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Abstract: The multiphase induction motor is considered to be the promising alternative to the con-
ventional three-phase induction motor, especially in safety-critical applications because of its inherent
fault-tolerant feature. Therefore, the attention of many researchers has been paid to develop different
techniques for detecting various fault types of multiphase induction motors, to securely switch the
control mode of the multiphase drive system to its post-fault operation mode. Therefore, several fault
detection methods have been researched and adapted; one of these methods is the indices-based fault
detection technique. This technique was firstly introduced to detect open-phase fault of multiphase
induction motors. The main advantage of this technique is that its mathematical formulation is
straightforward and can easily be understood and implemented. In this paper, the study of the
indices-based fault detection technique has been extended to test its applicability in detecting some
other stator and rotor fault types of multiphase induction motors, namely, open-phase, open-switch,
bad connection and broken rotor bar faults. Experimental and simulation validations of this technique
are also introduced using a 1 kW prototype symmetrical six-phase induction motor.

Keywords: fault detection; indices-based technique; multiphase induction motors

1. Introduction

The technological progress made in power converters and semiconductor switches
helps in growing the interest in studying multiphase-based drive systems. Multiphase ma-
chine drives present several advantages over the conventional three-phase ones. Some of
these advantages are lower torque pulsation with higher frequency, less DC-link current
harmonics, and lower power per phase [1]. Since the motor input power is divided into
a larger number of phases, the stator power per phase is reduced, leading to a reduction
in the current and voltage ratings of the semiconductor switches. This will remove the
need for connecting the switches in series or in parallel to achieve the required voltage
or current ratings. However, the most important advantage is their higher reliability and
fault-tolerant feature. In particular, if one stator phase is lost in a three-phase machine,
it cannot be started and run. However, in multiphase machine case, it can continue running
with (n — 3) disconnected phases with some reconfigurations to the control scheme to
operate in a post-fault mode.

There are many fault types that may occur in induction motor drive systems, and they
are categorized into two main categories: motor faults and converter faults [2]. Motor faults
might be classified as electrical and mechanical faults. The electrical faults could be
a short-circuited phase, an open-phase fault, inter-turn short circuit and broken rotor
bar. Some examples of the motor mechanical faults could be bearing damage and rotor
eccentricity, whereas main converter faults are switch short-circuit and open-circuit faults.
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Among the various types of faults, the open-phase and open switch faults are the
most investigated faults, because the protection against short-circuited phase or switch is
a standard protection which should be inherently provided [3]. The three main stages of
any multiphase motor fault-tolerant drive are fault detection and localization, isolation of
the faulted part, and switching the control to the post-fault operation mode. As can be
seen, the fault detection and localization is the first necessary step of a fault-tolerant drive,
so that, many researchers have investigated different fault detection techniques aiming
to reach a simple, fast and robust technique. In [4], the symmetrical components theory
has been used to detect open-phase faults of a five-phase permanent magnet synchronous
reluctance motor; the magnitudes and phase angles of the phase currents’ symmetrical
components were analyzed under different open-phase faults and used to calculate two
indices for the detection scheme. Other diagnostic indices for open circuit faults of a
three-phase voltage source inverters were derived in [5] based on the errors between
the average absolute values of the normalized phase currents under healthy and open-
phase fault conditions. Similarly, the average values of the errors between the three-phase
currents and their corresponding reference values were used as the diagnostic variables [6].
The derivative of the Park’s vector phase was chosen to be the open-phase fault detection
variable in [7]. Adaptive and observer-based fault detection methods are proposed in [8,9]
for detecting open-switch and open-phase faults. Despite the advantages of most of the
above-mentioned fault detection techniques, they have some problems; such as a relatively
low detection speed, more sophisticated algorithms and the dependency on parameter
variations which may lead to false fault alarms.

A proposed idea of a passive or natural fault tolerance has been presented in [10-13].
It is demonstrated that it is possible to develop a drive control algorithm which should not
be re-configured after a fault occurs (i.e., the current reference values will be automatically
adjusted in the post-fault operation mode). Therefore, the fault detection and localization
may not be necessary. However, as stated before, fault detection and localization is an
important and necessary step even for the troubleshooting and maintenance of the multi-
phase induction motor drives.

Recently, neural networks algorithms have been introduced to the fault diagnosis of
induction and synchronous motors [14-18]. A neural network is considered as a classifier
which is able to classify different faults through a well-trained network. The most popular
structure of the neural networks is the multilayer perceptron (MLP) neural network [19,20].
The back propagation training algorithm is one of the most effective training algorithms; it
is simple, easy to implement, and does not need parameter adjustment except some inputs.

In [21-24], open-phase fault indices have been derived based on the vector space
decomposition (VSD) variables of five-phase and six-phase induction motors. The Clarke’s
transformation matrix of phase currents is used to define the fault indices in the case of
open-phase faults for each phase. Therefore, there are five indices in the five-phase machine
case and six indices in the six-phase machine case. Various variations of open-phase
faults (one-phase, two adjacent phases and two non-adjacent phases fault) under different
operating conditions are tested, and it is proved through simulation and experimental
results that a robust and fast detection performance can be achieved either in open-loop or
closed-loop drive control.

The recognition that this fault detection technique could be used to detect various
types of faults is necessary to widen its applicability and make use of its simplicity, re-
liability and robustness. Therefore, in this paper, the application of the indices-based
fault detection technique is extended to detect other various faults such as open-switch,
bad connection, and broken rotor bar faults. Some modifications are proposed to adapt
the fault detection technique to be able to detect other faults rather than standard open-
phase fault. Additionally, experimental results are introduced to validate the proposed
detection technique.

The rest of the paper is organized as follows: Section 2 presents the mathematical
modeling of the six-phase induction motor, whereas Section 3 introduces the mathematical
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formulation of the indices-based fault detection technique. In Section 4, an explanation of
the application of indices-based fault detection technique to various faults along with the
proposed modifications is presented. Section 5 shows the experimental and simulation
results of this study, and the conclusion is drawn in Section 6.

2. Six-Phase Induction Motor Model

The stator windings of the six-phase induction motor might be considered to be
constructed from two three-phase windings (a;bjc; and apbscy) and it could be built in one
of three configurations, namely, symmetrical, asymmetrical and dual configuration. In a
symmetrical motor, the spatial displacement (g) between the two three-phase windings
equals 60°, whereas in an asymmetrical motor this spatial displacement is 30° and the
spatial displacement in a dual three-phase motor is 0°.

Figure 1 shows the schematic diagram of the six-phase symmetrical induction motor
drive, where S to Sy are the power switches of the inverter and each switch has its own
antiparallel diode. Additionally, Va1, Vb1, Vei, Va2, Vi, and V, are the phase voltages
of the six-phase induction motor, whereas V4. is the DC link voltage. The vector space
decomposition (VSD) technique is applied here for the case of six-phase induction motor
in order to perform a co-ordinate transformation from the physical a;b;cj-agbyc; reference
frame to an arbitrary reference frame. The machine will have six sequence components in
the new reference frame, namely «-f3, x-y, and 0+-0—. Since the air-gap flux is assumed
sinusoidally distributed, the x-3 components are completely decoupled from the x-y
components, also there is no stator-rotor coupling in the x-y subspace [25]. Additionally,
since the two neutrals of the six-phase motor are isolated, the 0+-0— current components
are zero and will not be present in the further analysis. In order to develop a model
for the six-phase induction motor, the following usual assumptions are made; the air-
gap is uniform and the flux is sinusoidally distributed around the air-gap, and magnetic
saturation and core losses are neglected.
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Figure 1. Six-phase induction motor drive.
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The generalized Clarke’s coordinate transformation matrix used to transform the
machine stator variables from the physical a;bjcj-asbycy reference frame into an arbitrary
reference frame is [26],

1 cos(a) cos(2a) cos(g) cos(a+g)  cos(2a+Q)
0 sin(a) sin(2a) sin(g) sin(a+g)  sin(2a+g)
T_ 1 |1 cos(2a) cos(a) —cos(g) —cos(a+g) —cos(2a+g) (1)
V3| 0 sin(2a) sin(a) sin(g)  sin(a+g)  sin(2a+g)
1 1 1 0 0 0
0 0 0 1 1 1

where a = 27t/3 and g is the spatial displacement between the two three-phase stator
winding sets. The machine equations represented in the VSD variables are as follows:

Vs = Rs igs + Ls dl% +M dz,x,
ﬂ —Rslﬁs+Ls dts+M 1,57‘

2)
Uxs = Rsixs + ny e
Uys = Rs iys + nyﬁ
0= Ryiar + L, be 4 w,Lyigy + Md;;s + wrM g )
0=R, zﬁr + L, dt —wyLy 4 + M dt — WM iy

=pM ( i/%r lns — lar iﬁs) )

where L; = Lj; + M and L, = L;, + M. Additionally, v, Ugs, Uxs, and vy are the stator
voltages, is, i Bs ixs, and iys are the stator currents, and i, and i pr are the rotor currents.
Furthermore, Rs; and R, are the stator and rotor resistances, respectively, whereas L; is
the stator self-inductance and L, is the stator leakage inductance, L, is the rotor self-
inductance, M is the mutual inductance, and L,y is the stator inductance for the x-y
subspace. Finally, T, is the electromagnetic torque, wy is the rotor electrical speed, and p is
the number of pole pairs.

3. Indices-Based Fault Detection Technique

The indices-based fault detection technique described here is the same as that elabo-
rated in [21-24]. Each index is calculated by applying the inverse of the Clarke’s transfor-
mation matrix (1) and setting the corresponding open-phase current to zero. For example,
if there is an open-phase fault in phase a1, then the phase current of that phase will be zero
(ix1 = 0). Hence, by applying this condition to the first row of the inverse of the Clarke’s
transformation matrix (1), the result that i, = —i, will be found. This result could be used
to define the following ratio,

Ix
Ry =— a

This ratio equals to one whenever there is an open-phase fault in phase a1, and it
equals to zero in the healthy condition as iy is zero in this condition. By following the same
approach to the other phases, the following indices can be found.

iy
Ry =

_ia+\/§iﬁ_\/§iy

R = by
T i —VBig+3iy
i
Rapp = : (5)

io +V3ip+ V3 iy
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Each subscript of the above indices is used to indicate an open-phase fault in its
corresponding phase. Furthermore, some more stages are required to filter out and perform
a signal conditioning to the indices, as indicated in the flowchart of Figure 2. These signal
conditioning stages are described below.

/ ia,i8, i.\',iy /

Indices Calculation
(Equation 5)

|

Hysteresis Band Filter
(Equation 6)

|

Moving Average Int. i /

(Equation 7)

(Equation 8)
<R W> = T,

No

4 No Fault Fault in Phase k

Figure 2. Flowchart of the indices-based fault detection technique.

3.1. Hysteresis Band Filtering

All the indices will be subjected to a hysteresis band to filter out the noise. The
hysteresis band filter is defined as follows.

If 1-6 <Ry <1+6 then, RI" = R,
else, R;:Iys =0

(6)

where R]ijs is the index resulted from the hysteresis filter and ¢ is the band of the hysteresis
filter. The value of 6 should be chosen to ensure low ripples in the indices; a typical value
of 0.1 could be used to achieve a good filtering of noise (see Section 5).

3.2. Moving Average Integration

The second stage in the signal conditioning of the obtained indices is to apply a
moving average integration as below.

T
R (0) = o [T R ar 7)

where T, is the period of the moving average which should not be the same as the
fundamental period T;. Moreover, the selection of the T, value is a tradeoff selection
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between the indices ripples and the detection speed. That is, the lower the T, value,
the higher the indices ripples will be, nevertheless, the fault detection will be faster, and
vice versa.

3.3. Comparison to a Threshold Value

This is the last stage in the indices signal conditioning, in which, each index will be
compared to a threshold value to prevent false fault detection and ensure a real fault case.
The mathematical formulation of this stage is as follows.

If  (R{°()) > Ty then, F =1 ®
else, FLb =0

As can be seen from the above discussion, the indices-based fault detection technique
has a fast detection response due to its simplicity, and it consumes low computation power
as the a-f3 and x-y current components are already calculated to be used in the drive control,
and no added input variables are required. Additionally, the fault indices are calculated
based on the normalized x-y currents, so the dependency of the technique on the motor
operating conditions does not exist.

4. Application of the Indices-Based Fault Detection Technique to Various Faults

In this section, the indices-based fault detection technique was tested against various
types of stator and rotor faults in order to determine its applicability in detecting these
faults. The fault indices in (5) were used after applying the signal conditioning stages
described in the last section to detect the open-phase fault. Next, this technique was applied
to detect an open-switch fault, a bad connection fault, and a broken rotor bar fault.

4.1. Open-Switch Fault

Open-circuit faults could be an open-phase fault (OPF) or an open-switch fault (OSF).
Moreover, open-switch fault could be open-upper switch fault (OUSF) or open-lower
switch fault (OLSF). Figure 3a shows the OPF phase current. In OUSF case, the upper
switch has an open-circuit fault and the negative half cycle of the phase current flows
through the lower switch, while the positive half cycles is clipped, see Figure 3b. Whereas,
in OLSF case, the lower switch is open-circuited; thus, the phase current flows through the
upper switch, and the negative half cycles of the current is clipped, see Figure 3c. Note,
also, that if there is an open-circuit fault in both upper and lower switches, this situation
could be considered to be the same as the OPF.

In [23], the procedure which was described in the previous section is used to detect an
OSE. Since an OSF has a zero-phase current during one half-cycle, OSF could be considered
to be the same as OPF during that half-cycle. Thus, it is concluded that this procedure
could be applied without any modification to detect an OSF.

However, there are two important points which could be discussed in this conclusion.
First, using indices-based fault detection technique without any modification does not
differentiate between the OPF and OSF. That is, if for example, R,;; value was above its
threshold value, this indicates that there is an open-circuit fault in phase a; which could be
an OPF, OUSF or OLSE. Second, in the case of an OSF, the fault localization feature of this
technique does not exist. That is, there is nothing that could determine whether the OSF is
in the upper switch or in the lower switch.



Energies 2021, 14, 5905

7 0of 23

t
\/ \/\- Fault Instant

N\ s
Vi \/ VARV

/\ﬂ/\ﬂ=

F ault Instant

(C)

Figure 3. (a) OPF or OSF with both upper and lower faulted switches phase current; (b) OUSF phase
current; and (c) OLSF phase current.

Therefore, to overcome these two drawbacks, an additional index is proposed. This
index is simply the average value of the phase current. Actually, six average values of
the six phase currents are required in addition to the six indices which are previously
illustrated in (5). The average value of each phase current is calculated by

1 (T,
Iphfuvg = ?5/0 l(t) dt )

This average value is calculated over the fundamental period Ts (one complete cycle).
In the case of an open-circuit fault, there is no problem to wait one cycle to localize the
fault because this period is too short to yield a considerable damage to any component in
the drive system.

As an illustrative example, if R, value was above its threshold value, this indicates
that there is an open-circuit fault in phase a1, and the average value of phase a; current
Lph—apg will be checked. If I, gy is positive (above zero), this means that there is an OLSF,
and if Iy, 44 is negative (below zero), this means that there is an OUSE. In addition, if
Iph—avg is zero, this means that there is an OPF, see Equation (10). However, if there are
both OUSF and OLSF, this modified fault detection technique could not differentiate this
case from the case of an OPF, as, in these two cases, the phase current of the faulted phase
is zero in both positive and negative half cycles.

If Iph—avg > 0, OLSF case.
else if Iy, gpq < 0, OUSF case. (10)
else if Iy g0 = 0, OPF case.

Finally, the employment of this proposed index is a trade-off between the fault local-
ization feature and the detection speed of this technique. Moreover, this added index affects
the detection speed of the technique as one complete fundamental cycle is required to cal-
culate the average values of the phase currents. However, as mentioned earlier, this small
delay in open-circuit fault detection will not affect any of the drive system components.
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4.2. Bad Connection Fault

Bad connection faults, also known as high-resistance connection, can cause a severe
damage to the drive components if kept undetected and unrectified for a long period. A
bad connection at any joint in the drive system leads to a localized high temperature at
that joint, which causes a failure; this failure may be an open-circuit fault due to a complete
disconnection of that joint because of melting, a short-circuit fault due to insulation de-
terioration because of the joint high temperature, or a voltage-unbalance due to the high
voltage drop across that bad-connected joint.

Bad connection faults could be detected by some traditional ways such as visual
inspection, resistance imbalance measurement, and infrared thermography. However, there
are many other researched techniques which are based on the existence of the negative
sequence current and zero sequence voltage, due to the voltage and current unbalance
caused by the high-resistance connection [27].

It is proposed in this paper to apply the indices-based fault detection technique to
detect the bad-connection fault. As described earlier, in the healthy case, all the indices
have a zero value, but if there is an open-circuit fault in any phase, the index value of
that phase will evolve until reaching a value of one. Thus, it could be concluded that
the index value equals either zero in the healthy case or one in the open-circuit fault
(complete phase disconnection situation). Furthermore, since the bad connection fault
introduces a high resistance value in the faulted phase, so it could be considered that the
bad connection fault leads to a partial phase disconnection situation. Therefore, the index
of that faulted phase has a value between zero and one, and it depends on the severity of
the bad connection fault.

In conclusion, the indices-based fault detection technique could be used to detect the
bad connection fault. However, some attention should be paid to the indices threshold
values in order to differentiate between the open-circuit fault and the bad-connection fault.

4.3. Broken Rotor Bar Fault

The broken-rotor bar (BRB) fault is one of the common rotor faults in induction motors;
however, its percentage of occurrence is only 5% [28]. Since the consequences of the BRB
fault could be a severe damage to the motor, the BRB fault should be detected early. The
BRB failure could mainly occur due to thermal or mechanical stresses on the rotor. Starting
a high-inertia mechanical load may lead to a rotor bar failure if there is a crack in the joint
between the rotor bar and the end ring of the rotor cage. Additionally, the thermal stresses
on the rotor at motor start-up could be a cause of a BRB failure. Furthermore, if there is
a BRB fault in one bar, higher currents will flow in the adjacent bars which may result in
more damage to the rotor [29].

If there is a BRB fault in one bar, a backward rotating magnetic field will appear at a
frequency of (2 —s) fs (where s the rotor slip and f; is the system frequency) due to the
asymmetry of the rotor [30]. As a consequence, the stator current frequency spectrum
is distorted because of the stator-current component, which appears due to the induced
voltages in the stator from the backward rotating magnetic field. This distortion appears in
the frequency spectrum of the stator current as side-band frequencies at (1 = 2ks) fs (where,
k=1,2,3...), and the magnitude of these side-bands increases with the broken bars
number. Therefore, this information is used in the motor current signature analysis (MCSA)
detection method to detect that there is a BRB fault in the motor.

In this paper, the indices-based fault detection technique is applied to a BRB fault to
test its possibility of detecting this type of fault. Note that this fault type will be tested
based on simulations while the test of the other fault types is based on experimentation.
Hence, in order to model the BRB fault accurately, the phase-variable model of the six-phase
induction motor, which can easily model the rotor bars and end-rings, is firstly introduced.
In this model, the m-bar squirrel-cage rotor is modeled as m rotor loops, and each loop
consists of two adjacent bars and the connecting portion of the end-ring between these two
adjacent bars from both sides [31]. The equivalent circuit of the squirrel cage rotor is shown



Energies 2021, 14, 5905 9 of 23

in Figure 4, where R, and L; are rotor bar resistance and self-inductance, respectively,
whereas R, and L, are end-ring resistance and self-inductance, respectively, and i, is the
rotor bar current.

L. R. L.

R, L R, L
Figure 4. Squirrel-cage rotor equivalent circuit.

The voltage equation of the stator winding in the matrix form is shown below.

) d
[Us]éxl = [RS]6x6 [15]69(1 + E[As]éxl (11)

where [As]¢,4 is the stator flux linkage matrix and is defined by:

[/\5]63(1 = [L55}6x6 [is]éxl + [L57}6xm [ir}mxl (12)

where [v5]¢,q and [is]4,; are the stator phase voltages and currents, respectively, [i;],, . is the
matrix of the rotor loop currents, [Rs|, and [Lss], are the stator winding resistance and
self-inductance matrices, respectively, and [Lg|,,, is the matrix of the mutual inductance
between the stator phases and rotor loops.

The voltage equation of the rotor loops in the matrix form is defined as follows.

. d
[Uf]mxl = [R”]mxm[lr]mxl + E[Af]mxl (13)

where [v,], ., is the rotor loop voltages which equals zero, as the rotor is short-circuited,
and [A/],,,q is the rotor flux linkage matrix and is calculated by:

[/\V]mxl = [Lsr]zxm[is]éxl + [Lff]mxm [ir]mxl (14)

where [R;], .., and [Ly],,.
respectively, and [Lg]; . is the transpose of the [Ls],,,, matrix. Note that the inductance
matrices are calculated based on the winding function approach as in [31].

Finally, the developed torque equation is calculated by:

are the rotor loop resistance and self-inductance matrices,

.+ 9L .
Te = p (lihr 52 i 15
e
where 6, is the electrical angular displacement of the rotor. The mechanical equation is
defined in (16).
dwy,
T.— T :]7+me (16)

where T}, is the load torque, w;y, is the mechanical rotor speed, | is the inertia, and B is the
friction coefficient.

Now, based on the previous discussion about the indices-based fault detection tech-
nique, it can be stated that stator current unbalance is the trigger for the indices to evolve
and initiate a fault signal. Therefore, as the BRB fault does not introduce a significant
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unbalance in the stator current, the indices-based fault detection technique could not be
adopted to detect this type of fault.

5. Experimental and Simulation Results

In this section, the experimental and simulation results of the various cases which
have been discussed in this paper are described. An experimental setup was built to
validate the proposed conclusions in the cases of the open-circuit (OPF and OSF) and the
bad connection faults. The experimental setup was composed of a six-phase induction
motor fed from a six-phase sinusoidal pulse-width modulated voltage source inverter with
a 300 V programmable DC power supply. Additionally, a DSP controller (TMS320F28379D)
along with some interface and signal-conditioning circuits was used to control the inverter.
The electrical, mechanical, and geometrical parameters of the six-phase induction motor
are listed in Table 1. The system prototype is given in Figure 5.

Table 1. Symmetrical six-phase induction motor parameters.

Parameter Value
Stator Resistance (Rs) 418 Q)
Rotor Resistance (R;) 3420
Stator Leakage Inductance (L) 14.67 mH
Rotor Leakage Inductance (LI;) 14.67 mH
Mutual Inductance (M) 741 mH
Rotor-Bar Resistance (R;) 78 uQ)
Electrical End-Ring Resistance (R.) 6.8952 uQ)
Rotor-Bar Self-Inductance (Ll}) 6.7 nH
End-Ring Self-Inductance (LI,) 0.5923 nH
Rated RMS Phase Voltage 110V
Rated RMS Phase Current 28 A
Pole Pairs (p) 2
Rated Frequency 50 Hz
Moment of Inertia (J) 0.00157 Kg»m2
Mechanical Friction Coefficient (B) 0.006 Nm/rad/s
Rated Speed 1400 rpm
No. of Rotor-Bars/Pole Pairs (m) 13
Number of Phases (1) 6
. Number of Coil Turns (N) 50
Geometrical Rotor Radius (r) 50 mm
Core Length (L) 120 mm
Air-Gap Length (g) 0.4 mm

Figure 5. Experimental six-phase setup.
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However, in the case of the BRB fault, MATLAB/SIMULINK was used to model and
simulate the six-phase drive system along with the fault detection technique. Now, the
results of each case are shown and investigated in the following sections.

5.1. Open-Phase Fault (OPF)

The experimental results of the OPF fault are presented in this section. In this test,
the threshold value Ty, is determined based on the trial and error method and is set to
0.4, while the hysteresis band ¢ is adjusted to be 0.1. The moving average period T}, is
20 percent the fundamental period Ts (T, = 0.2 Ts). The step time of the algorithm is
50 psec. Figure 6 shows the phase current and the fault indices in the case of an open
a; fault. In order to indicate the changes in the fault indices, an open phase fault in a;
phase is introduced and cleared again as shown in Figure 6b. The a; fault index rises as
a consequence of the unbalance of the phase currents, whereas the remaining indices are
close to zero.
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Figure 6. OPF test: (a) Phase current (al); (b) Fault indices; (c) Detection time (zoom in of the
fault indices).

It is also shown in Figure 6¢ that the detection time is almost 17 msec; however, this
value depends mainly on the threshold and the moving average period adjustments. For
faster fault detection, lower threshold value and moving average period could be adjusted,
but this will also increase the indices ripples.

Another test was performed to indicate the effect of varying the value of the moving
average period Ty,. Figure 7 shows the R,; index at three different values of the moving
average period T,,; when T, =0.2T;, 0.6 Ty and 1 T;. Faster fault detection is observed
at T;;= 0.2 T; but the index ripples are higher. Whereas lower index ripples are noticed at
Tyu= Ts, but the detection speed is also lower in this case.

0.8 ] 1
0.3 et Ny
0.6 = 0.2 .
= &
0.4 0.1 =~ L3
_Ral @ Tm = Ts
0 —R._@T =06T
0.2 — 580 600 PRI |
/)‘w” R S S, Ral@Tm_O' Ts
0 | | 1
0 200 400 600 800 1000

Time (ms)
Figure 7. Effect of changing the moving average period ( Tj;).

Note also that, in this OPF case, the average value of the phase a; current (Ip;—04)
should remain zero, in other words, I, g has a zero value in the healthy case and in the
case of an open-phase fault.

The results show the simplicity and effectiveness of this fault detection technique. Fast
detection is achieved due to the low calculations burden of this technique, as compared
to the other more complicated methods which require heavy calculations, such as neural
network-based methods and frequency spectrum-based methods. Furthermore, robustness
to load variation and operating conditions is guaranteed because the indices are inherently
normalized as they are ratios of the VSD current variables. This ensures that the indices
remain at a value of zero in the healthy situation and one in the case of a fault.
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5.2. Open-Switch Fault (OSF)

Here, one test is presented to investigate the OUSF fault. In this test, the upper switch
of phase a; is opened at t = 3.75 s through disconnecting the gate signal of that switch.
Figure 8a shows OUSF phase current. Thus, ideally, the a; fault index evolves to one
during the positive half cycle and returns back to zero during the negative half cycle.
However, practically, it does not have enough time to reach zero because of the high supply
frequency, as shown in Figure 8b. Moreover, Figure 8c presents a zoomed-in view of the
fault index R, , and it is demonstrated that the detection time is about 9 msec.

As discussed earlier, this is not enough to detect an OSF and deduce that the fault is
in the upper switch. Therefore, the I, 4., of phase a1 should be checked to be negative,
as shown in Figure 8d, and that means that there is an OUSE.

Furthermore, the indices-based fault detection technique does not recognize an OPF
case from the case of having both OUSF and OLSF at the same time. This is because, in
these both cases, the fault index of the faulted phase will evolve and the I, ;,, index will
be zero, as shown in Figures 6 and 8.
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Figure 8. OSF test: (a) Phase current (al); (b) Ral index; (c) Ral index (zoom-in); (d) Iph_avg.

Regarding the detection time, without considering the second index (I, 4), the
detection time depends on the fault instant, and the maximum possible detection time
equals the detection time of the OPF case plus a half fundamental cycle. This happens
whenever the OSF occurs at the beginning of the half cycle of the healthy switch, for
example, the maximum possible detection time for an OUSF occurs when the fault instant
is at the beginning of the negative half cycle. However, by considering the I, index,
the detection time will not be less than one complete fundamental cycle, which is the
minimum required period to calculate the index I pq-

5.3. Bad Connection Fault

The bad connection fault is experimentally represented by adding a variable resis-
tance in series with the a; phase connection. The severity of the bad connection fault
is determined by the value of the added resistance (i.e., increasing the resistance value
increases the bad connection fault severity and vice versa). In this test, the resistance has
increased in two steps to visualize the change of the fault index. At the beginning, there
was no bad connection fault; however, at t = 4 s, a 35 Ohms resistance (the first step) is
added to simulate a bad connection fault with a moderate severity. Then, at t = 6.5 s, the
resistance was increased to be 60 Ohms (the second step) to demonstrate a high severity
bad connection fault. At this resistance value, the phase current was zero and the fault
index reached to approximately one, so this is the worst bad connection fault case, as these
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results are similar to that of the open-circuit fault. Finally, the resistance was removed at
t =17.5 s and the current returned to its normal value.

Figure 9a shows the decay in a; phase current to approximately zero due to the added
resistances, whereas Figure 9b,c show the evolution of the fault index of phase a; as a
consequence of increasing the bad connection fault severity.
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Figure 9. Bad connection test: (a) Phase current (al); (b) Fault indices; (c¢) Ral (zoom-in view).

Here, the set value of the index threshold value determines at which severity level the
fault could be detected. That is, if the threshold value is low, the detection severity level is
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low, and if the threshold value is high, the detection severity level will be high. However, if
the threshold value is set to be a high value, this may lead to a misinterpretation of the fault
to be an open-phase or open-switch fault. Therefore, it is necessary to note that the index
threshold value in bad connection fault detection should be lower than the index threshold
value in open-phase and open-switch fault detection. This is important to differentiate
between these types of fault.

5.4. Broken-Rotor Bar (BRB) Fault

The phase variable model of the six-phase induction motor is built using MAT-
LAB/SIMULINK. The motor equations were implemented using the function blocks of
the SIMULINK in addition to an S-Function, whereas a MATLAB Function was used to
implement the fault detection algorithm. The fixed-step solver (ode3) was used with a
step size value = 1 x 1073. The stator phase currents and rotor loop currents are shown
in Figures 10 and 11, a zoomed view of one of the rotor loop currents is presented also in
Figure 11 for better visualization. Additionally, the mechanical performance of the motor
is shown in Figure 12, where the motor started at no load, then at t =0.6 s, a 4 N.m load
torque was applied.
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Figure 10. Stator phase currents.
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Figure 11. Rotor loop currents.
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Figure 12. (a) Electromagnetic torque; (b) Rotor speed.

A broken rotor-bar fault was simulated by increasing the value of one rotor-bar
resistance to be 0.001 Ohms, so the number of the broken rotor bars in this test is one. In
this test, the motor started with one broken rotor bar fault at no load, then the motor was
impacted by a load torque of 4 N.m at t = 0.6 s. Figure 13 shows the rotor-bar currents and
indicates that the current of the first rotor-bar is reduced to zero (BRB fault). The frequency
spectrum of the stator phase a; current in both the healthy case and the one BRB fault case
is provided in Figure 14. It can be shown that the amplitudes at about 42 and 58 Hz are
increased in the BRB fault case; these side-band frequencies are consistent with (1 + 2s) f;
equation, where s = 0.07 in this case and f; = 50 Hz.

However, unbalance in the stator phase currents was not observed in Figure 15. Ad-
ditionally, Figures 16 and 17 present the -3 and x-y current components of the phase
currents, and it is explicitly shown that the x-y components are approximately zero. There-
fore, as expected, there will be no effect on the indices, as presented in Figure 18. All the
filtered indices are zero; however, there are small notches in the values which could be
filtered out through a proper filter. In Figure 18b, there are some notches, specifically at the
zero-crossing instants; therefore, a hysteresis-band filter is used to filter out these notches,
along with the comparison to a threshold value stage which was described earlier.
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Figure 14. Stator current spectrum: (a) Healthy case; (b) BRB fault case.
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Figure 18. (a) Filtered indices; (b) Unfiltered indices.

Furthermore, more tests were conducted to validate this conclusion. Since the fault
indices were calculated from the x- and x-y sequence currents, Table 2 introduces the
rms values of these sequence currents in various BRB fault conditions, namely, in one,
two adjacent, two non-adjacent, three adjacent, and three non-adjacent BRB faults. All
these cases were tested under rated torque condition. It can be shown that there is no
considerable variation in the x-y sequence current rms values, which indicates that the
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phase currents have a small unbalance component at these various fault conditions. Thus
the fault indices will not evolve to detect this fault type.

Table 2. Sequence rms currents in various BRB fault conditions.

Fault Condition o-Current 3-Current x-Current y-Current
(rms) (rms) (rms) (rms)
Healthy (no BRB fault) 1pu 1pu 0 pu 0 pu
One BRB (Bar no. 1) 1.025 pu 1.025 pu 0.012 pu 0.012 pu
Two adjacent BRBs
(Bars 1 and 2) 1.065 pu 1.065 pu 0.012 pu 0.012 pu
Three adjacent BRBs
(Bars 1,2 and 3) 1.29 pu 1.29 pu 0.015 pu 0.015 pu
Two non-adjacent BRBs
(Bars 1 and 5) 1.35 pu 1.35 pu 0.015 pu 0.015 pu
Three non-adjacent 1.45 pu 1.45 pu 0.018 pu 0.018 pu

BRBs (Bars 1, 4 and 7)

6. Conclusions

In this study the indices-based fault detection technique was investigated against
various types of faults. This fault detection technique has the advantages of being reliable
and robust to varying operating conditions. In addition, it is quite simple as it requires
no heavy calculations. However, some signal filtering and conditioning are required due
to the inherit notches and ripples which are present in the indices signals. Four types of
faults were tested, namely, open-phase, open-switch, bad connection, and broken rotor bar
faults. As described in other previous studies, the open-phase faults could be successfully
detected using this technique without any modification. However, in the case of the open-
switch faults, an additional index, which is the average value of the phase current, is
proposed to differentiate between the open-phase and open-switch faults. Although this
added index will increase the detection time to be at least one complete fundamental cycle,
an advantage of localizing the open-switch fault will be gained. Furthermore, the fault
detection technique was tested against the bad connection fault, and it is shown that this
fault could also be detected, but with a proper choice of the fault threshold value, in order
not to misinterpret the fault with the open phase or open switch faults. Moreover, a six-
phase induction motor model based on the phase variables was implemented to adequately
simulate the broken rotor bar fault. In this case, it is concluded that the indices-based fault
detection technique could not be able to detect the broken rotor bar fault, as there is a
small unbalance in the stator phase currents. Finally, experimental and simulation results
validate all the above conclusions.
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