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1 | INTRODUCTION
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Abstract

Partial discharge (PD) diagnostics test is a reliable solution for estimating insulation health
conditions in power system components. During laboratory PD diagnostics, the effect of
harmonic components in the voltage waveform generated by variable frequency drives
(VED) fed electric motors (EMs) is often overlooked. As VFD-fed EMs operate at low
speeds, the harmonic concentration in the voltage increases. It has been found that PD
activity in VFD-fed EM is significantly affected by the addition of harmonic components
in the voltage, thus making it necessary to consider their impact when performing true
PD diagnostics. This paper investigates the influence of voltage harmonic distortion pro-
duced in VFD-fed EM on PD severity and the subsequent insulation degradation. Fight
VFED-fed EM ate used to study the PD behaviour under different levels of harmonic pol-
lution. The PD characteristics, such as inception voltage, pulse repetition rate, accumulated
apparent charge, average discharge current, discharge power, and quadratic rate, are deter-
mined. Using probability distribution functions, PD activity and severity at various voltage
harmonic levels are estimated. The proposed technique can be used to plan the mainte-
nance activities that ensure the reliability for industrial applications dealing with the voltage
harmonic distortion.

of the applied voltage. However, in field operations, variable
speed operation of VFD-fed EM can produce several harmonic

The variable frequency drives (VFD) fed electric motors (EMs)
are widely used in automotive, ship, aviation, and manufactur-
ing industries due to their cost efficiency, reliable speed control,
lightweight, high specific power, and energy-saving capabili-
ties [1-3]. However, when VFD-fed EMs are in operation, the
harmonic components in the applied voltage waveform may
develop, which could lead to premature insulation failure of
the stator winding over time [4]. Therefore, online condition
monitoring of VFD-fed EMs is essential to detect any pre-
emptive winding insulation failure and plan regular maintenance
activities [5, 6].

Partial discharges (PD) diagnostics test is a reliable method
for estimating the health of stator insulation when conduct-
ing online condition-based monitoring and offline evaluation
of VFD-fed EMs [7-9]. In laboratory-based studies, PD mea-
surements are typically conducted using a sinusoidal waveform

components, resulting in a distorted voltage waveform that can
significantly affect PD activity in the winding insulation [5].
Therefore, a better understanding of harmonic distortion in the
applied voltage waveform is essential for accurately assessing
the severity of PD and establishing an effective maintenance
scheduling strategy for stator insulation in EMs.

Previous studies have investigated the effects of VFD-fed
EMs on PD behaviour and insulation degradation of stator
windings [10-12]. For instance, Almeida et al. investigated tech-
nical and non-technical barriers (e.g. power quality and reliability
issues) associated with the broader applications of VFD-fed
EMs [13]. Also, the possible technical solutions to improve the
performance of VED-fed EMs based systems are discussed. In
[14], Billard et al. studied the PD activity in EMs fed by inverter
using a non-intrusive electromagnetic sensor. Furthermore, the
experimental results revealed that PD activity in the stator
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winding might lead to premature insulation failure. Florkowski
etal. in [15] investigated the impact of harmonic pollution in the
applied voltage waveform on PD behaviour and pattern evolu-
tion. Based on the experiments, the author observed that the
harmonic distortion in the applied voltage significantly impacts
PD intensity and maximum charge. In [16], Bahadoorsingh et al.
studied the insulation characteristics of epoxy resin under hat-
monic distortion in the applied voltage waveform. It is also
examined that the growth of an electric tree due to voltage
harmonic distortion ultimately shortens the lifetime of the insu-
lation. Hassan et al. explotred the effect of harmonic contents
in the applied voltage produced during the variable speed opet-
ation of EM on PD activity [5]. Also, mathematical modelling
has been carried out to develop relationships between distortion
and discharge parameters. Montanari et al. performed a com-
parative study investigating the influence of multi-level inverter
supply and pure sine wave voltage on PD activity [17]. Further-
more, the aging estimation of the insulation in twisted wire pairs
is also presented.

In summary, the existing literature has already studied
the effect of specific voltage harmonic components on PD
behaviour and winding insulation endurance in EM. However,
there is a lack of knowledge about PD investigation under real
harmonic regimes experienced during variable operating condi-
tions of VEFD-fed EM. This paper fills this gap by presenting the
PD behaviour of VFD-fed EM under a real harmonic regime.
Also, based on the experimental results, a method is proposed
to establish the relationship between PD activity and severity
with harmonic distortion produced in the VFD system.

This study aims to discuss the PD phenomenology, mea-
surement techniques, and correlation with PD severity and the
subsequent insulation degradation of EM insulation in a broad
range of voltage harmonic distortion. For this purpose, the
authors focused on low voltage (LV) VFD-fed EMs operating
at different speed levels. Subsequently, PD activity is investi-
gated by applying a constant voltage stress at speed ranging
from 5% to 100% resulting total harmonic distortion in volt-
age (THDy)) up to 41.94% and waveshape parameter (K) up
to 2.31, with detailed descriptions of these parameters provided
in Section 4.2. Online PD measurements are performed under
different voltage harmonic distortions by detecting a PD sweep
signal of 20 ms. From the detected PD signal, several PD charac-
teristic features, including PD inception voltage (PDIV), pulse
repetition rate (), accumulated apparent charge (g,), average
discharge current (/), discharge power (P), and quadratic rate
(D), are evaluated. At a different level of harmonic distortion,
the probability distribution functions of PD characteristic fea-
tures are developed to infer statistical characteristics of PD data.
With the help of an appropriate probability distribution func-
tion, the probability of PD activity and its severity at various
voltage harmonic levels are estimated.

The rest of the paper is structured in the following way: Sec-
tion 2 outlines the methodology used in this study. Section 3
explains the experimental setup, test object, and procedure for
online PD measurement. In Section 4, the effects of variable
speed operations of VFD-fed EM on voltage harmonics and
characterization of the harmonic distortion are discussed. Sec-

Laboratory Experiments
e  Selection of test object
e  Arrangement of online PD and harmonics measurement test bench
v
Variable Speed Operation of VFD-fed EM
e  Measurement of harmonics content
e Modeling of harmonic components (THD, and K})

¥

Online PD measurements
e Detection of PD sweep signal for 20 ms
e  Evaluation of PDIV
e  Evaluation of PD characteristic features

¥

Statistical characteristics of PD
e Assessment of probability distribution functions
e  Performance evaluation (R-squared goodness-of-fit hypothesis)
e Assessment of probability of PD activity under harmonic regime

End

FIGURE 1 Methodology for analysing the impact of voltage harmonic
distortion on Partial Discharge (PD) severity in Variable Frequency Drives fed
Electric Motors.

tion 5 presents the PD measurements and experimental results.
Section 6 provides the probability of PD activity and estimation
of PD severity. Finally, Section 7 summarizes the conclusions of
this research.

2 | METHODOLOGY

Figure 1 illustrates the steps taken to investigate the influence of
voltage harmonic distortion produced in VFD-fed EM on PD
severity and the subsequent insulation degradation. The process
is outlined as follows:

1. In the laboratory, a 12-pulse VFD and eight LV EMs having
random wound stators with organic insulation are chosen
for the experiment. A test bench for online PD measure-
ment is set up to study the PD activity with different voltage
harmonic distortion levels by recording the PD sweep sig-
nals of 20 ms. Both the 5th and 7th harmonic components
are generated during the operation of 12-pulse VFD [4].
Additionally, the concentration of these harmonic compo-
nents in the applied voltage waveform increases when the
speed of VED slows down. Therefore, a non-intrusive test-
ing technique is used to evaluate the effect of variable speed
operation of VFD-fed EMs on 7HD, and K; of the applied
voltage.

2. At different levels of 7HD|-and K, of the applied voltage,
online PD measurements in VED-fed EMs are conducted,
and various PD features are assessed, which can be used to
determine the extent of PD under varying levels of harmonic
distortion.
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3. Several probability distribution functions of PD charac-
teristic features are evaluated to determine the statistical
characteristics of PD data. Finally, the goodness-of-fit
hypothesis is used to determine which probability distribu-
tion function best describes the probability of PD activity
and associated severity level under various levels of voltage
harmonic distortion.

4. This experimental work detected 350 PD sweep signals at
different 77D and K values of the applied voltage to
obtain reliable results. This study is beneficial in demonstrat-
ing the PD activity under vatious levels of voltage harmonic
distortion experienced by VFD-fed EMs during operation.

3 | LABORATORY EXPERIMENTS

In this section, the setup of an online PD experiment in a lab-
oratory environment, the selection of VFD-fed EMs as the test
object, and the procedure for PD diagnostics are described.

3.1 | Experimental setup

This laboratory-based online PD experimental setup comprises
a 15-kVA adjustable three-phase AC power supply source (380—
690 V) connected to VFD-fed EM. The EM is connected
to VFD via a 1-m long, 10-mm diameter, single core flexi-
ble shielded power cable. The voltage harmonics in the power
supply source are carefully analysed and found to be minimal
(THD:,is less than 4%), making it effectively harmonic-free.

It is important to highlight that an increased cable length
may trigger the voltage reflection phenomenon, which is harm-
ful in VFD-fed EMs and results in overvoltage at the motor
terminals [18]. In three-phase VFD-fed EMs system, PD mea-
surements are also influenced by crosstalk phenomena, which
result in interference between different phases of the EM
[19]. The proper selection of VFD with features designed to
reduce crosstalk, such as advanced PWM algorithms and filter-
ing options, is essential. To reduce the impact of both voltage
reflection and crosstalk phenomenon in VFD-fed EM system, a
careful consideration of cable length and its characteristics can
be effective. Furthermore, it is essential to consider the selec-
tion of switching speed (dv/di) of PWM pulses. Despite several
advantages, the high dv/ds causes a non-uniform distribution of
voltage among the motor windings, therefore placing additional
stress on the insulation of these initial winding turns [20]. To
reduce the impact of voltage reflection phenomenon and over-
voltage at the motor terminal, both low switching frequency
(4 kHz) and low dv/dt (800 V/us) of the drive is selected.

Figure 2 presents the experimental setup (schematic diagram
and physical image) established to conduct online PD measure-
ments. A power quality analyser is connected to VFD-fed EMs
to assess the voltage harmonics during variable speed opera-
tions. The applied voltage is a line-to-line voltage that is supplied
to VFD-fed EM system and recorded at the point of common
coupling. A coupling capacitor (10 nF) is connected to one ter-
minal of the EM, which served as a PD sensor and transferred

Variable Speed Induction
Drive Motor
l Coupling
Voltage Power Quality | Capacitor | L

Regulator Analyzer ; ........................ E
: Quadrupole :
3-phase AC — 1 :
Supply Data Acquisition | : | Partial Discharge| :
System : Meter

Coupling || Main Earthing __
Capacitor Terminal

Induction
Motor

Power Quality

Analy:
Partial Apzer

Discharge Meter , | Variable /'\

:‘ Speed Drive

(b)

$/4

FIGURE 2
test setup developed in the laboratory for online partial discharge diagnostics.

(a) Block diagram and (b) photograph show the experimental

the PD current pulses to the quadrupole. The quadrupole then
converted these current pulses into voltage signals, providing
the PD voltage signal to the PD detector. A data acquisition
device is connected to the PD detector, translating the ana-
logue PD signals into digital samples. The PD diagnostics tests
are performed in accordance with the IEC 60034-27 Standard
[9]. For the purpose of minimizing the attenuation of the cap-
tured signal, the PD detection system is tuned to a frequency of
1 MHz, adjusting the minimum values of linear error (less than
0.2 pC) and basic noise level (less than 0.1 dB). The calibration
of the PD experimental test setup is carried out as per the IEC
60270 standard [21].

3.2 | Specification of test object

In this experimental study, a total of eight identical EMs is used.
Table 1 presents the detailed technical specification of 12-pulse
VFED and the EM used in the PD diagnostics.

Figure 3 presents the typical topology of 12-pulse VFD sys-
tem. A standard 12-pulse VFD consists of several components,
including a phase-shifting isolation transformer, rectifier, DC
link, and inverter. The isolation transformer achieves dual out-
puts by transforming a three-phase AC power supply into a
six-phase AC power supply. The rectifier consists of two sets
of three-phase parallel six-diode bridges that facilitate the con-
version of three-phase AC current into DC current. Before
supplying to the inverter, the DC link voltage is passed through
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TABLE 1  Technical specifications of variable frequency drive and electric
motors used in the partial discharge diagnostics.

Description Specification

Variable frequency
drive (VFD)

Rated voltage: 380—-690 V, 12 pulse, rated power:
7.5 kW, switching freq.: 4 kHz, switching speed:
800 V/us, control mode: Scalar frequency, no. of
phases: 3, PWM strategy: sinusoidal PWM,
insulation class: F (155°C), input frequency:

50 Hz, output frequency: 5-50 Hz, brand: ABB

Induction motor Rated voltage: 380690 V, rated power: 5.5 kW, no.
of phases: 3, rated current: 9.2 A, insulation class:
I (155°C), no. of poles: 4, ingtess protection
(IP)—=55, power factor (cos 6): 0.85, rated
efficiency: 96%, input frequency: 50 Hz,
connection: delta, brand: ABB

12-pulse diode
. rectifier DC-link
Isolation T~
transformer Lde 3 phase VSI

Induction

g |l e

/ AN

] c=+ ]

S} e} e

=

3 phase AC source
L ik ,,L
Il
f
1
L]
oo
|
(

FIGURE 3 Common topology of variable frequency drive system.

an L.C filter. The frequency of the output power supplied to the
EM is controlled through the inverter timing [28].

3.3 | PD diagnostics procedure
This study used two sets of experiments to estimate the PD
severity and calculation of PD characteristic parameters.

During the first set of experiments, the VFD is manually
adjusted to set the operating speed of the EM at 100% of the
designed speed. Based on out previous experimental results [4],
the 7H Dy calculated at this speed is approximately 4.5%, meet-
ing the standards [22], and a nearly sinusoidal waveform of
voltage was produced. To ensure thermal stability, the VFD-
fed EM is operated at this speed for 10-15 min. In certain
situations, achieving thermal stability might requite a longer
duration (e.g. more than 30 min), particulatly when dealing
with larger motors or specific operating conditions. Follow-
ing this, the PDIV at 100% operating speed is examined by
slowly increasing the applied voltage. Subsequently, the oper-
ating speed is adjusted in small decrements from 100% to 5%,
and experiments are repeated to assess the PDIV at different
speed levels.

In the second set of experiments, the effects of voltage har-
monic distortion produced during the variable speed operation
of VFD-fed EM on PD activity are studied by assessing the

o 2 0.2 o
= 0 580 5 O 580 2
E O ©
o 10 200 & 5 01 200 2
£ [ l g2 (] Il 5
E 0t 0 2 £ (0pb 0 =
;- I B Il Rl Il 3
o el [
Z-10 2908 £ 290 .8
< g o< a
a 580 o 580

&~ 20 < E-o,z <

0 0.01 0.02 0.01 0.02
Time (s) Time (s)
(a) (b)

FIGURE 4  Partial Discharge sweep signal recorded at 41% operation
speed, with K = 1.73, and 7HDy = 24.6% (2) U, (%) and U,q (%) in mV, (b)
U, (#) and ¢; in nC.

PD characteristic features. To achieve this, a voltage equal to
PDIV value observed during 100% operating speed, is applied
to the VFD-fed EM and PD activity is examined at this volt-
age under different speed levels ranging from 5% to 100%. At
each operating speed, the harmonic distortion in the applied
voltage waveform is tecorded, and PD measurements are pet-
formed. The highest rank of the harmonics in the applied
voltage waveform considered in this study is 25th.

Figure 4 provides a visual representation of a typical applied
voltage waveform with harmonic distortion (black line) and its
corresponding PD signal at an operating speed of 41% and
THDy- of 24.6%. The PD signal in Figure 4a is shown as
a blue line with its amplitude calibrated in mV, denoted by
14(#). The same applied voltage waveform and PD signal in
Figure 4b is calibrated in nC, denoted by ¢,. The ¢, is determined
as:

= CX V) M

In Equation (1), C'stands for the coupling capacitance and #
is the sampling instant. With the PD signals obtained at different
levels of voltage harmonics, several PD characteristic features
such as ¢, 7, I, P, and D can be determined to evaluate the
impact of voltage harmonics distortion on the likelihood of PD
activity in VFD-fed EM. The exact process for assessing PD
characteristic features has already been outlined in [23].

4 | EFFECT OF VARIABLE OPERATING
CONDITIONS OF VFD-FED EM ON
HARMONICS

The variable speed operation of VFD-fed EM leads to the pro-
duction of voltage harmonics which have a substantial impact
on PD activity in the winding insulation. Therefore, it is essen-
tial to assess the level of voltage harmonic distortion in this type
of EM prior to conducting PD diagnostics.

4.1 |
EMs

Variable speed operation of VFD-fed

In industrial applications, VFD are commonly used to control
the EM speed and improve the energy efficiency. However,
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FIGURE 5 Relation between the speed ratio and Total Harmonic
Distortion (7HD,) for eight Variable Frequency Drive fed Electric Motors
(M-1 to M-8).

harmonics are produced in VED due to the pulse width mod-
ulation (PWM) technique used in their operation, which is
quantified by 7HDy [24, 25]. The concentration of harmonics
increases when VFD is operated at low speeds. Figure 5 presents
the relationship between 7//D1 and operating speed for eight
VEFD-fed EMs observed during the experiments. It can be seen
that the lower the operating speed, the higher the 7HD | -level.

4.2 | Characterization of harmonic distortion
Typically, the voltage harmonic distortion can be characterized
using several parameters [16, 26]. These parameters include:

421 | THD, rate

THD ) rate is an important measure for assessing the harmonic
distortion in the voltage waveform [4], which can be calculated
using Equation (2).

TH Dy (%) =

N % 2
2<7> X 100 @)

n=2 1

where IV represents the highest voltage harmonic order taken
into account, # represents the specific voltage harmonic
order, and 1/, and 1/ are the rms values of #th ordet of
voltage harmonic components and the fundamental voltage,

respectively.
4.2.2 | Waveshape parameters (K, and K))
Both K and K determine the steepness of the derivative of the

resulting voltage waveform, which can contain harmonic dis-
tortion. The Fourier decomposition of this waveform is given

The slope of the fundamental applied voltage waveform is
given as:

v\ el
<7>W—\5V1 ©)

The value of Ky is calculated by dividing (4) with rms val-
ues of the derivative of sinusoidal voltage waveform, with the
same value of fundamental component in the distorted voltage
waveform, as given by (0):

N

K = \ Y ol ©)

n=1

where
Yy 7
a,=—
a7 ™

K is given by (8)

w1
K =— XK ®
@o

where @ is the angular frequency of the fundamental voltage
waveform and w, is the angular frequency of 50 Hz voltage
waveform. Also, the ratio of w; and @y is equal to 1, meaning
that both Equations (6) and (7) are the same since @, is equal to
50 Hz.

423 | Peak modification factor ([9)

K, is also known as peak parametet, and is calculated as:
Vip
K,=— Q)
4 le

where 17, and 17, represent the peak values of compos-
ite voltage waveform and fundamental voltage waveform,
respectively.
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424 | RMS parameter (K .): K, is determined
using (10)

K _ %77771.1' 10

Tms T T/ir/m ( )

where 17, and 17, represent the rms values of composite
voltage waveform and fundamental voltage waveform, respec-
tively. In this study, 7//D;- and K are utilized to analyse the
harmonic distortion in the applied voltage waveform.

4.3 | Investigation of applied voltage
waveform

When VEFD-fed EMs is operated at different speeds, the applied
voltage waveform is captured using power quality analyser and
harmonic components associated to a specific speed are mod-
elled. It is observed that the decrease in the operating speed
causes an increase in both 7HDp- and K, as witnessed in
Figure 6. From Figure 6, when operating speed of EM is 100%,
both 7HDy-and K; are 4.61% and 1.27, respectively. By reduc-
ing the operating speed from 100% to 5%, both 7HD|  and
K significantly raised up to 41.94% and 2.31, respectively. For
each voltage waveform, the test is successively performed for
five minutes, and PD activity is investigated. To eliminate the
effect of preceding voltage waveform, each successive test is
performed without disconnecting the applied voltage source.

This section presents the PD measurements conducted online
to evaluate the PDIV and PD characteristics under varying
levels of voltage harmonic concentration.

51 |
(PDIV)

The PD activity is studied under different voltage harmonics
by measuring the PDIV. For each THD); level, the experi-
ment is carried out ten times and the average value of PDIV
is calculated. The results of PDIV at different 7HD|- levels
are displayed in Figure 7. From Figure 7a, the presence of har-

Partial discharge inception voltage

monic components in the applied voltage waveform can be
seen to reduce the PDIV. This reduction is from 580 to 460 V
when 7HD7, and K; levels are increased from 4.61% to 41.94%
and 1.27 to 2.31, respectively. The normalized PDIV at a given
THDy- level, represented by U, \(7HDy), is then calculated
to compare the value of PDIV reduced due to the presence
of harmonic components in the applied voltage waveform, as

expressed by (11).
U; (TH Dy )
Ui (/)

where U;(THD)) and U(j) represent the average values of
PDIV calculated at specific 7HD) level and at reference 7HD |-
level, respectively. Figure 7b presents the results of normal-
ization. From Figure 7b, it can be observed that the increase
in THDy- level from 4.61% to 41.94% causes to reduce the
U, N(THDy) t0 0.793.

Un (THDy) = (11)

5.2 | Online partial discharge diagnostics

The online PD measurements are conducted at different levels
of voltage harmonics produced in VFD-fed EMs, and results
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FIGURE 8 Partial discharge activity captured at various levels of total
harmonic distortion in voltage (7HD),) and waveshape parameter (K;) (a)
4.61% and 1.27, (b) 15.17% and 1.58, (c) 29.06% and 1.81, and (d) 41.94%, and
2.31, respectively.

are presented in Figure 8. For each 7//D) level, the test is con-
ducted 10 times and the trigger level for all the measurements
is adjusted as 10 pC. Based on the PD sweep signal captured
for reference time (7) equal to 20 ms, PD activity is investi-
gated by calculating the average PD pulse amplitude (g;) and
pulse repetition rate (7).

In the beginning, the VFD-fed EMs are operated at designed
speed (e.g equal to 100%), and PD measurements are car-
ried out at nearly sinusoidal waveform of the applied voltage
THD;, = 4.61% and K. = 1.27, the results are outlined in
Figure 8a. From Figure 8a, at minimum values of 7//D;-and
K, both ¢; and 7 determined from the captures PD signals are
also minimum. For 7, equal to 20 ms, only a few PD pulses
(30 s71) with noticeable values of ¢, (0.047 nC) are observed.

The operating speed of VFD-fed EMs is gradually reduced
to 71%, 22%, and 5%, and PD measurements are carried out
at higher levels of 7//D) and K. Figure 8b—d presents the PD
measurements carried out at 777D and K levels up to 15.17%
and 1.58, 29.06% and 1.81, and 41.94%, and 2.31, respectively.
From Figure 8b, it can be observed that both ¢; and » evalu-
ated at 15.17% THD;-and 1.58 K, are (50 s~ 1) and (0.0611 nC),
slightly higher than the both values observed in Figure 8a. Sim-
ilarly, that both ¢; and 7 evaluated at 29.06% 7Dy and 1.81
K, and are (55 s1) and (0.102 nC), as witnessed in Figure 8c.
At 41.94% THD) and 2.31 K, PD signals captured for 20 ms
contain the highest values of both 7 and ¢; (e.g. 60 s~ and 0.12
nC), respectively. Therefore, by increasing 777D (from 4.61%
to 41.94%) and K| (from 1.27 to 2.31), both » and ¢, increased
up to 100% and 155%, respectively.

5.3 | Evaluation of PD characteristic features

At different levels of voltage harmonic distortion, the PD char-
acteristic features including ¢,, Z, P, and D are evaluated, results
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FIGURE 9 PD characteristic features identified for eight VFD-fed EMs
under a range of voltage harmonic distortion (a) ¢,, (b) I, (c) P, and (d) D.

are depicted in Figure 9. From Figure 9, it can be inferred that
the increase in the level of voltage harmonic distortion causes
a significant increase in PD characteristic features. For instance,
the increase in 7HDy-level from 4.61% to 41.94% and K| level
from 1.27 to 2.31 cause an increase in ¢, up to 4.3 times, /up to
4.5 times, P up to 4.9 times, and D up to 5.1 times. Therefore, it
can be inferred that the increase in PD characteristic features at
high level of voltage distortion amplified the PD severity level,
and ultimately, the risk of insulation failure in VFD-fed EMs is
increased.

5.4 | Discussions

The introduction of harmonic components in the applied volt-
age waveform leads to a noticeable increase in PD activity (e.g.
PDIV decreases and the values of PD characteristic features
increase). This change in PD behaviour when VFD-fed EMs
are operated can be explained in three different ways.

In the first way, the addition of harmonic components to
the applied voltage increases the peak amplitude of the voltage
waveform, resulting in extended PD activity at higher voltage
amplitudes.

The decrease in the operating speed of VFD-fed EM
introduces additional current harmonic distortion in the sinu-
soidal current waveform and reduces the cooling airflow (in
self-cooled motors), which subsequently rises the stator wind-
ing temperature [13]. When at higher temperatures, electrons
absorb thermal energy, reduces the relative air density of elec-
trons, this leads to increase the electron mean free path.
Therefore, the electrons absorb more energy and travel a greater
distance between two collisions, leading to electric discharge.

85U8D| 7 SUOLULLIOD) BAITERID 3[R0l jdde au Aq paueAob afe SSo1e O ‘88N J0 S3INJ 1o} AR1q1T8UIIUO AB|IM UO (SUORIPUOD-PLE-SWWBYWI0D A3 | 1M AReIq 1 [eul1Uo//SdY) SUORIPUOD PUe SR | 84} 83S *[202/T0/20] Uo Ariqiauljuo A8|im ‘AisAIUN We|eH PRIRUS Ad 680ET ZPIB/6Y0T 0T/I0P/W00 &3] I ARe1q 1 jBul|Uo" o ;eesa.ia1//Sdny Wwouy pepeojumod ‘0 ‘G698TSLT



®

HASSAN ET AL.

0.02

o ¢
o

£ 0.25 g -

s Data s 0.08 Data

5 02 {—\ ~—— Normal g /A — Normal
~ . Rayleigh| = Rayleigh
‘% 0.15 \ Weibull ‘% 0.06 U Weibull
g m m Gamma g I Gamma
2 o1 GEV 0 0.04 GEV

2 Z

i i

< [

2 2

=1 =1

o o

5 10 15 20 10 20 30 40 50

Probability Density Function

1 1 —

£ £
E 08 E 08
< <
S -
é 0.6 Data = 0.6 Data
@ ~— Normal 4 — Normal
g 0.4 Rayleigh b= 0.4 Rayleigh
E Weibull :::' Weibull
S 0.2 Gamma 5 02 Gamma
o 0 GEV © 0 GEV

5 10 15 20 10 20 30 40 50

Acc. Apparent Charge (nC) Avg. Discharge Current (pA)
(a) (b)

FIGURE 10

4.61% THDy-and 1.27 K (2) ¢,, (b) £ (c) P, and (d) D.

In the third way, when the harmonic distortion of the applied
voltage waveform is increased, the equilibrium temperature of
the stator winding in EMs rises [27], reducing the amount of
energy that needs to be supplied by bombarding electrons. This
makes PD more energetic and powerful at high values of voltage
harmonics.

6 | ESTIMATION OF PARTIAL
DISCHARGE SEVERITY

The PD severity in the VED-fed EMs can be estimated based
on the PD characteristic features (e.g ¢,, /, P, and D) evaluated
ata certain voltage harmonic distortion level. To do this, various
probability distribution functions are used to create probability
density functions (PDFs) and cumulative distribution functions
(CDFs) with the PD characteristic features data at different volt-
age harmonic distortion levels. At a specific harmonic level,
350 data samples of PD sweep signal were captured and cor-
responding values of ¢,, /, P, and D atre determined. The PD
measurements are ignored for PD amplitude values lower than
10 pC. Accordingly, PDF and CDF using probability distribu-
tion functions (e.g. Normal, Rayleigh, Weibull, Gamma, and
Generalized extreme value (GEV) are employed for the fitting
of PD data. For instance, Figure 10 presents the plot of PDF
and CDF for data fitting of ¢,,, , P, and D at 4.61% THD|-and
1.27 K. An appropriate distribution function is discovered by
employing the distribution fitting tools.

The Generalized extreme value (GEV) distribution, intro-
duced by Jenkinson in 1955, is used to describe the probability
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Example of probability of density function (PDF) and cumulative distribution function (CDF) for data fitting of partial discharge (PD) features at

TABLE 2  Results of R-square hypothesis test (coefficient of
determination).

PD feature Normal Rayleigh Weibull Gamma GEV
9, 0.6752 0.6997 0.7265 0.7817 0.9654
7 0.6617 0.6698 0.6919 0.7854 0.9612
P 0.6742 0.7141 0.7401 0.7765 0.9599
D 0.6887 0.7021 0.7511 0.7656 0.9432

distribution function of standardized maxima or minima. The
GEV distribution is a three-parameter function, consisting of
shape parameter (), location parameter (1), and scale parameter
(0). Based on the shape parameter (§), GEV probability distri-
bution family is further divided into three types such as Weibull
distribution when & < 0, Freshet distribution when & > 0, and
Gumbel distribution when & = 0 [28].

The R-squared (R?) goodness-of-fit hypothesis is conducted
to determine which of the five probability distribution functions
best fit the PD characteristic features. The results of this hypoth-
esis are presented in Table 2, and it is found that GEV yields
the highest coefficient of determination in three out of four
PD characteristic features. Consequently, GEV was chosen to
estimate the probability of PD activity under voltage harmonic
concentration

Using three parameters GEV distribution function, PDF for
PD characteristic features is given by (12) [29].

—1

S =Z04FIT ep-(14§9F (1)
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o 003 3 0.05 where g, n, Iy, Py, and Dy, represent the normalized values
5]

5 5 004 of 1, ¢,, D, and P calculated by (11). P,(J), P,(q,), P.(D), and
g 0.04 5 P, (P) represent the corresponding probability of occurrence of
(5] . . .

g 0.03 g 0.03 9., 1, P, and D at specific harmonics level. Figure 11 presents the
& & .« Calculated at different levels of voltage harmonic distortion.
; 0.02 ;0.02 From Figure 11, it was found that the increase in 7D and K
% 3_?;“ 00! levels significantly increases the £, ,, and PD severity in VFD-
S 0.01 S fed EMs is also increased.
~ ~ 0 Based on the estimated probability of occurrence of PD

5 15 30 45 activity under different harmonic components, the assessment
THD , (%) of PD severity is made by defining four different classes, as pre-
@) sented in Table 3. From Table 3, the severity levels are classified

into negligible, low, medium, and high.

FIGURE 11 Estimated likelihood of PD activity occurring under

different harmonic compositions.

where

x=¥,x>g—%fm%>o (13)

By integrating (12), the CDF P, (x; §) is given by (14).

-1

P(x€) =exp—(1+Fx) 5 (14)

For estimating the PD severity at a specific voltage har-
monic distortion level, the PD characteristic features estimated
at almost sinusoidal voltage waveform (4.61% 7HD, and 1.27
K;) are taken as the reference values (€. 4,5 £y Py and D).
Therefore, the probability of occurrence (P, (x)) of PD charac-
teristic features (e.g ¢,, £, P, and D), that characterizes the PD
severity, at a specific harmonic level greater than or equal to the
PD characteristic features (/4 ¢, 2,5 and P, estimated at
4.61% THD, and 1.27 K, is given by (15).

P ()= 1-P(x:€) (15)

Considering the combined influence of four PD character-
istic features (e.g ¢,, £, P, and D), the average probability of
occurrence of PD activity (P,,) at a specific voltage harmon-
ics level is calculated using linearly distributed PD characteristic
features.

By employing online condition monitoring of VFD-fed EMs
and determining machine-specific parameters for each insula-
tion type (e.g. reference values of PD characteristic features),
this technique serves as a diagnostic tool for assessing insula-
tion quality throughout the motot’s operational lifespan under
varying harmonic concentrations. The asset managers can take
remedial actions and schedule regular maintenance activities to
ensure the healthy operation of VFD-fed EMs during voltage
harmonic distortion. For instance, asset managers may follow
the routine maintenance activities when PD severity level is
negligible. Further increase in the PD severity from negligible
to low level, the routine/normal maintenance period may be
decreased. When PD severity is increased to medium level, EM
is taken under observation. With further increase in the PD
severity level from medium to high, a complete inspection of
VED-fed EM by a human expert is necessary to replace the
required components. Furthermore, the increase in PD severity
due to voltage harmonic components can be avoided either mit-
igating the harmonic components or implementing an optimum
operation of VFD-fed EMs [4].

7 | CONCLUSIONS

This research investigated the effects of voltage harmonic dis-
tortion produced due to vatiable speed operation of VFD-fed
EMs for estimating the PD severity.

The results suggested that the harmonic distortion has a sig-
nificant impact on the PD severity, making reliable operation of
VED-fed EMs a challenge. The harmonic distortion parameters
of the voltage waveform, K, and 7HD), increased from 1.27 to

P =g L, (%) 47 P,, () +p P, (P) D P,, (D) 2.31 and 4.61% to 41.94%, respectively, duting the expetriments.
d aN g Ny Ny Ny These changes resulted in an increase in the values of PD char-
(16) acteristic features (g, £, P, D, and ») to 4.3 times, 4.5 times, 4.9
TABLE 3  Probability ranges and severity classes.
Level Probability range Severity class Definition
1) Negligible Pr<107 Norma No setious discharge occurs (Initial PD stage
gligib i 3 1 d fey 1 o
(2) Low 107° < Pr< 573 Attention Weak discharge pulses appear
(3) Medium 573 < br< 571 Setious PD pulses with significantly high amplitude appear
(4) High Prz 571 Pre-breakdown PD pulses with very high amplitude appear
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times, 5.1 times, and 2 times, respectively. These increases in PD
characteristic parameters lead to an increased PD severity level
and, consequently, a higher risk of insulation failure. Therefore,
it is essential to have a thorough understanding of harmonic
content in order to propetly assess the effect of PD activity on
insulation health and avoid any misinterpretations of PD data.

By applying five different probability distribution functions,
the likelihood of PD activity and its severity at different voltage
harmonic levels are calculated. The R-squared goodness-of-fit
hypothesis is applied to investigate which of the five proba-
bility distribution functions is most suitable for fitting the PD
characteristic features. The results of the hypothesis, with GEV
having the highest coefficient of determination for three out
of four PD characteristics. Consequently, GEV is utilized to
estimate the probability of PD activity under voltage harmonic
concentration.

This technique can be used to plan maintenance and
replacement activities, ensuring a reliable level of performance
for different industrial applications of VFD-fed EMs dealing
with voltage harmonic distortion, even those with different
insulation types.
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