 
where ρv is the volume resistivity of the insulation, and the 
value of the ρv approximates 1×109Ω·m. εr is dielectric 
constant of the insulation, εr=2.3ε0≈20.36×10-12F/m, and τ≈ 
20.36 ms. 

The condition of recurrent PD is reported as follow: 
 

 CB
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Based on Eq. (1), Eq. (4) can be expressed as Eq. (5). 
 

 
CB

t
qac

CB
t

qadc

ueutu

ueuutu

≥−−++=

≥−−=
−

−

)1())sin(1(

)1()(
/

/

τ

τ

ϕω
  (5) 

 
The PD repetition rate N can also be calculated in this 

way. The time interval of the PDs can be expressed as Eq. 
(6). 
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Based on the Taylor's formula, Eq. (6) can be expressed 

as Eq. (7). 
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Fig. 5. Voltages variations of cavity discharge under 

pulsating DC voltage with low amplitude 
 
The PD repetition rate N is a maximum when N=1/Δt. 

The formula of the cavity discharge repetition rate under 
pulsating DC voltage can be approximately written as:  

 

 
0

1 (1 )q

CB

u
N

u uτ
= +

−
  (8) 

 
Due to u0∝uad, the discharge recurrent rate is bigger 

than that under DC voltage [11]. The hazard of PD under 
pulsating DC voltage is more severe than that under DC 
voltage. 

The voltage variations of u0, uc, uq(t), up(t) are illustrated 
in Fig. 5. At the inception pulsating DC voltage, the PD 
pulse signals appear in the phase range from 0°to 90° of the 
power frequency.  

With the increase of the applied voltage, the voltages 
variations can be shown in Fig. 6. When u0 exceeds the 
breakdown voltage uCB, PDs will happen in the cavity. The 
uc makes uq decrease and is lower than the breakdown 
voltage. PD is paused and the voltage uq(t) will decrease 
versus the time. uc will increase with the increase of the 
applied voltage until the uc reaches uCB, and the PD will 
happen for a second time. The discharge process will 
repeat again and again following this rule. The previous 
surface discharge cannot leak out entirely due to the high 
volume resistivity of the oil-immerged paper. Thus, if the 
surface charges generated from different discharges are 
equaled and there are n times of discharges in the positive 
power frequency phase, the voltage due to the surface 
charges equals to - uqe-t1/τ- uqe-t2/τ-…- uqe-tn/τ. The voltage 
due to the surface charges is high enough for ui to reach -
uCB as shown in Fig. 6. PD pulse signals will occur again. 
However, the direction of the surface charge distribution is 
opposite and the surface charges will be neutralized. The 
absolute value of the uq(t) decreases and the uc will not be 
higher than uCB in the negative power frequency cycle after 
several times of discharges. Then PD will pause and then 
occur in the positive power frequency cycle again with 
variation of the applied voltage. Due to the leak of the 
surface charges, the discharge number in the negative 
power frequency cycle is smaller than that in the positive 
power frequency cycle. 

Once the applied voltage reaches a big value and uc in 

Fig. 4. Ideal voltage over the cavity under pulsating DC
voltage with low amplitude 
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the final phase domain of the power cycle is higher than 
uCB, the PD pulse signals will occur in the phase domain. It 
is very different from the phase-dissolved distribution of 
oil-paper insulation under AC voltage. The discharge 
process can be seen in Fig. 7. 

 
3.2 Analyses of surface and floating discharges 

 
The surface discharge process can be divided into two 

stages, which are shown in Fig. 8. At the initiate stage of 
the surface discharge, electrical trees grow from the high 
voltage electrode to the ground electrode. In this stage, 
there are an electrode and oil-immerged paper between 
the discharge channels. The electrons and negative ions 
will dissipate quickly because of the electrical field and 
high conductivity of the copper electrodes. However, the 
positiveions will accumulate in the oil-immerged paper 
side. Due to the low applied voltage, the mechanism of 
surface discharge is similar with that of the cavity 
discharge.  

With the increase of the applied voltage and the growing 
of the electrical trees, the discharge channels will reach the 
ground electrode and the ions can move more easily in the 
discharge channels. Under this condition, the electrodes 
are bridged by the discharge channels and the discharge 
voltage is relatively lower. The electrons leak out more 
quickly than the positive ions for the reason of the positive 
electrical field and smaller quality. An inverse voltage due 
to the positive ions will be produced between the discharge 
channels. The discharge intervals are so short that the 

positive ions can be considered constant. Once the uc is 
lower than -uCB, the direction of discharge channel and 
space discharge are inversed. Under these hypotheses, the 
phase-dissolved distribution of surface discharge under 
pulsating DC voltage remains symmetric, which can be 
seen in Fig. 9. 

When a particle floating in the oil-immerged paper, 
induced discharges will happen in the positive power 
frequency phases of the pulsating DC voltage. Under the 
applied voltage, discharge channels will grow around the 
electrode like the surface discharge. Besides, some 
discharge channels will be generated around the floating 
particle, thus the floating discharge will develop to surface 
discharge. 

 
3.3Theoretical analyses of corona discharges 

 
The mechanism of corona discharge under AC voltage is 

quite explicit, which can be seen in [19]. There is also 
polarity effect for corona discharge under pulsating DC 
voltage. Under the positive voltage, the electrons will be 
readily diffused into the anode, leaving the positive space 
charge. The space charge will cause a reduction in the field 
strength closing to the anode and will increase the field 
farther away from it at the same time, which is illustrated 
in Fig. 10(a). With the negative point, the positive space 
charge will remain in the space between the negative 
charge and the point. The field around the point is grossly 
enhanced, but the field in the ionization region is 

Fig. 6. Voltage variations of cavity discharge under 
pulsating DC voltage with higher amplitude 

Fig. 7. Voltage variations of cavity discharge under 
pulsating DC voltage when the amplitude is high 
enough 

 

 
Fig.8. Discharge process of surface discharge 

 

 
Fig. 9. Voltage variations of surface discharge when the 

discharge approaches are bridged. 
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drastically reduced. The field variation is illustrated in Fig. 
10(b). It is clear that the negative inception voltage is lower 
than the positive inception voltage.  

Under the pulsating DC voltage, discharges mainly 
occur in the region with high voltage amplitude. When the 
applied voltage reaches almost zero, the electrical field due 
to the space charge will be higher than the external 
electrical field. Some discharges in opposite directions will 
happen in the zero regions of the applied voltage for both 
positive and negative corona discharges. 

 
 
4. PD experiments under Pulsating DC Voltage 
 

4.1Artificial insulation defect models 
 
Four types of artificial insulation defect models [21], as 

shown in Fig. 11, were designed for experiments to 
generate PD signals. Fig. 11(a) shows the model of air 
cavity discharge with three layers of oil-impregnated 
papers and a sphere-to-board electrode. Fig. 11(b) shows a 
model to generate surface discharge in oil with a cylinder-
to-board electrode used. Fig. 11(c) is the model of floating 

discharge. A metal particle is fixed on the oil-impregnated 
paper and a cylinder-to-board electrode system is used. Fig. 
11(d) presents a corona discharge model with a needle-to-
plate electrode system. All models were immersed in oil to 
simulate oil-paper insulation defects. 

 
4.2 Setup and conditions of PD experiment 

 
The experimental setup of PD detection under pulsating 

DC voltage is shown in Fig. 12. The high voltage was 
detected by a high voltage probe manufactured by 
Tektronix ®. The artificial defect models were put into a 
synthetic glass box filled with transformer oil and the 
experiments were carried out in an electromagnetic 
shielded laboratory. A Rogowski coil sensor, S in Fig. 12, 
was used for PD detection in the experiments. The sensor 
has good performance with a wide frequency pass-band 
from 50 kHz to 10 MHz. A high performance digital 
oscilloscope with a sampling frequency of 50 MS/s was 
adopted to observe and record PD signals obtained by the 
sensor. 

Table 2 reveals the inception voltages and test voltages 
of the four PD models from experiments. 3000 cycle 
numbers of PD signals generated from each defect model 
were detected for establishing statistical histograms when 
discharge sufficiently. 25 samples were obtained at each 

 
Fig. 10. Space charge built-up in point-plane gap and field 

variations under the applied voltage with two
polarities [20] 

Fig.12.Setup of PD experiment in laboratory 
 

Table 2. PD experiment conditions 

PD model Inception voltage  
(kV) 

Test voltage  
(kV) 

Sample 
numbers 

4 25 
7 25 Cavity 3.8 
10 25 
13 25 
14 25 Surface 12.8 
15 25 
11 25 
12 25 Floating 10.8 
13 25 
17 25 Corona (+) 14.4 
21 25 
-16 25 Corona (-) -12.8 
-20 25 

Fig. 11. Four types of artificial defect models: (a) air cavity 
discharge; (b) surface discharge; (c) floating 
discharge; (d) corona discharge. 
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voltage for every PD model. The total number of sample 
data of PD signals was 200. 

 
4.3 Results and analysis 

 
Fig. 13 shows the phase-resolved distributions generated 

from the cavity model under pulsating DC voltage with 
different amplitudes. PD impulse signals first occurred in 

the positive half cycle of the power frequency period. PD 
pulses also occurred in wider phases with an increase in 
the test voltages. When the applied voltage was 4 kV, the 
PD number in 3000 cycle was 2491, that is, PD repetition 
rate is 41.52. If the thickness of cavity is 0.5 mm, uCB ≈3 
kV can be obtained according to Eq. (24) in [22], and 
ur =0.2uCB, uq=2.4kV, u0 =4kV. The PD repetition rate 
N=44.45 can be calculated by Eqs. (3) and (8), which was 
consistent with the theoretical analysis. The phase-resolved 
distributions of the positive and negative half cycles turned 
out to be asymmetrical. 

Fig. 14 indicates the variations in phase-resolved 
distributions of the surface model under pulsating DC 
voltage. First, PD pulses occurred in the positive half cycle 
of the power frequency period, but they were wider than 
those generated from cavity discharge. As the applied 
voltages increasing, PD pulse signals would appear in the 
wider phase, as shown in Fig. 14. The phase-resolved 
distributions of the positive and negative half cycles show 
certain similarities. The discharge process is also according 
the theoretical analysis. 

Fig. 15 shows the variations in phase-resolved distri-
butions generated from the floating model under pulsating 
DC voltage with different amplitudes. PD pulses mainly 
occurred in the positive half cycle of the power frequency 
period and would occur at 300° to 360° when the applied 
voltage was large enough. With the increase of the applied 
voltage, the floating discharge would develop to surface 
discharge easily. This phenomenon is shown in the third 
figure of Fig. 15.  

Fig. 16 shows the phase-resolved distributions con-
structed from the positive corona model under pulsating 
DC voltage. PD pulses first appeared in the positive half 

Fig. 13. PD phase-resolved distributions of cavity discharge.
 

 

Fig. 14. PD phase-resolved distributions of surface discharge.

Fig. 15. PD phase-resolved distributions of floating 
discharge. 
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cycle of the power frequency period. As the test voltages 
increased, the phase-resolved distribution of the PD 
impulse signals became wider, and the amplitudes and 
discharge numbers were larger. PDs would occur in the 
phase range around 270° of power frequency when the 
applied voltage was high enough. 

Fig. 17 shows the phase-resolved distributions of 
negative corona discharge under pulsating DC voltages 
with different amplitudes. PD pulses first occurred in the 
negative half cycle of the power frequency period. The 
amplitudes of the impulse signals were small. With an 
increase in the applied voltages, the PD phase-resolved 
distribution in the negative half cycle became wider, and 
the amplitudes and discharge numbers were larger. PD 
pulse signals also appeared in the positive half cycle of the 
power frequency period. However, the phase-resolved 
distribution was narrower, the amplitudes were larger, and 
the discharge number was less than the PD impulse signals 
in the negative half cycle. 

Experimental results reveal that the PD processes of the 
different discharge models are in agreement with the 
theoretical analysis. The PD phase-resolved distributions 
under pulsating DC voltage are different from those under 
individual AC or DC voltage, which can be seen in [23]. 
For the four PD defect models under pulsating DC voltages, 
PD pulses first appeared at the maximum value of the 
applied voltage, and as the applied voltage increased, the 
resolved PD phase distribution became wider. The phase-
resolved distributions of the positive and negative half 

cycles were asymmetrical. 
When sufficiently discharged, the PD phase-resolved 

distributions generated from the different discharge models 
are different from each other. The PD pulses generated 
from cavity discharge model mainly concentrate in positive 
half cycle of the power frequency period; PD pulses would 
appear in the negative half-cycle only when the test voltage 
was high enough. The PD phase-resolved distributions of 
the surface model were wider than those of the cavity 
discharge, and the distributions of the positive and negative 
half cycles were approximately symmetrical. The floating 
discharge pulses mainly occurred in the positive half 
cycle and could develop to surface discharge easily. The 
phase-resolved distribution of corona discharge was 
narrower than those of other discharge models, and there is 
a polarity effect for corona discharge under pulsating DC 
voltage. These difference in phase-resolved distributions 
are useful in further studies for pattern recognition of PDs 
in converter transformers. 

 
 

5. Conclusion 
 
This paper presents partial discharge properties of oil-

paper insulation under pulsating DC voltage. Theoretical 
PD mechanisms of different insulation defected models 
under pulsating DC voltage were proposed. For con-
firmation of the proposed theories, PD experiments under 
pulsating DC voltage were done. The results of the work 

 

 

 
Fig. 16. PD phase-resolved distributions of positive corona

discharge. 

 

 

 
Fig.17. PD phase-resolved distributions of negative corona 

discharge. 
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can be summarized as follows: 

(1) Theoretical PD mechanisms of different insulation 
defected models under pulsating DC voltage showed 
that PD pulses first appeared at the maximum value of 
the applied voltage and the phase-resolved distributions 
of the positive and negative half cycles were 
asymmetrical, which were different from those under 
individual AC or DC voltage.  

(2) Four models were developed to simulate typical 
insulation defects in converter transformers and PD 
signals were detected. The phase-resolved distributions 
of PDs generated from the four models were in 
agreement with the theoretical analysis but different 
from each other. 

(3) PD pulses generated from cavity model, floating model 
and positive corona model mainly concentrate in 
positive half cycle, but the negative corona discharge 
model is opposite. The phase-dissolved distributions of 
surface discharge were approximately symmetrical. 

 
There is still work to be done for pattern recognition 

of PDs under pulsating DC voltage. In addition, PD 
mechanism, experiments, and pattern recognition in 
converter transformer will be further investigated.  
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