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Condition assessment 
of transformer 
insulation during 
routine partial 
discharge (PD) 
tests and in-service 
monitoring
Routine testing of a distribution 
transformer using conventional  
and alternative PD methods as well  
as the advantages of continuous  
PD monitoring 

ABSTRACT 

To compare the results of in-service 
PD measurements with the results of 
conventional measurements previously 
performed during transformer routine 
testing in the factory, the use of alter-
native PD methods in the factory is 
proposed. The effective comparison of 
PD data results is possible with a meas-
uring system with advanced hardware 
and software features. The minimum re-
quirements of such a versatile PD meas-
urement system are presented, and an 
example of the comparative measure-
ments with conventional and alternative 
methods performed on a 1.6 MVA, 20 kV 

distribution transformer during routine 
testing is shown.

Also, the advantages of having contin-
uous online PD monitoring systems in-
stalled on 500 MVA power transformers 
and 220 kV power cable lines are pre-
sented. The PD defect identification and 
its accurate localization made it possi-
ble to avoid a serious service failure.
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even minor insulation defects in the electrical 
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1. Introduction

Partial Discharge (PD) measurement 
is the most common, non-destructive 
method to detect even minor insulation 
defects in the electrical insulation sys-
tem. The use of PD measurements is gen-
erally required during type and routine 
testing [1], and it is recommended for 
on-site commissioning and in-service 
dielectric testing of power transformers. 
The PD measurement results allow users 
to evaluate the insulation condition and 
trigger the detection and localization of 
critical defects [2–4].

Different methods were developed to 
increase the sensitivity of PD measure-
ments based on different physical char-
acteristics of the PD processes and can be 
split into conventional [5] and alternative 
methods. Among them, electromagnetic 
methods are based on the measurements 
of PD signals from high frequencies (HF) 
to ultra-high frequencies (UHF) [6].

For conventional PD measurements, 
the apparent charge is measured in 
pC. It is an integrated current impulse 
caused by a partial discharge, which 
flows through the test circuit. It allows 
a precise calibration. However, it needs 
a high signal-to-noise ratio (SNR) in 
the measurement circuit, which is of-
ten impossible to attain on site [2–3]. 
Regarding field-testing, where a very 
high background noise level is present, 
alternative methods showed to have an 
advantage. Measurements performed 
with UHF and acoustic sensors were 
proposed for PD detection. Until now, 
there are no dedicated international 
standards referring to these methods, as 
has been the case over the years for the 
conventional method [5].

There is an increasing demand from the 
users to have the possibility to compare 
the results of in-service measurements 
with the results of conventional PD mea-
surements previously performed during 
routine testing in the factory. To meet 
such requirements, users are asking for 
the modification of the PD measurement 
procedure in the factory and include PD 
measurements with alternative methods. 
The type and frequency range of PD sen-
sors are well-defined and follow the user 
PD Policy. The complete PD routine tests 
are recorded and stored in a user data-
base. It must be underlined that when 
making PD measurements with alterna-
tive methods, it is not possible to quanti-
tatively correlate or calibrate the received 
signal level in terms of apparent charge 
values in pC [6]. However, the PD de-
fect patterns acquired with all methods 
show many similarities and enable the 
recognition of the PD defect type. The 
complete measurements can be helpful 
in evaluating the PD results during the 
on-site commissioning of the transform-
er and immediately afterwards during 
the first period of its service covered by 
the manufacturer´s guarantee. The ef-
ficient comparison of PD data results is 
possible when the PD measurement sys-
tem has advanced hardware and software 
features. The minimum requirements of 
such fully digital and versatile systems 
will be presented in this paper. An ex-
ample of the comparative measurements 
with conventional and alternative meth-
ods performed on a 1.6  MVA, 20  kV 
distribution transformer during routine 
testing will be shown.

The second part of this paper presents the 
advantages of continuous PD monitoring 
systems installed on 500  MVA power 
transformers and 220  kV power cable 

lines connected to a GIS when in-service 
together. The user decided to install 
the monitoring systems after a failure 
that occurred on a related transformer. 
The monitoring systems detected a PD 
signal coming from the repaired but 
not directly monitored transformer. The 
PD defect identification and its accurate 
localization allowed the user to avoid a 
serious service failure.

2. Minimum measurement 
system requirements for 
effectively combined  
PD measurements

Multiple sensors can be used to detect 
PD signals, like capacitive (coupling 
capacitors), inductive (high-frequen-
cy current transformers, also known as 
HFCTs), transient earth voltage (TEV), 
and acoustic or ultra-high frequency 
(UHF) sensors. Generally, all types of PD 
tests are performed with different equip-
ment, so the direct comparison of the 
results is difficult. To make this possible, 
the PD acquisition unit should be fully 
digital and fulfil the following defined 
hardware and software requirements:

•	 Multi-channel and synchronous sig-
nal acquisition 

•	 Wide and freely selected frequency 
range of measurements

•	 Post-processing of acquired signals
•	 Efficient techniques for separating PD 

defects from noise

Digital data acquisition and pre-process-
ing units using high-performance FPGA 
technology are preferable. A highly sen-
sitive analogue-to-digital converter at 
each channel can guarantee the acquisi-
tion of the signals from different types of 
sensors.

The PD measurement shall be performed 
synchronously with the conventional 
measurement method in three phases, 
and additional channels should be ded-
icated to acquiring the signals from 
HFCT and TEV sensors. The HFCT 

Multiple sensors can be used to detect PD 
signals, like capacitive, inductive, transient 
earth voltage, and acoustic or ultra-high 
frequency sensors

There is an increasing demand from the users to have the possibility 
to compare the results of in-service measurements with the results of 
conventional PD measurements previously performed during routine 
testing
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conventional and alternative methods. 
For the latter, HFCT and TEV sensors 
were connected to the versatile acqui-
sition unit. The location of the sensors 
and measurement settings are well de-
fined and recorded, as future in-service 

measurements have to follow the same 
guidelines. The fingerprint of the in-
ternal PD signal giving the amplitude 
within the acceptance level, obtained in 
the factory, can be monitored in-service 
with alternative methods.

It is advantageous to observe the PD puls-
es coming from all the sensors simultane-
ously in time and in the frequency domain 
and remark very fast changes in the related 
phase-resolved partial discharge patterns

is designed to pick up induced partial 
discharge signals in the HF range, from 
easily accessible positions, at a safe dis-
tance from high voltages. It is primarily 
intended for use on grounding connec-
tions. The TEV sensor is an electromag-
netic sensor that can detect high-fre-
quency radiation coupled into earthed 
metal surfaces from PD.

It is advantageous to observe the PD 
pulses coming from all the sensors si-
multaneously in time and in the frequen-
cy domain and remark very fast chang-
es in the related phase-resolved partial 
discharge (PRPD) patterns. The PD filter 
can be tuned to the measurement fre-
quency range with an optimal signal-to-
noise ratio (SNR).

For post-processing evaluation, a data 
stream is recorded and can be replayed 
at any time. The user can select the time 
range for the trending of PD (green 
trend) and voltage signal (red trend), 
which is shown in Fig. 1.

To separate noise from PD, differ-
ent methods can be applied. The most 
common methods for noise separa-
tion are synchronous multi-channel or 
multi-spectral techniques and time-fre-
quency classification maps [7–9].

With the multi-channel method, the sys-
tem uses the synchronous processing of 
PD signals from sensors in three phases 
(3PARD diagram). The 3PARD displays 
the relation among amplitudes of a single 
PD pulse in one phase and its crosstalk 
in the other two phases. The three am-
plitude values are moved into a vector 
related to their voltage phase of origin. 
In the end, the addition of these three 
vectors results in a single dot position in 
the 3PARD diagram. Repeating this for 
larger number of PD signals, PD sources 
within the test object, as well as external 
noise, appear as multiple clusters (Fig. 7). 
Evaluating the individual clusters, a sep-
aration between noise / disturbance and 
PD signals is possible [7, 8, 10].

3. Conventional and 
alternative PD measurements 
during routine testing of a 
distribution transformer

The manufacturer agreed to perform the 
routine tests with simultaneous use of 

Figure 1. Replay diagram with recorded PD activity (green trend) and voltage applied 
during the test (red trend)
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PD measurements were performed in a 
factory on a 1.6 MVA, 20 kV distribution 
transformer (Fig.  2). For the conven-
tional PD measurements, 2  nF external 
coupling capacitors were used. A noise 
level of 6  pC was achieved at a central 
measuring frequency of 250 kHz with a 
bandwidth of 300  kHz. The calibration 
was successfully performed for the con-
ventional method.

PRPD patterns were synchronously re-
corded from the coupling capacitors, 
HFCT and TEV sensors. The PRPD 
patterns indicating internal defects 
were recorded by conventional mea-
surements and with an HFCT placed 
at the low voltage neutral connection  
(Fig. 3).

Fig. 4 shows a comparison of PRPD pat-
terns measured with the conventional 
method for U and V phases and with 
the two TEV sensors located at the top 
and bottom of the transformer. Similar 
PRPD patterns obtained with all types of 
sensors were noted.

Combining the conventional and alter-
native measurements offers the advan-
tage of confirming the internal insulation 
defects within the tank. The convention-
al measurements performed synchro-
nously in three phases give additional 
information about the phase location of 
the PD source. This was even obtained 
on the tested distribution transformer 
smaller in size compared to much bigger 
transmission units.

4. Benefits of monitoring 
systems installed 
on connected power 
transformers and power 
cables

After a failure on one of the 500  MVA 
power transformers (Transformer  2), 
the user decided to install a PD moni-
toring system on two other 500  MVA, 
400/220 kV power transformers (Trans-
former 1 and Transformer 3) as well as 
on four connected 220 kV power cables 
(Fig. 5). PD monitoring allows users to 
observe PD activity related to various 
operational conditions or loads to sup-
port asset management decisions.

After the installation and calibration of 
the monitoring system on both trans-
formers, the monitoring systems de-
tected and recorded an increasing PD 
signal at both transformers. Alarms were 
triggered based on the pre-set levels and 
automated reports were sent to the user. 
The PD signals with lower amplitude 
were also detected at the cable termina-
tions. The PD charge trends for Trans-

Combining the conventional and alterna-
tive measurements offers the advantage of 
confirming the internal insulation defects 
within the tank

Figure 2. Tested distribution transformer and the setup for the conventional PD measurements
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former  3 are presented in Fig.  6. The 
PRPDs and 3PARDs for Transformer  3 
are presented in Fig. 7.

The PD signal appearing as horizontal 
lines and equal in amplitudes for both 
voltage polarities is typical for a bad 
contact pattern. It had a very good cou-
pling between the different electrical 
equipment close by, and its amplitude 
increased steadily. Dissolved gas anal-
ysis (DGA) was performed on samples 
from the two transformers, and the re-

sults showed no abnormalities. To con-
firm that the source of the PD activity is 
outside of the monitored transformers 

and cables, additional online PD mea-
surements were performed using HFCTs 
installed on the 220  kV (LV side) cable 

After the installation and calibration of 
the monitoring system on both transform-
ers, the monitoring systems detected and 
recorded an increasing PD signal at both 
transformers

Figure 4. PRPD patterns with the conventional method for U and V phases (left) and the alternative method using two TEV sensors (right)

Figure 3. PD measurements with coupling capacitors and HFCT sensors placed at the grounding connection
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screens connected to the initially re-
paired Transformer  2. Three-channel 
synchronous PD measurements were 
performed in two configurations:

1.	 Between the same phase of Trans-
formers 1, 2 and 3, and

2.	 By connecting all phases of Trans-
former 2.

Based on the evaluation of the PD signal 
amplitude with the 3PARD technique, 

the location of the PD defect was iden-
tified in phase  W at Transformer  2. The 
amplitude of the signal measured at 4 
MHz (best signal-to-noise ratio) was ap-
proximately 119 nC (Fig. 8).

To confirm the findings, Transformer  2 
was switched-off, and further off-line di-
agnostic measurements were performed. 
After the transformer was switched-
off, the PD signal disappeared from all 
PD acquisition units. The PD charge 

trend on Transformer  3 is presented in  
Fig. 9.

The surge arrester on the 220 kV side of 
the Transformer  2 was discovered to be 
defective, and its replacement was nec-
essary to avoid serious failure in the sys-
tem. Using the results from the installed 
monitoring systems, it was possible to 
detect an ongoing defect originating 
from a nearby electrical component. 

5. Conclusions

The simultaneous use of conventional 
(IEC  60270) and alternative PD meth-
ods based on measurements with TEV 
and HFCT sensors during factory tests 
of a 1.6 MVA, 20 kV distribution trans-
former is proposed. The comparison of 
PD data results was possible with the PD 

Figure 5. PD monitoring system architecture

Based on the evaluation of the PD signal 
amplitude with the 3PARD technique, the 
location of the PD defect was identified in 
phase W at Transformer 2
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Figure 6. PD signal trends for Transformer 3 (red – phase U, yellow – phase V and blue – phase W)

Figure 7. PRPD and 3PARD for Transformer 3
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measurement system having advanced 
hardware and software features, such as 
multi-channel and synchronous signal 
acquisition, a wide and freely select-
ed frequency range of measurements 
to cover the frequency operating range 

Figure 8. PRPD of Transformer 2, phase W

Figure 9. Charge trend for Transformer 3

The surge arrester on the 220 kV side of the 
Transformer 2 was discovered to be defec-
tive, and its replacement was necessary to 
avoid serious failure in the system
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of the different PD sensors, detailed 
post-processing of acquired signals, and 
an efficient 3PARD system to separate 
PD defects from noise.

The advantages realized by the continu-
ous PD monitoring systems installed on 
the in-service 500  MVA, 400  kV power 
transformers and 220  kV power cable 
lines are demonstrated as follows:

•	 The warning threshold levels were prop-
erly configured, so the incipient defects 
were identified. The automated reports 
were generated and sent to the user.

•	 A trending function enabled the user 
to observe the behaviour of the PD 
signals and helped to take the appro-
priate actions.

•	 The 3PARD technique was success-
fully used to separate PD signals from 
noise and identify the defect´s type 
and its phase of origin. The presence 
of the defect was confirmed with ad-
ditional diagnostic measurements.

•	 The user was able to avoid a serious 
service failure.
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