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Abstract: Three-phase induction motors (IMs) are the main workhorse in industry due to their many
advantages as compared to other types of industrial motors. However, the efficiency and lifetime
of IMs can be considerably affected by some operating conditions, in particular those related to
unbalanced supply voltages (USV), which is quite a common condition in industrial plants. Therefore,
early detection and a precise severity estimation of the USV for all working conditions can prevent
major breakdowns and increase reliability and safety of industrial facilities. This paper proposes
a reliable method allowing for a precise and online detection of the USV condition, by monitoring
a pertinent indicator calculated using the voltage symmetrical components. The effectiveness of
the proposed method is validated experimentally for several different working conditions, and a
comparison with other indicators available in the literature is also performed.

Keywords: three-phase IMs; unbalanced supply voltage (USV); voltage negative factor (VNF);
fortescue transform (FT); short time least square Prony’s method (STLSP)

1. Introduction

Nowadays, more than 85% of electric motors used in industry are three-phase in-
duction motors (IMs) [1-4]. They are widely used due to their reliability, convenience
of design, high performance, and overloaded capacity, for different applications such as
manufacturing, processing, power systems, transportation, etc. However, IMs are usually
working under severe mechanical and electrical operating conditions that make them
vulnerable to numerous stators and/or rotor faults. Furthermore, unbalanced supply volt-
ages (USV), which is a quite common electrical problem in industrial plants, can seriously
affect the IMs more than any other electrical equipment. Indeed, even if the USV is small,
large, unbalanced currents flow due to the relatively small negative sequence impedance.
These large currents lead to diverse heating problems that cause more losses, vibrations,
acoustic noises, and decrease in torque, which can eventually shorten the lifespan of the
IMs. Due to the various damages that an USV can produce in IMs, different standards have
defined the maximum limits allowed for this phenomenon, including NEMA [5], IEEE,
and IEC standards each one with different considerations [6—8]. The occurrence of USV
in an industrial power system is due to a multiplicity of causes, the most common are [9]:
faulty operation of power factor correction equipment, unequally distributed single-phase
loads on the same power system, and an open-circuit on the primary distribution system.
The study of USV was the topic of many research papers, where their main subject was the
study of the USV’s causes and its effects on the electrical machines in order to determine its
permissible levels. For instance, the first factor dedicated to quantifying either the voltage
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or current unbalances was proposed by Fortescue in [10]. This factor was defined as the
ratio of negative and positive components. After that, many other factors were proposed
to measure the USV; the more relevant are: the voltage unbalance factor (VUF) adopted by
IEC standard [11], the percent voltage unbalance (PVU) defined by NEMA standard [5] and
the complex voltage unbalance factor (CVUF) [12-14]. The PVU is defined as the maximum
deviation of the RMS line voltage from the average of the three RMS line voltages. It is a
convenient factor to be used in field measurements since its calculation includes just the
RMS or the magnitudes of the three-phase voltages. However, the VUF and CVUF are
calculated as the ratio of the line voltage positive and negative sequences. Their computa-
tion requires both the magnitudes and phases of the three-phase voltages, which is quite
difficult in practice. On the other hand, the VUF provides better physical interpretation
of the cause of voltage unbalance, and it is more useful in the prediction and analysis of
the USV effects on electrical machines. A deep literature review shows that most of the
published papers were focused on the study of the USV effects on the IMs performance in
terms of speed, torque, current losses, power factor, and efficiency [13,15-19]. However,
the online detection of the USV is not very much reported. In [20], a method based on the
Goertzel algorithm was used to extract some spectral components from the Park’s vector
and the motor vibration to detect an incipient USV. In [21], a technique called symbolic
dynamic filtering (SDF) was proposed for the early detection of stator voltage unbalance in
three-phase induction motors. The algorithm involves wavelet transform of stator current
signals and subsequent analysis based on D-Markov machine construction. In [22], it
was demonstrated that supplying an IM with unbalanced voltages generates mechanical
vibrations. Thus, an ILFE fiber-optic sensor was proposed and designed to detect these
vibrations in the range DC-500 Hz. The authors of [22] stated that the obtained signal can
be considered as a good USV indicator. A protection model based on the thermal impact
analysis of voltage unbalance is developed in [23] with the aim of protecting the motor
against USV problems.

Therefore, one of the aims of this paper is to fill this gap by proposing a low-cost
implementation algorithm that can be used online in order to detect and quantify, at an
incipient stage of development, any level of unbalance in the voltages supplying an IM.
In this paper, the idea of network decomposition [1] is used. But instead of providing
different representations for three, two- and single-phase equipment, Fortescue coordinates
are applied for all calculated unbalanced networks. On the other hand, a modified version
of Prony’s method is proposed for IMs unbalanced voltage fault detection, by estimating
and tracking the symmetrical components’ characteristic frequency and its corresponding
amplitude, from the stator current and voltage signals [24,25]. The proposed technique can
provide a linear time—frequency and amplitude representation of the fault characteristic
component with high-frequency resolution and adjustable time resolution. The proposed
method is demonstrated to be robust and independent of load variations or the occurrence
of any other motor faults. The paper contains three main sections. The second part
describes the STLSP technique that was used to extract and monitor the amplitude of the
most significant harmonics associated with an unbalanced voltage supply condition. The
third section reports on the experimental results for both healthy and defective conditions,
as well as the validation of a real-time diagnostic technique for detecting unbalanced
supply voltages in induction motors. In addition, a comparative study is carried out based
on four criteria: sensitivity to low USV occurrence, sensitivity to the severity of the USV,
robustness to load variations, and robustness to other comparable faults. The final part of
the paper is dedicated to the general conclusions.

2. The Proposed USV Detection Method

The aim here is to obtain a reliable and quantifiable indicator allowing for an online
and fast detection of USV, and that leads to a rapid action in order to protect three-phase
induction motors. The proposed idea is inspired in the study of the voltage unbalance in
the power network analysis. Indeed, the Voltage Unbalance Factor (VUF) is defined as the
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ratio between the negative and positive symmetrical components of voltages [1,2]. Since it
is obtained starting from the negative sequence, let us call it negative voltage unbalance
factor (NVEF):

V—
VF=VUF = |— 1
N u “”_ (1)

The voltage symmetrical components are calculated using the well-known Fortescue
transform (FT). Therefore, the application of the FT on three-phase unbalanced supply
voltages (V, Vj, V¢) of an induction motor leads to three symmetrical components: positive
(V4 or Direct), negative (V_ or Inverse) and zero (V, or Homopolar). These symmetrical
components can be obtained as expressed in the following matrix form:

V. ([1 a a2 Vi
Ve | = 3 1 a? Vi )
v, 1 1 1 V.

where: a = eszn,

For balanced supply voltages, only the positive symmetrical component exists, the
other components (negative and zero) remain null. However, when USV occurs, the
negative symmetrical components appear. Thus, the level of USV can be evaluated using
the factor VUF defined in (1). Furthermore, Figure 1 shows a graphical representation of
VUF in both balanced and unbalanced cases [26]. The numerator of the under-balanced
VUF definition in Equation (1) becomes almost zero. In another sense, the component
of the negative-sequence phase is an indication of the unbalance rate. When at least one
phase or magnitude of voltage is out of balance, then an unbalance occurs, and because the
line impedance is kept balanced, the voltage imbalance is caused by the current (power)
imbalance. Because it is nearly impossible for the positive sequence voltage to become
zero, the voltage produces an imbalance if the negative sequence voltage is not zero.
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Figure 1. A graphical interpretation of VUF for balanced and unbalanced cases.

As stated before, the occurrence of USV in induction motors produces an unbalance in
the line currents which is reflected also by an unbalance in the stator winding impedances.
For that reason, the proposed idea consists of computing the symmetrical components
related to the line stator currents and the stator winding impedances. Consequently, it is
possible to define the negative current factor (NCF) and the negative impedance factor
(NIF) as follows:

I_
NCF = ’1+ 3)

zZ—
_ 4
NIF ‘z @)
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The key point of the proposed idea is to estimate and track only the fundamental
harmonics related to the voltages and currents to compute the required symmetrical
components, which will be then used to calculate the different factors. Therefore, the
proposed method can be described by the following steps (Figure 2):
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Figure 2. Illustrative scheme of the online implementation of the proposed technique.

Step 01: Acquisition of the three-phase currents and voltages (Va, Vp,, Vi, L, I, I);
Step 02: Extraction of the fundamental harmonics (magnitudes and phase angles) re-

lated to the three-phase voltages and currents (Va.l fsr Voigs Veasss loagse Ipags Iea fs) .
This can be performed thanks to the short time least square Prony’s (STLSP) method which
is a high-resolution signal processing technique that has the ability to estimate and track
accurately all the attributes (frequency, amplitude, phase, and damping factor) of any har-
monics from a short data record signal. This allows the consideration of the non-stationary
aspect of the problem [24]. To reduce the impact of some influential features, and thus
obtaining improved results, a preprocessing of the acquired signals is necessary. In fact,
data acquisition parameters, filtering, DC components removal, and dawn sampling are
the main involved tasks [24,25].

(a) Firstly, using the available data samples, the Prony method constructs an homoge-
nous linear difference equation with constant coefficients (with a9 = 1). Then, the unknown
parameters ak that fit the observed data are selected to minimize the linear prediction total
squared error. This can be done by using the least square method.

x[P] x[1] a x(P+1)
A = ©)
x[N—-1] .-+ x[N-P] ap x(N)

(b) The obtained parameters ak are used to form a characteristic polynomial with roots
zk:

P
F(z) = Y a2"* (6)
k=0

(c) The obtained roots zk are used to write the N equations of the model:

2 2 2p hy x(1)
. = : ()
N-1 _N-1 N-1 hp x(N)
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(d) Finally, from steps (b) and (c), it will be possible to deduce the amplitude, frequency,
phase angle, and damping factor using the following expressions:

1| L
fe= oir tan ™t [ R, Ay = iy

_ h
0 = tan el | o= P

®)

Step 03: Calculation of the symmetrical components related to the supply voltages
+ y— yo g+t 1= 10
and stator currents (Vlfs’ Vlfs’ Vlfs, Ilfs’ 1fsr Ilfs).
Step 04: Calculation of the symmetrical components related the stator winding
impedances:

+ — 0
{Zi = g = 9 =V1fs} ©)
fs Il—i}s fs Il_fs s I?fs

Step 05: Generation of the three-unbalance factors NVF, NCF, and NIF using Equa-
tions (1), (3), and (4), respectively.

3. Experimental Validation

In this section, the bahvior of each unbalance factor will be analyzed under USV,
alongside the different working conditions. The aim is to test and compare between
these factors in order to select the best one that allows a reliable detection of the USV.
The comparative study is evaluated under different machine operating conditions. The
experimental setup used for this goal consists mainly of a three-phase 400 V-50 Hz power
supply, and a four pole Y-connected squirrel-cage induction motor (Table 1). Current
transducers (hall-effect), a data acquisition system and a remote station for producing
voltage unbalance was also used (Figure 3).

gg

i Fault Detection £ i
Algorithm o

Rheostat b [ 1 i

=y

rs _= =
Current Sensol §==-

Y

=

AC Power Supply

S DAQ

Al

Figure 3. Experimental setup.
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Table 1. Induction motor technical parameters.
Power [kW] 22
Speed [r/min] 1435
Frequency [Hz] 50
Torque [N-m] 14.6
General Voltage [V] 400, Star Connection
Current [A] 4.56, Star Connection
Number of Poles 4
Cooling Closed Motor with external ventilation-IC 411

In order to implement the proposed method online, the algorithm used for generating
the three unbalance factors was first developed using Matlab code, and then it was inserted
into the Lab-VIEW software via the Matlab script mode. The other steps of the proposed
method, such as filtering, down-sampling, and offset removing, were performed directly
using Lab-VIEW palettes. The IM voltage and current signal measurements were performed
through the use of Tektronix P5200A differential voltage probes and Tektronix TCPA300
amplifier + Tektronix TCP312 current probes, and the corresponding signals were acquired
through the use of a NI USB-6366 series data acquisition card with a sampling frequency
of 20 kHz. These steps were carried out continuously, which permits to follow, in real
time, the evolution of the target indicators as well as the different motor quantities such as:
voltages, currents, impedances, and the symmetrical components.

The comparative study is performed based on four criteria: sensitivity to the occur-
rence of low USV, sensitivity to the USV’s severity, robustness against load variations, and
robustness against other similar faults.

3.1. Sensitivity to the Occurrence of Low USV

The induction motor was initially supplied with balanced voltages and after 1s, a
very low voltage unbalance of 1% is introduced using a programmable power supply.
Figure 4 shows the time evolution of the three-phase voltages and currents when a USV
of 1% was introduced suddenly in one phase. Obviously, the effects of the unbalanced
condition cannot be observed clearly. However, and thanks to the implemented algorithm,
the three-phase impedances are online estimated and visualized (Figure 5). It has to be
noticed that these impedances are calculated starting from the fundamental harmonics of
the three-phase stator voltages and currents. As can be clearly seen, the curves depicted in
Figure 5 provide a good physical interpretation of the USV’s effect on the stator winding
impedances.

Healthy USVof 1%
USVof 1%

Voltage (V)
°
Current (A)

Time (s) Time (5)

VoV aVaVaVaVe Eéﬁz ‘ =
OO, =5 NOOOOKE:
WANAAA

HVAVAVAVASAVAVAY )Q JL

= i
s 1asz  1ase 1485 1488 149 "8 ME2 B 48 U8 19

Figure 4. IM currents and voltages time waveforms for a small USV (1%) at no load.
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Figure 5. IM estimated Za,b,c for a small USV (1%) at no load.

Figure 6 illustrates the time evolution of the three factors NVF, NCF, and NIF, while
Table 2 shows the magnitudes of these factors and the rate of their changes after the
USV occurrence. As can be clearly seen, the three factors present stable values when the
motor operates under balanced voltages, but after the occurrence of a low severity USV
(1%), a significant increase of 252% and 576% is observed on NVF and NCF, respectively.
Meanwhile, the NIF was decreased by 47%. These results confirm that the presence of USV
produces three voltage symmetrical sequences, of which the most damaging is the negative
one. Therefore, a small negative sequence of voltage causes a large negative sequence of
currents, resulting in large currents unbalance. This explains why the NCF has increased

more than the NVE
Negative Voltage Factor (NVF)
0.02
e s e /
0
0 5 10 15
Negative Current Factor (NCF)
0.05
. /\f
[=8
0

0 5 10 15
Negative Impedance Factor (NIF)

Time (s)

Figure 6. The estimated unbalance factors with an USV of 1.45%.

Table 2. Effect of the USV on the defined unbalance factors.

n =100 Samples Unbalance Supply Voltage Severity (%)
Unbalance Factors 0% 1% Rate of Variation (%)
NVF 0.002863 0.0101 +252%
NCF 0.006534 0.04419 +576%
NIF 0.4343 0.2292 —47.22%

These qualitative and quantitative results demonstrate, on the one hand, the im-
plementation success of the proposed algorithm and, on the other hand, they show the
superiority of both NCF and NVF as compared to the NIF in terms of sensitivity to the
occurrence of a low severity USV.
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3.2. Sensitivity to the USV’s Severity

In this section, several tests are carried out in order to study the behavior of the three
factors under successive increases on the USV’s severity. First, the test was started with a
motor under balanced supply at no load. After a few seconds and using a programmable
power supply, three different levels of USV (1%, 1.8%, and 2.56%) according to NEMA
definition, were introduced successively. The curves depicted in Figure 7 show clearly
that the proposed algorithm has the ability to compute and track successfully the time
evolution of the studied factors.

Negative Voltage Factor (NVF)

0.04 ‘ . 1
] i sVt <s% USVof 2.56%
2_002_ """"""""""""" """"""""""""""" T USVof1% P """""""" e E 1
Balanced Supply P i
0 T I
0 5 10 15 20 25 30
Negative Current Factor (NCF)
0.2
I ‘ I USVof 2.56%
5 USVof1.8% -
L e USVof1% ~— 1 e T 7
Balanced Supply : i
0 + 1 Il 1
0 5 10 15 20 25 30
Negative Impedance Factor (NIF)
1 T T T T T
LT o st o d e i T e l‘sraﬂ.s?; """"""""""""""" e .
0 i
0 5 10 15 20 25 30

Time (s)

Figure 7. Time evolution of the defined factors for different USV’s levels at no load.

In addition, Table 3 illustrates quantitatively the changes (in percentage) observed on
these factors after each increase on the USV’s severity. It can be noticed that NIF is almost
insensitive to the USV occurrence, and thus it cannot be considered as a reliable indicator
for the unbalance voltage problems. However, both NVF and NCF rise significantly as a
function of the USV severity, but NCF looks to be even more sensitive, as illustrated in
Table 3.

Table 3. Values of the three factors for different USV’s levels.

Factor’s Magnitudes for Rate of Variations for Different Severities of USV

Monitoring Factors Balanced Voltages
(p.u.) USV of 1% USV of 1.8% USV of 2.56%
NVF 0.003632 +200% +402% +608%
NCF 0.009469 +377% +786% +1190%
NIF 0.3834 —37.8% —43.9% —45%

3.3. Robustness against Load Variations

The previous tests were performed with constant mechanical load. But in practice,
the motor load can change gradually or by step variations at any time, which can affect
directly the motor currents and consequently the fault indicators used by the condition
monitoring systems. Thus, a reliable fault indicator must prove its insensitivity to the load
changes. For that reason, several experimental tests were performed in order to study the
behavior of the defined factors when a series of step load variations are applied suddenly.
Figure 8 shows that the application of step load variations has an important influence on
the time waveforms of the motor currents, thus producing non-stationary signals with
high distortion. Fortunately, the implemented algorithm uses the STLSP method which
has proved its suitability for such a situation [25] since it requires only a few numbers of
samples to compute and track the NVF, NCF, and NIFE. The curves representing the time
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evolution of these factors are depicted in Figure 9. As it can be clearly seen, the changes on
the motor load have no effect on all of the three factors, which confirm their robustness
against load variations.

Voltage (V)
.. 2
=

Current (A)

0 10 20 30 40
(b)
Time (s)

Figure 8. IM voltage and current waveforms for a balanced supply condition, under different step
load variations.

Negative Voltage Factor (NVF)
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a z E i E | E ( z
g S
0 5 10 15 20 25 30 35 40 45 50
Negative Impedance Factor (NIF)
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Figure 9. The studied factors for a balanced supply condition, under different step load variations.

3.4. Robustness against Similar Faults

The reliability of any fault indicator must also be measured by its robustness against
the occurrence of other faults having similar symptoms. Indeed, the occurrence of inter-
turn short-circuit faults (ITSCF) in induction motors produces a kind of unbalance on the
supply voltages, stator currents, and the stator winding impedances. As a result, this
fault produces effects similar to those produced by the USV. Therefore, it is important to
study the behavior of NVF and NCF under the occurrence of ITSCFE. For that reason, the
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stator winding of the used IM was modified by adding some tapings connected to the
stator coils. The other ends of these external wires are connected to the motor terminal box
and, therefore, allowing for the creation of ITSCF with different numbers of shorted turns
(Figure 10).

Figure 10. Induction motor used for the ITSCF tests.

First, the motor was initially started at no load under healthy state conditions, and
after a few seconds, nine turns of the phase “a” were short-circuited. During this operation,
the three-phase currents and voltages were sampled and online treated by the proposed
algorithm. The curves representing the time evolution of the studied factors are depicted
in Figure 11, while Table 4 shows their rate of change due to this winding fault. As can be
clearly seen, the NCF which was more sensitive to the USV is also sensitive to the ITSCFE.
Indeed, the NCF has increased considerably by 255% after the short-circuit of 9 turns.
Consequently, the NCF cannot be considered as USV indicator because it behaves similarly
for both ITSCF and USV, which can lead to a misdiagnostic.

Negative Voltage Factor (NVF)
0.02

5
3 0.01

Healthy Motor Short-Circuit of 9Turns
0 2! 4 6 8 10 12 14 16 18

Negative Current Factor (NCF)
0.05 T

Healthy Motor /\

i i
00 2 4 6 8 10 12 14 16 18

Negative Impedance Factor (NIF)

Shore-Circuit of 9Turns

p.u.

1 T

Healthy Motor

051\ :
\. Short-Circuit of 9Turns

1 1
00 2 4 6 8 10 12 14 16 18
Time (s)

Figure 11. The defined factors for both healthy conditions and nine turns in short-circuit.

Table 4. Effect of the ITSCF on the defined unbalance factors.

Inter-Turn Short-Circuit Fault

Unbalance Factors Healthy 9 Turns Rate of Variation (%)
NVF 0.00288 0.002929 +3.5%
NCF 0.00654 0.02324 +255%
NIF 0.445 0.1276 —71.3%

The NIF has decreased by 71% due to the ITSCF, and the same reaction was observed
in the case of USV occurrence. However, the NVF which was sensitive to the USV is
now completely insensitive to the ITSCF. These results prove the superiority of the NVF
compared to both NCF and NIE
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In order to confirm the effectiveness of the NVF in terms of the reliability of the
detection of an incipient USV under even more complicated operating conditions, five
successive experimental scenarios were considered:

(1) Start the motor in a healthy state, with balanced supply voltages, at no load;

(2) Increase the motor load by 20% (the motor always in healthy state);

(3) Introduce an ITSCF of 18 turns in the phase “a”, under 20% of load, with balanced
supply voltages;

(4) Increase the motor load to 40% (the motor remains with ITSCF and balanced supply
voltages);

(5) Introduce an USV of 1.8% in the presence of ITSCE.

During these tests only the three-phase voltages are sampled and treated by the
proposed algorithm. This permits an online calculation and a continuous displaying of
the NVF as shown in Figure 12. As can be clearly seen, the NVF remains almost constant
through the first four tests, and then it increases rapidly and significantly just after the
occurrence of the USV. This confirms that the NVF is the best indicator for the USV problems
in terms of reliability and sensitivity of detection, robustness against load variations or
ITSCE, as well as to its simplicity of calculation since it requires only the acquisition of the
three-phase voltages which are always available. As a result, the condition monitoring
systems based on the NVF are easy to be implemented experimentally and can work
successfully in real time.

Hence, it is believed that the proposed method would also be suitable for other types
of electric motors (e.g., multi-phase induction machines, permanent-magnet machines, and
reluctance machines); ongoing research efforts are focused on these subjects.

Negative Voltage Factor

[

T T T T T T |ITSC of 18 Turns + USV of 1.8%

| Healthy Condition - 0 Load | ealthy Condition| 4 [[TSC of 18 Turns
: | 20%Load || 20%Load |

40% Load

Time (s)

Figure 12. Time evolution of the NVF under different operating conditions.

4. Conclusions

In this paper, an online algorithm based on the STLSP method was proposed in
order to generate a pertinent indicator that allows a rapid and a reliable detection of an
incipient USV for the applications that use induction motors. To achieve this aim, three
potential indicators (NVF, NCF and NIF) were considered. To select the best one, an
experimental comparative study was performed based on four criteria: sensitivity to the
occurrence of low USV, sensitivity to the USV’s severity, robustness against load variations,
and robustness against other similar faults. The proposed algorithm was successfully
implemented under the LabVIEW environment. Furthermore, its capabilities for the
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online calculation and the continuous displaying of the different indicators was effectively
demonstrated. Several experimental tests and different scenarios under various operating
conditions were carried out on a 2.2 kW induction motor. The obtained results show
that neither load variations nor ITSCF occurrence have any significant effect on the NVE.
Indeed, it was demonstrated that NVF is only sensitive to the USV problems, which prove
its effectiveness and superiority compared to the other indicators (NCF and NIF).
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