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Implementation of an Inductively Coupled EM Probe System for 
PD Diagnosis  

 
 

Hee-Dong Kim*, Noh-Joon Park** and Dae-Hee Park† 
 

Abstract – In recent years, various types of partial discharge (PD) methods such as capacitive, induc-
tive, electromagnetic, and acoustic coupling techniques have been developed for diagnosing rotating 
machines. An electromagnetic (EM) probe, which is an inductively coupled type of sensor, is required 
for detecting corona and internal discharges during off-line tests. In this study, a new technique for en-
hancing the measurement sensitivities for corona and internal discharge based on an EM inductive po-
sition sensor is proposed. An EM probe that winds wires around horseshoe-shaped and cylinder-
shaped ferrites as helices is designed and optimized for the implementation of off-line PD monitoring 
of the stator winding of a rotating machine. The measurement system based on this design is imple-
mented, and it is verified from the results of the experiment performed in this study that the probe pro-
vides similar performance as existing commercial products. 

 

Keywords: Partial discharge (PD), Electromagnetic (EM) probe, Mn-ferrite, Stator winding, rotating 
machine, Cable joint, Inductively coupled sensor, Corona discharge, Internal discharge.  

 
 
 

1. Introduction 
 

Stator winding is the most vulnerable component that 
causes failures in rotating electric machines. In high-
voltage rotating machines, partial discharges (PDs) occur 
due to thermal, mechanical, and electrical stresses and sin-
gle or complex deterioration factors, which are caused by 
exterior environments, in which PD signals represent in-
stantaneous pulse rising time and width.    

In terms of the deterioration of the stator winding of a 
rotating machine, three discharges have been known as 
representative defects. Internal discharges are caused by 
the void existing inside the stator winding; corona dis-
charges are caused by the concentration of electric fields at 
the edge of the conductive paint; and slot discharges are 
caused by a removed part of the conductive paint due to the 
vibration of winding wires inside the iron core.   

These discharges are generated at various frequency 
bands and can be measured using a low-frequency PD 
measurement method (IEC 60270), a high-frequency PD 
measurement method (IEEE Std. 1434-2000), or an elec-
tromagnetic signal detection method at a microwave band. 

A PD test is a method that measures PD signals gener-
ated from the supply of electric fields in the defect of an 
insulator, which is caused by the deterioration of the stator 
windings. It is possible to apply various analyses at time 

and frequency domains for the detected signals. Thus, this 
test has shown high reliability in the examination and iden-
tification of locally generated insulation problems in a 
winding wire insulator compared to other methods.  

Currently, various PD detection methods have been devel-
oped for diagnosing rotating machines. They are categorized 
by coupling techniques, such as capacitive coupling, inductive 
coupling, electromagnetic coupling, and acoustic coupling.   

However, it is necessary to develop an EM probe that 
can determine the exact location of the defect within the 
stator winding in order to verify the degree of deterioration 
in some defects occurring at the stator winding of a rotat-
ing machine. As such, this study develops an inductively 
coupled EM probe system for identifying the exact defect 
position in the stator winding of a rotating machine under 
the off-line environment.  

First, an EM probe is designed, and a prototype is fabri-
cated using a ferrite core. The PD signals of the stator 
winding of a 6.9 kV class rotating machine that has internal 
and corona discharge defects is then measured after verify-
ing the feasibility of the PD signals detection at a cable 
joint that has artificial void defects.   

In addition, the results of the test performed in this study 
are compared with the frequency, and phase characteristics, 
as well as sensitivity of a commercial high-frequency cur-
rent transformer (HFCT) sensor using a spectrum analyzer 
and oscilloscope. 

 
 

2. System Configuration 
 

2.1 EM Probe Design 
 
An inductive sensor allows the system to be designed for 
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detecting PD signals, which are processed according to 
conductors. In particular, it is sensitive to magnetic fields 
and can adjust the amplitude of a signal by changing the 
number of winding turns of the helix since the magnitude 
of the output for given the PDs depends on inductance val-
ues.   

Rogowski coils and current transformers are generally 
used as inductive sensors; the Rogowski coil has no iron 
cores and applies sensing for PD signals through the air, 
whereas the current transformer probe has iron cores and 
usually plays a role in enhancing its sensitivity. Current 
transformer probe, such as HFCT or radio frequency cur-
rent transformer (RFCT) has also been commonly used in 
the diagnosis of high-voltage PD signals.   

This study considers an EM probe that winds wires 
around ferromagnetic materials, which have high perme-
ability, instead of using an iron core with a helical shape. 
As illustrated in Fig. 1, two different types of ferrite cores, 
horseshoe shaped (U shaped) and cylinder shaped, were 
considered for the EM probe designed to scan the defect 
position of the stator winding.  

To optimize the design parameter of the EM probe, this 
study analyzed the characteristics of the distribution of 
magnetic fields around the ferrite. The shape of the ferrite, 
its permeability, and the number of turns in the helix were 
then optimized for concentrating the magnetic fields to the 
defect position of the stator winding. To enhance the induc-
tively coupled current, 11.51 weight % Mn ferrite 
(MnFe2O4) was considered, as shown in Fig. 2. 

In the detection of discharge signals, the probe size was 
determined in order to consider the interval of the stator 
winding. The fabrication was then carried out using a 0.6 
mm thick wire for 11 and 7 turns of winding as a helical 
shape. Table 1 shows the design parameter used in this 
fabrication. 

2.2 Measurement System 
 
Because the fabricated EM probe was designed based on 

an inductive position sensor that detects PD signals  
through sensing the change in inductances caused by the 
current at the conductors, it can be used not only in detect-
ing the stator winding of a rotating machine but also in the 
PD signals of power cables. Thus, it is a measurement sys-
tem configured for applying the fabricated EM probe to 
each case and analyzing the results of the measurement.  

First, this study configured the measurement system as 
shown in Fig. 3 in order for it to be applied in the diagnosis 
of PD signals in the joint box of XLPE power cables. 

The measurement system consists of a power supply 
equipment (Hipotronix 750-2CTS) that can supply a 
maximum voltage of 50 kV to the leading end of the power 
cable; a spectrum analyzer (Agilent N9320A); an oscillo-
scope (Tektronix TDS-3032); fabricated horseshoe-shaped 
and cylinder-shaped probes, HFCT, and other elements. 

(a) Cylinder-shaped core 

 

 

(b) Horseshoe-shaped core 

Fig. 1. Configuration of the EM probe. 

Fig. 2. SEM analysis of Mn ferrite used in the probe. 

 
Table 1. Design parameters of the proposed EM probe 

Parameters 
Horseshoe 

-shaped core 
Cylinder 

-shaped core 
Outside [mm] 60 17 
Inside [mm] 40 12 
Height [mm] 25 60 

Ferrite

Permeability 2400 2400 
Thickness [mm] 0.6 0.6 

Coil 
Turns 11 7 
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The power cables were a distribution class of TR-CNCV-W 
325 mm2, and two cables measuring 7 m and 6 m were 
connected using a joint box used in the joint of distribution 
cables in which artificial void defects were determined 
inside the joint box.  

When the voltage was raised from 0 kV to 20 kV by AC 
power supply, PD signals were measured at the joint box of 
XLPE power cables with 15 kV. The fabricated horseshoe-
shaped and cylinder-shaped probes were used to detect PD 
signals by placing them to the joint box. In addition, the 
HFCT used as a reference sensor for comparing the results 
was set up in neutral line grounded to the joint box. The 
results of the measurement were analyzed based on fre-
quency and phase domain analysis methods using a spec-
trum analyzer and oscilloscope.   

In addition, the designed EM probe for scanning the de-
fect position of the stator winding used ferrite, which has a 
permeability of 2,400, as a core, with its shapes being the 
same as those of the diagnosis of power cables, such as 
horseshoe-shaped and cylinder-shaped cores. Moreover, 
the size of the probe in the detection of discharge signals 
was determined according to the interval applied to the 
stator winding. In the fabrication, 0.6 mm thick wires were 
coiled by 11 and 7 turns to the ferrite core as a helix shape.  

In terms of the method used in the measurement system, 
the proposed EM probe was used around the stator winding 
while a high voltage is applied; scanning was then per-
formed for the detected position. The phase and frequency 
characteristics presented in the results of the measurement 
were analyzed using a spectrum analyzer (sweep time : 3 
seconds) and an oscilloscope. The HFCT sensor was also 
set up to the ground of the stator winding under the same 
condition in order to verify the sensitivity of the EM probe 
and compare the PD signals.   

The stator winding used in the test has corona and inter-
nal defects, wherein PDs occurred at 6.5 kV of the supplied 
high voltage. Fig. 4 illustrates the configuration of the 
measurement system for scanning the PD signal occurring 
at the stator winding. Fig. 5 shows the stator winding and 
the measurement system of the rotating machine disassem-
bled for the dismantled diagnosis. 

 
3. Experimental Results 

 
Fig. 6 shows the HFCT sensor for the voltage supply of 

15 kV and the phase characteristics according to the num-
ber of turns in the EM probe fabricated using horseshoe-
shaped ferrite core. 

The phase characteristics measured by the HFCT sensor 
represent a signal pattern of typical internal discharges with 
a 180° phase difference. The fabricated EM probe also 
shows the same internal discharge patterns.  

However, in consideration of the characteristics of the 
internal discharge measured in this study, the number of 
pulses measured by the EM probe was less than that of the 
HFCT sensor; however, the maximum amplitudes of the 
discharge signal in the EM probe recorded larger values of 
about 1.4 times, i.e., 0.35 V, compared with that in the 
HFCT sensor. Meanwhile, there were no significant 
changes in the sensitivity based on the given number of 
turns in the helix of the EM probe with horseshoe-shaped 
ferrite core. 

Fig. 7 shows the comparison of the measurement results 
of the phase characteristics between the EM probe with 
cylinder-shaped ferrite core and the HFCT sensor. As can 
be seen, there were internal discharge signals representing 
a 180° phase difference, which is the same as the results of 

Fig. 3. Diagnosis system for XLPE cable joint. 

EM ProbePower 
Supply

Digital
Oscilloscope

Spectrum
Analyzer

D/B

GPIB

Disassembled Stator Winding

HFCT 
Sensor

Fig. 4. Configuration of the stator winding diagnosis sys-
tem with the proposed EM probe. 

 

 

Fig. 5. Disassembled stator winding and the implemented 
measurement system for the dismantled diagnosis.
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comparison with the horseshoe-shaped ferrite core.   
In addition, although the internal discharge detected by 

the EM probe with cylinder-shaped ferrite core showed a 
decrease in the number of pulses compared with that with 
horseshoe-shaped ferrite core, the maximum amplitudes of 
the signal in the EM probe represented larger values of 
about 2 times, i.e., 0.7 V, compared with that of the horse-
shoe-shaped ferrite core, which was about 2.8 times com-
pared with that of the HFCT sensor. The level of sensitivity 
according to the given number of turns in the helix showed 
no significant changes in value as that of the EM probe 
with horseshoe-shaped ferrite core. 

Fig. 8 shows the results of the frequency characteristics 
of the HFCT sensor and the EM probe with horseshoe-
shaped ferrite core according to the number of turns under 
the same condition, which were measured using a spectrum 
analyzer. It was verified that the commercial HFCT sensor 
is operated at a frequency band of below 50 MHz based on 
–50 dBm, whereas the fabricated horseshoe-shaped EM 
probe showed a wide band characteristic operated below 
400 MHz based on –50 dBm.    

The maximum signal amplitudes in the HFCT sensor 
were –17 dBm and –30 dBm for the bands within 10 MHz 
and 15 MHz, respectively. Meanwhile, in the case of the 

 
(a) 3-turn windings 

 

 
(b) 6-turns winding 

 

 
(c) 11-turn windings 

Fig. 6. Phase characteristics of the EM probe with the 
horseshoe-shaped ferrite core. 

 
(a) 3-turn windings 

 

 
(b) 7-turns winding 

 

 
(c) 11-turn windings 

Fig. 7. Phase characteristics of the EM probe with the cyl-
inder-shaped ferrite core. 
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horseshoe-shaped EM probe with three and six turns, the 
maximum signal amplitude was –15 dBm for bands within 
30 MHz, and –20 dBm for the probe with nine turns within 
such band. In the case of the horseshoe-shaped ferrite core, 
the maximum signal magnitude at 50 MHz according to the 
number of turns was about –25 dBm, which is a similar 
level. Thus, comparing the operation frequency band refer-
enced on –25 dBm, the EM probe with horseshoe-shaped 
ferrite core represented about 50 MHz, which was a wide 
band compared to that of the HFCT sensor.  

Fig. 9 shows the results of the comparison of the fre-
quency characteristics in the EM probe with cylinder-

shaped ferrite and the HFCT sensor. The maximum signal 
amplitude in the HFCT sensor was –15 dBm at a 10 MHz 
band, while the cylinder-shaped EM probe showed –13 
dBm at a frequency band of below 100 MHz, which was a 
similar pattern as that of the EM probe with horseshoe-
shaped ferrite core. 

Therefore, the application of the EM probe with horse-

 
(a) 3-turn windings 

 

 
(b) 6-turns winding 

 

 
(c) 9-turn windings 

Fig. 8. Frequency characteristics of the EM probe with the 
horseshoe-shaped ferrite core at 500 MHz. 

 
(a) 3-turn windings 

 

 
(b) 7-turns winding 

 

 
(c) 11-turn windings 

Fig. 9. Frequency characteristics of the EM probe with the 
cylinder-shaped ferrite at 500 MHz. 
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shoe-shaped and cylinder-shaped ferrite cores to the diag-
noses of the partial charge of power cables showed more 
excellent sensitivities than that of the HFCT sensor. In ad-
dition, the maximum detecting amplitude of the EM probe 
with cylinder-shaped ferrite shows about twice that of the 
EM probe with horseshoe-shaped ferrite core, indicating 
that sensitivity is not influenced by the number of turns in 
the helix but depends on the shape of the ferrite.  

Fig. 10 shows the diagram of the off-line diagnosis of 
the stator winding. The detected inductive current can be 
measured using a current meter through a linear amplifier.  

Figs. 11 and 12 illustrate the phase characteristics meas-
ured at the stator winding with corona and internal dis-
charge defects when 6.5 kV voltage was applied. In the 
phase characteristics of the measured PD signals, the co-
rona discharge signals were detected in all cases, the HFCT 
sensor and the EM probe with the cylinder-shaped and 
horseshoe-shaped ferrite cores, at a 270° phase under the 
same condition. In addition, internal discharge signals that 
occurred at a 180° phase difference showed the same pat-
tern.  

The amplitude of the detected signals showed the same 
level at around ±20 mV. In particular, the detected number 
of PD signals in the fabricated EM probe showed more 
excellent performance than that in the commercial HFCT 
sensor.  

Figs. 13 and 14 represent the frequency characteristics of 
the PD signals measured using a spectrum analyzer in the 
stator winding with corona and internal defects, respec-
tively. It was verified that the bands that showed increases 
in the signal amplitude of the PD that occurred at a high 
voltage supply of 6.5 kV were 20–30 MHz and 150–170 
MHz. Table 2 shows the increasing range of the signals.  

Top of Stator

1m

7.62cm

Detected SignalInsulation Rod

EM Probe

Fig. 10. Off-line diagnosis of the stator windings. 

 

 
(a) Horseshoe-shaped core 

 

 
(b) Cylinder-shaped core 

Fig. 11. Phase characteristics of the stator winding with 
corona discharge defect.

 
(a) Horseshoe-shaped core 

 

 
(b) Cylinder-shaped core 

Fig. 12. Phase characteristics of the stator winding with 
internal discharge defect. 
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Table 2. Comparison of the sensitivity of the EM probe 

Increasing band of 
the signal amplitude

Corona discharge 
defect [dBm] 

Internal discharge 
defect [dBm] 

Horseshoe-shaped 
type 20–30 [MHz] 

–26 –27 

Horseshoe-shaped 
type 50–170 [MHz] 

–10 –15 

Cylinder type  
20–30 [MHz] 

–26 –28 

Cylinder type 50–
170 [MHz] 

–15 –12 

 
 

4. Conclusions 
 
In this paper, an EM probe with horseshoe-shaped and 

cylinder-shaped ferrite cores was designed, fabricated, and 
investigated. The following characteristics were observed 
from the diagnosis tests performed on disassembled stator 
windings.   

The performance (number of detected signals) of the 
fabricated EM probe was superior compared to that of a 
commercial HFCT sensor-based PD measurement system 
for an internal discharge with 180° phase difference.   

The detection performance of the fabricated EM probe 
was also more superior compared to that of a commercial 
HFCT sensor-based PD measurement system for a corona 
discharge that occurred at a 270° phase. The horseshoe-
shaped EM probe represented the detected number of 
pulses with higher accuracy compared to that of the cylin-
der-shaped EM probe.   

It was verified that both EM probes were operated at a 
wide frequency band of below 200 MHz. The amplitude of 
the detected signals increased at the ranges of 20–30 MHz 
and 150–170 MHz.   

Because the joint box of power cables was larger than 
the EM probe designed in this study, the cylinder-shaped 
EM probe provided superior characteristics. Meanwhile, 
for the diagnosis of stator windings, the horseshoe-shaped 
EM probe provided superior characteristics due to higher 
concentration in the magnetic flux. 
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