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KEYWORDS Abstract. Six-phase motors are becoming more popular because of their advantages

Concentrated such as lower torque ripple, better power distribution per phase, higher efficiency, and

G fault-tolerant capability compared to three-phase ones. This paper presents the fault-
)

tolerant capability analysis of a symmetrical six-phase induction motor equipped with
distributed, conventional concentrated, and pseudo-concentrated windings under open-
circuit fault scenarios. For further investigation, different load types such as constant-
speed, constant-torque, and constant-power are applied to the motor. Two concepts of
magnetic and physical phase separations are introduced as factors affecting motor reliability.
Analytically, these factors give an insight into how the pseudo-concentrated winding could
be a fault-tolerant alternative. Moreover, five parameters including change of output
power, power loss, power factor, efficiency, and expected load loss are considered as fault-
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T parameters are reported using finite element analysis for different fault scenarios and load

types. Although the baseline motor dimensions are not optimized for applying the pseudo-
concentrated winding, the pseudo-concentrated winding shows promising performance with
high fault-tolerant capability.
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1. Introduction vehicle and railway traction, all-electric ships, and
more-electric aircraft [1]. Multi-phase motors have
several advantages over their three-phase counterparts:
splitting the power into multiple phases to reduce the
power ratings per phase and improving the distribution

] of the magneto-motive force in the motor air gap,
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In recent years, multi-phase motors have been an
attractive option in several applications such as electric
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degrees of freedom increase with the number of inde-
pendent phase variables of the driver, which helps opti-
mize control strategies [3]. One of the most significant
advantages of these motors is their high fault-tolerant
capability [4], making them suitable for sensitive ap-
plications with high reliability requirements. Among
the numerous possibilities of multi-phase motors, the
six-Phase Induction Motor (6PIM) is one of the most
frequently used due to the simplicity of its structure,
which is identical to that of a three-phase motor from
air gap point of view [5].

Several papers have focused on the structure of
the 6PIM in healthy conditions and tried to improve
the motor performance parameters [6-9]. Some other
papers have studied the post-fault operation of 6PIM
under open-phase or short-circuited phase conditions
[10-14]. Also, several research studies have focused
on the modelling [5,15,16] and control aspects [1,17-
19] in post-fault conditions. However, there is no
comprehensive fault-tolerant capability analysis for
different winding configurations. This paper discusses
the fault-tolerant capability of the 6PIM equipped with
different winding configurations (such as distributed,
concentrated, and pseudo-concentrated windings) un-
der different fault scenarios.

Recently, many valuable published works have fo-
cused on the reliability evaluation of electrical machines
[20—-24]. Various studies on motor reliability have shown
that about 30% to 40% of induction motor failures are
caused by stator winding faults [25,26]. This fault can
arise due to dynamic load conditions or a combination
of different stresses acting on the stator winding,
such as thermal or electrical stresses [27]. Among the
possible faults related to the stator windings, an Open
Circuit Fault (OCF) of the stator windings is a common
problem [25] and will be discussed here.

In this paper, the performance parameters of
the 6PIM equipped with Distributed Winding (DW),
Concentrated Winding (CW), and pseudo-CW under
different OCF scenarios are examined. In addition,
different load types such as constant-speed, constant-
torque, and constant-power are employed to study their
effects on the motor’s reliability. As an analytical
approach, two concepts of magnetic and physical phase
separations are used, which are closely related to the
motor’s reliability. These concepts provide insight
into how the pseudo-CW could be a fault-tolerant
alternative. To more accurately examine the windings’
fault-tolerant capability, changes in five parameters
(output power, power loss, power factor, efficiency, and
expected load loss) are investigated. Finite Element
Analysis (FEA) is used to calculate the aforementioned
parameters under different fault scenarios and load
types. The reliability analysis shows that the pseudo-
CW has satisfactory fault-tolerant capability close to
the DW and much higher than the CW. It should

Table 1. Baseline motor parameters.

Quantity Unit Measured
value
External stator diameter mm 79.5
Internal stator diameter mm 41.8
Active core length mm 45.7
Air gap thickness mm 0.4
Stator slot number - 24
Stator slot area mm?> 12.9
Rotor slot number - 18
Rotor bar area mm? 16.8
External end-ring diameter mm 39.5
Internal end-ring diameter mm 27
End-ring thickness mm 7
Inertia coefficient kg.m? 4.10-4

be noted that the baseline motor is not optimized for
applying the pseudo-CW and CW.

The paper structure is organized as follows: The
configuration of the baseline 6PIM equipped with DW|
CW, and pseudo-CW and their performance charac-
teristics are presented in Section 2. The magnetic
and physical separation concepts and different possible
fault scenarios are explained in Section 3. Motor
performance in post-fault conditions is discussed in
Section 4. Section 5 presents a comparison between the
considered winding layouts from the reliability point
of view. Subsequently, a conclusion is presented in
Section 6 based on the reported discussions and results.

2. Baseline 6PIM performance

The induction motor with the 24-slot stator and
squirrel-cage 18-bar rotor cores is considered as the
baseline motor. The main geometrical dimensions
of the baseline motor are shown in Table 1. Three
different two-pole symmetrical six-phase winding con-
figurations (with a 60° phase shift angle between each
phase and its nearest phases) are applied to the baseline
6PIM including: one-layer DW, two-layer conventional
CW, and four-layer pseudo-CW (see Figure 1). The
performance parameters of the 6PIM equipped with
the aforementioned winding layouts are reported in
Table 2.

2.1. One-layer DW

The one-layer DW layout is shown in Figure 1(a). By
connecting the motor to the power supply (14 V),
simulation results from FEA and experimental results
are reported in Table 2. According to the simulation
results, the no-load current is 1.45 A and the full-
load current is 1.82 A. In comparison, the experimental
results show 1.41 A and 1.78 A for the no-load and full-
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Figure 1. Two-pole winding layouts for the 6PIM: (a) Single-layer DW, (b) two-layer conventional CW, and (c) four-layer

pseudo-CW.

Table 2. Performance variables of baseline motor.

Quantity Unit DWwW CwW Pseudo-CW
FEA Exp [6] FEA FEA Exp [6]

Phase voltage A% 14 14 5.1 10.7 10.7
Turns per slot - 27 27 28 40 40

Rated current A 1.82 1.78 1.77 1.78 1.8

No-load current A 1.45 141 1.69 1.62 1.63
Rated speed rpm 2822 2820 2820 2820 2820
Rated torque N.m. 0.3 0.3 0.069 0.151 0.16
Power factor p-u. 0.722 - 0.541  0.651 0.644
Efficiency % 80.2 - 69.5 60.1 63.6

load currents, respectively. Moreover, FEA simulation
results show that the rotor rated speed and torque are
2822 rpm and 0.3 N.m, respectively. It should be noted
that the measured values are 2820 rpm and 0.3 N.m,
respectively.

2.2. Two-layer CW

The two-layer CW layout is shown in Figure 1(b). As
shown in Table 2, the conventional two-layer CW for
6PIM does not perform as well as the other winding
layouts because of its low-quality air gap flux density
distribution. FEA results show that the conventional
two-layer CW has much lower output power compared
to the DW at the same rotor speed. The conventional
CW, in comparison to DW, has shorter end-winding,
which results in less copper usage, smaller resistance,
and consequently fewer copper losses [7]. However, the
CW efficiency is lower than that of DW because of its
low output power value.

2.3. Four-layer pseudo-CW

The pseudo-CW (see Figure 1(c)) layout benefits from
the advantages of the CW and has a higher fundamen-
tal harmonic amplitude of air gap flux density with
lower THD compared to the CW. The performance

characteristics of the pseudo-CW are not as good as
DW, but they are much higher than those of the CW.
Considering the FEA results, the motor has a 1.78 A
full-load current, 2820 rpm rated speed, and 0.151 N.m
rated torque. In comparison, the experiment has
reported 1.8 A, 2820 rpm, and 0.16 N.m, respectively.

3. Magnetic and physical phase separations

3.1. Physical phase separation

The motor hot spot is usually placed in the stator
slots where the major heat source (conductive loss)
cannot be easily dissipated, leading to damage to the
insulation winding [28]. Stator winding faults are gener-
ally related to insulation failure, starting as undetected
turn-turn faults and eventually growing into phase-
phase faults [25]. One winding feature that can prevent
the initiation of phase-phase faults is the physical
phase separation between different phases. The most
complete type of physical separation occurs when only
one coil is placed in each slot (using single-layer config-
uration) and no overlapping between different phases
occurs in the end winding. For example, in a single-
layer DW configuration, there is overlapping in the end-
winding region. Therefore, among the different winding
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types, the single-layer CW (winding on tooth) has the
most physical separation between different phases.

As shown in Figure 1(a), in the end-winding
region of the DW phase A; isin contact with all phases
except phase Bs. This is because, in the short-pitch
DW configuration, each phase is not in contact with
its opposite phase. Conversely, in the conventional full-
pitch DW, each phase is in contact with all the other
phases, resulting in a bulky end-winding. However,
the heat produced by winding conductive loss could
be trapped in this bulky end-winding, causing a heat
transferring problem. From an analytical point of view,
the physical phase separation of the DW configuration
is not acceptable.

In the CW configuration, each phase is in contact
with two other phases in the slots because of its two-
layer configuration, and no winding overlap is seen
in the end-winding part. In the considered four-layer
pseudo-CW, each phase is in contact with three other
phases in the stator slots, and no overlap between
different phases occurs in the end winding part [6].

It should be noted that the baseline 6PIM is not
optimized for applying pseudo-CW and its dimensions
were designed for DW application. In [6], where the
performance parameters of 6PIMs in healthy condition
are reported, the four-layer pseudo-CW is proposed for
the first time to achieve higher performance parameters
compared to CW. Since only the performance results
of the four-layer pseudo-CW were available, they were
eventually compared with the single-layer DW and
the two-layer CW. Considering the physical separation
results, the pseudo-CW exhibits a more satisfying
condition than DW.

3.2. Magnetic separation

Beside the physical phase separation, magnetic sepa-
ration between different phases is an important pa-
rameter to enhance the fault tolerant capability [29].
Without magnetic isolation, fault in one phase can
induce voltages in other phases. Thus, the motor
should be designed with minimal mutual coupling
between different phases. In other words, a zero mutual
inductance between phases and high self-inductance for
each phase are the most suitable magnetic character-
istics for the motor considering the reliability aspect,
because these features prevent spreading the fault from
one phase to the another magnetically.

The ratio of the mutual inductance between the
different phases to the self-inductance of the phase
is considered as an index to measure a motor’s fault
tolerant capability. This ratio should be close to
zero in an ideal condition where the phases are fully
separated magnetically [30]. It should be noted that
this ratio is not a novel parameter to investigate the
fault tolerant capability, as its concept is reported in
[30] and its related calculations are presented in [31].

The inductance ratio for the fault-tolerant capability
between phase & and phase y is:

Ly,
L, 1
I.. (1)

Assuming that the air gap length is a constant value for
all spatial angles (i), the mutual inductance between
phases z and y would be [31]:

27
- RI
Loy =" = w2 / N, (o) TE,(¢)dp. (2)
0

IRFT,, =

iz

In Eq. (2), sy is the mutual flux linkage between
phases z and y, and TF, is the turn function of the
phase x. The self-inductance of phase z is [31]:

’“‘OgRl / N (o) TF.()dp. (3)

La:z =

For the pseudo-CW, this ratio is equal to 0.227 be-
tween phase A; and other phases except for phase
Bs. Phase B, is a redundant phase of phase 4; and
has a similar configuration to phase A; with opposite
direction of current flow, so it is obvious that this
phase has a strong magnetic coupling to phase A;
(IRFT4,B, =1). According to the results, the pseudo-
CW (IRFTpseudo—cw = 0.227) has more separated
phases magnetically than DW (IRFTpw = 0.423)
and less than CW (IRFTcw = 0). Therefore, even
if the baseline motor dimensions are not optimized
for the pseudo-CW, the results are satisfying. The
FEA results for the phases inductance matrix are
reported in Table 3. As can be seen, the FEA results
completely validate the accuracy of the obtained an-
alytical results considering phase-to-phase inductance,
phase self-inductances, and IRF'T values. It should be
noted that the slight difference between the analytical
and FEA results arises from the fact that FEA takes
more magnetic aspects into account, such as slotting
effect, core nonlinear magnetic behavior, and coil leg
placement in slot layers.

4. Faulty and healthy conditions report using
FEA

The six-phase motor has the ability to operate under
OCF conditions, where up to 3 phases are lost. As
shown in Figure 2, five different OCF types, which
could occur in the six-phase motor and still allow the
motor to continue producing torque, are one-Phase
(IPh), Adjacent double-Phase (A2Ph), Non-Adjacent
double-Phase (NA2Ph), Adjacent triple-Phase (A3Ph),
and Non-Adjacent triple-Phase (NA3Ph) faults. Ta-
ble 4 presents the fault scenarios considering seven pos-
sible open-circuit faults. These scenarios were studied
on the 6PIM equipped with DW, CW, and pseudo-CW.
It should be noted that each explained fault scenario
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Table 3. FEA results for phase-to-phase inductances: (a) Distributed Winding (DW), (b) conventional Concentrated
Winding (CW), and (c) pseudo-CW.

(a) Distributed winding
Phases Phase A; Phase Az Phase B; Phase B Phase C; Phase Cs
Phase Ay 1 0.4285 0.4285 0.8931 0.4285 0.4285
Phase As 0.4285 1 0.4285 0.4285 0.8931 0.4285
Phase B 0.4285 0.4285 1 0.4285 0.4285 0.8931
Phase Ba 0.8931 0.4285 0.4285 1 0.4285 0.4285
Phase Cy 0.4285 0.8931 0.4285 0.4285 1 0.4285
Phase C 0.4285 0.4285 0.8931 0.4285 0.4285 1
(b) Conventional concentrated winding
Phases Phase Ay Phase Az Phase By Phase B Phase C; Phase C3
Phase Aq 1 0.0169 0.0169 0.0341 0.0169 0.0169
Phase A» 0.0169 1 0.0169 0.0169 0.0341 0.0169
Phase B 0.0169 0.0169 1 0.0169 0.0169 0.0341
Phase Bz 0.0341 0.0169 0.0169 1 0.0169 0.0169
Phase Cy 0.0169 0.0341 0.0169 0.0169 1 0.0169
Phase C 0.0169 0.0169 0.0341 0.0169 0.0169 1
(¢) Pseudo-CW
Phases Phase A1y Phase A Phase By Phase B Phase C; Phase Cs
Phase A, 1 0.2331 0.2331 0.9659 0.2331 0.2331
Phase A» 0.2331 1 0.2331 0.2331 0.9659 0.2331
Phase B 0.2331 0.2331 1 0.2331 0.2331 0.9659
Phase Ba 0.9659 0.2331 0.2331 1 0.2331 0.2331
Phase Cy 0.2331 0.9659 0.2331 0.2331 1 0.2331
Phase C5 0.2331 0.2331 0.9659 0.2331 0.2331 1
P g 2 g
) 2y ) >y
Ta=0 Ia=0 Ia,=0 Ip,=0 Ia=0 Ia=0
7 7 S ) 55— 55 e — ) 1779 7550 o —
»
NSy
(a) (b) (©) (d) (e

Figure 2. Open-circuit faults in phase windings of 6PIM: (a) 1Ph, (b) A2Ph, (c) NA2Ph, (d) A3Ph, and (e) NA3Ph.

occurs with six different combinations involving differ-
ent phases involved.

The motor is simulated in healthy and faulty
conditions using the FEA. The FEA results are ob-
tained by using a time-transient simulation in 2D Ansys
Maxwell software. The flux density distribution of the
6PIM equipped with DW under healthy and two-phase
fault condition are shown in Figure 3. Similarly, the
flux density distributions of the 6PIM equipped with
CW and pseudo-CW are shown in Figures 4 and 5,
respectively. As can be seen, when the OCF occurs,
the flux density amplitude is reduced, especially in
the stator and rotor teeth. This reduction is due
to the absence of some of the flux producing sources

(resulting from the occurrence of the OCF), as the
phase currents are the source of producing flux in
the stator and rotor magnetic paths. In Figure 6,
the phase current under a 2A OCF scenario is shown
for different winding types. The presence of current
harmonics is evident and results in higher output
torque ripple. The FEA simulation results of the
6PIM equipped with DW, CW, and pseudo-CW under
different scenarios are reported in Tables 5 to 7. The
results were obtained using three different load types:
constant-speed, constant-torque, and constant-power,
to consider the effects of load type on the motor’s fault-
tolerant capability.

The obtained results show that when an OCF
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Figure 3. FEA results for flux density distribution of DW: (a) Healthy condition and (b) 2A OCF scenario.
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Figure 4. FEA results for flux density distribution of CW: (a) Healthy condition and (b) 2A OCF scenario.
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Figure 5. FEA results for flux density distribution of pseudo-CW: (a) Healthy condition and (b) 2A OCF scenario.
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Table 4. Different fault scenarios for symmetrical
six-phase induction motor.

OCF
Number of Faults Scenarios P{":jlste

OCFs

0 OCF 0Ph 0A -

1 OCF 1Ph 1A Aq
A2Ph 2A Ai-As

2 OCFs NA2Ph 2B A1-By
NA2Ph 2C A1-Bs
A3Ph 3A Aq1-Az-Bq

3 OCFs NA3Ph 3B Aq1-As-B»
NA3Ph 3C A1-B1-Cy

occurs, the current in the adjacent phase increases to
compensate for the reduced MMF. In other words, if
one or more phases are lost, the current in healthy
phases increases to maintain the power of the motor. In
this situation, the power losses of the remaining phases

increase, potentially causing damage to the windings.
For this reason, a power derating factor is required to
keep the windings safe. It should be noted that as the
number of phase faults increases, the derating factor
also increases. Therefore, spreading the fault from one
phase to another has a great impact on the derating
factor in the post-fault condition. Therefore, increased
physical and magnetic separation between phases could
help reduce the amount of load loss in the post-fault
condition. As can be seen in Table 4, during the 1 A
scenario, the current flow through the stator increases
by approximately 1.2 times in phases A and By, 1.3
times in phase Bs, and 1.14 times in phases C; and
Cs for the 6PIM equipped with DW using a constant-
speed load compared to the healthy condition.

It should be noted that the conventional CW
(applied to the baseline 6PIM) does not exhibit proper
performance parameters even in healthy conditions.
Moreover, the winding performance gets worse in post-
fault conditions, especially when constant-power or
constant-torque are applied. Consequently, the motor
cannot produce enough power to rotate the load.
To ensure reliable results for comparison and avoid
unjustified performance results, the FEA results for

Table 5. FEA results for performance of 6PIM equipped with DW: (a) Constant-speed, (b) constant-torque, and (c)

constant-power.

(a) Constant-speed

Parameter Torque Copper Power )
Scenarios Vph Iai Iaz Is: Iz Ich Ioa Full T(.)rque Speed loss Prr factor P,,: Efficiency
load torque ripple
0A 14 176 1.76 1.76 1.76 1.76 1.76 0.3 26% 2822 18.6 0.00 0.81 88.66 74%
1A 14 0 2,12 2,14 2.24 2 2.02 0.29 56% 2822 22.2 2.96 0.73 85.70 73%
2A 14 0 0 2.47 2.68 2.61 2.29 0.25 70% 2822 25.3 8.66 0.67 80.00 69%
2B 14 0 236 0 267 241 2.58 0.26 74% 2822 25.2 9.26 0.67 79.40 68%
2C 14 0 2.51 2.49 0 2.54 2.51 0.26 120% 2822 25.3 11.66 0.67 77.00 67%
3A 14 0 0 0 3.28 3.24 3.05 0.238 30% 2822 30.6 18.66  0.59 70.00 63%
3B 14 0 0 3.04 0 3.36  3.01 0.232 145% 2822 29.6 19.16 0.60 69.50 62%
3C 14 0 3.13 0 3.16 0 3.14 0.231 26% 2822 29.6 19.66 0.60 69.00 62%
(b) Constant-torque
Parameter Torque Copper Power )
Scenarios Vph Iai Iaz Is: Iz Ich Ico Full Torque Speed loss Prr factor P,,: Efficiency
load torque ripple
0A 14 176 1.76 1.76 1.76 1.76 1.76 0.3 25% 2822 18.6 0.00 0.81 88.66 74%
1A 14 0 2,12 2.1 224 21 2.02 0.3 60% 2812 22.4 0.31 0.76 88.34 1%
2A 14 0 0 2.67 2.82 2.8 2.46 0.3 64% 2790 29.0 1.01 0.73 87.65 65%
2B 14 0 254 0 282 26 275 0.3 68% 2791 28.7 0.97 0.74 87.68 64%
2C 14 0 2.68 2.67 0 2.74 2.65 0.3 112% 2787 28.8 1.10 0.73 87.56 65%
3A 14 0 0 0 3.74 3.72 3.52 0.3 30% 2754 40.2 2.14 0.65 86.52 61%
3B 14 0 0 367 0 4.1 3.61 0.3 134% 2730 43.3 2.89 0.71 85.77 54%
3C 14 0 3.7 0 3.74 0 3.72 0.3 22% 2745 41.5 2.42 0.66 86.24 59%
(c) Constant-power
Parameter Torque Copper Power ]
Scenarios Vph Ia1 Iaz Ig1 Iz Ici Ic2 Full Torque Speed loss Prr factor oue  Efficiency
load torque ripple
0A 14 179 1.79 1.79 1.79 1.79 1.79 0.3 26% 2822 19 0.00 0.80 88.66 74%
1A 14 0 212 212 225 2.08 2.01 0.3 56% 2813 22 0.28 0.77 88.37 1%
2A 14 0 0 2.62 2.81 2.81 2.46 0.302 68% 2792 29 0.36 0.71 88.30 68%
2B 14 0 251 0 289 265 2.76 0.305 65% 2757 29 0.60 0.70 88.06 68%
2C 14 0 2.81 2.72 0 2.77 2.7 0.308 120% 2747 30 0.05 0.72 88.60 65%
3A 14 0 0 0 3.87 3.86 3.65 0.311 29% 2705 43 0.56 0.66 88.10 60%
3B 14 0 0 3.8 0 433 3.7 0.311 128% 2670 47 1.70 0.67 86.96 55%
3C 14 0 3.82 0 3.82 0 3.85 0.312 24% 2670 44 1.70 0.65 86.96 59%
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Table 6. FEA results for performance of 6PIM equipped CW: Constant-speed.

Constant-speed

Parameter Torque
Scenarios Vph Iaq1 Iaz2 Ip1 Iz Ici Ic2 loadF:(:‘que T:;;g;—:: Speed Ccl)::;er Prr lf:':::vtvj: Pour  Efficiency
0A 5.1 1.77 1.77 1.77 1.77 1.77 1.77 0.069 110% 2820 9.40 0.00 0.63 20.38 61%
1A 5.1 0 24 185 1.26 241 1.88 0.064 180% 2820 10.06 1.48 0.60 18.90 58%
2A 5.1 0 0 2.5 1.21 1.68 2.58 0.034 217% 2820 8.26 10.34  0.49 10.04 46%
2B 5.1 0 258 0 1.7 244 141 0.036 208% 2820 9.92 9.75 0.50 10.63 44%
2C 5.1 0 2.9 215 0 2.88 2.14 0.041 280% 2820 12.95 0.30 0.52 20.08 42%
3A 5.1 0 0 0 1.86 1.56 1.99 0.016 600% 2820 6.27 15.65 0.40 4.72 33%
3B 5.1 0 0 2.7 0 1.91 2.68 0.014 950% 2820 9.06 16.24 0.44 4.13 25%
3C 5.1 0 1.99 0 2 0 1.98 0.013 760% 2820 8.70 16.54 0.38 3.84 24%

Table 7. FEA results for performance of 6PIM

constant-power.

equipped pseudo-CW: (a) Constant-speed, (b) constant-torque, and (c)

(a) Constant-speed

Parameter Torque Copper Power .
Scenarios Vph Iay Iaz Ip1 Iz Ici Ic2 Full T(.)rque Speed loss Prr factor Pout Efficiency
load torque ripple
0A 10.7 1.78 1.78 1.78 1.78 1.78 1.78 0.151 30% 2820 19 0.00 0.62 44.59 63%
1A 10.7 0 2.01 1.80 2.29 2.03 1.80 0.148 80% 2820 20 0.98 0.61 43.61 61%
2A 107 0 0 2.16 2.41 2.71 2.19 0.135 80% 2820 23 4.67 0.56 39.93 57%
2B 107 0 213 0 2.69 2.20 2.39 0.133 78% 2820 22 5.28 0.56 39.31 57%
2C 10.7 0 2.631.94 0 2.59 2.00 0.128 150% 2820 21 6.82 0.55 37.78 57%
3A 107 0 0 0 294297 3.00 0.120 28% 2820 26 9.27 0.51 35.32 51%
3B 107 0 0 296 0 3.12293 0.119 148% 2820 30 9.58 0.50 35.01 48%
3C 10.7 0 296 0 299 0 3.00 0.121 27% 2820 27 8.97 0.52 35.63 51%
(b) Constant-torque
Parameter Torque Copper Power .
Scenarios Vph Iay Iz Ipy Ipz Ici Ic2 Full T(.)rque Speed loss Prr factor Pour Bfficiency
load torque ripple
0A 10.7 1.78 1.78 1.78 1.78 1.78 1.78 0.151 30% 2820 19 0.00 0.62 44.59 63%
1A 10.7 0 2.06 1.84 2.32 2.10 1.82 0.151 80% 2811 21 0.14 0.61 44.46 61%
2A 10.7 0 0 2.31 2.57 2.89 2.32 0.151 80% 2775 26 0.71 0.58 43.88 57%
2B 107 0 231 0 2.892.29 2.57 0.151 78% 2783 25 0.58 0.58 44.01 57%
2C 10.7 0 3.022.25 0 3.01 2.28 0.151 150% 2735 28 1.34 0.56 43.25 55%
3A 107 0 0 0 3.323.333.33 0.151 28% 2723 33 1.54 0.55 43.06 51%
3B 10.7 0 0 352 0 3.71 347 0.151 141% 2709 38 1.76 0.55 42.83 48%
3C 107 0 332 0 336 0 3.37 0.151 27% 2720 34 1.58 0.55 43.01 51%
(¢) Constant-power
Parameter Torque Copper Power '
Scenarios Vph Ia1 Iaz Ipy Ip2 Ici Ic2 Full T(?rque Speed loss Prz factor Pou Efficiency
load torque ripple
0A 10.7 1.78 1.78 1.78 1.78 1.78 1.78 0.151 26% 2820 19 0.00 0.62 44.59 63%
1A 10.7 0 2.05 1.84 2.32 2.06 1.81 0.151 64% 2802 21 0.28 0.61 44.31 61%
2A 107 0 0 2.33 2.57 2.86 2.34 0.153 70% 2760 26 0.37 0.58 44.22 57%
2B 10.7 0 234 0 2.90 2.33 2.57 0.153 70% 2760 26 0.37 0.58 44.22 57%
2C 10.7 0 3.19238 0 3.19 2.40 0.16 138% 2650 32 0.19 0.57 44.40 53%
3A 107 0 0 0 3.48 3.46 3.48 0.156 24% 2700 36 0.48 0.56 44.11 50%
3B 10.7 0 0 3.71 0 3.90 3.58 0.155 136% 2690 42 0.93 0.55 43.66 47%
3C 107 0 347 0 3.52 0 3.50 0.155 22% 2675 37 0.89 0.55 43.70 50%
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Figure 6. Phase current waveforms in healthy and faulty conditions: (a) DW, (b) CW, and (c) pseudo-CW.

the performance of the 6PIM equipped with CW are
not reported in post-fault conditions when constant-
power and constant-torque load types are applied to
the motor. This decision is made because the motor
cannot operate properly under these conditions.

5. Fault tolerant analysis

5.1. Reliability

After presenting the motor performance parameters
in post-fault conditions, these parameters could be
used in a reliability analysis to investigate the fault-
tolerant capability of the 6PIM equipped with DW,
CW, and pseudo-CW. To use this analysis method,
first, some fundamental aspects of reliability analysis
should be explained here. Reliability is the probability
of performing adequately to achieve the desired aim of
the system in a specified time [32].

One of the useful reliability indices to evaluate the
motor fault-tolerant capability is the Expected Load
Loss (ELL), which indicates the expected amount of
load that cannot be supplied in a post-fault condition
considering the fault occurrence probability [33]. The
ELL can be calculated as [34]:

ELL =Y (PLL)x Pyr.

=1

(4)

As can be seen, the ELL value depends on the Prob-
ability of Load Loss (PLL) and the load loss amount
(Prr). Before proceeding to the probability part of the
reliability analysis (PLL calculation), it is necessary
to express the utilized assumptions for the reliability
analysis. To simplify the reliability analysis procedure,
some assumptions are used as follows:

1. The probability of losing each phase is equal to
Q(t), which is a function of time;

2. The fault occurrence in each phase is independent
of the operation conditions of other phases. In other
words, fault occurrence in phases is an independent
probability event.

440

Time (msec)

(b)
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(e)

Now, it is necessary to calculate Q(t) for fault oc-
currence in each phase. Considering the reliability
concept, the probability of a component (winding
phase) surviving for a time ¢ with a constant failure
rate of A is [22]:

P(t)=e M. (5)

Therefore, the probability of fault occurrence in each
phase can be described as:

Qt)=1—P(t)=1—eM, (6)

An example for calculating the (Pp;) for the OCF
scenario where A; and B are the faulty phases could
clarify how Prz value is related to P(t) and Q(¢).
In this scenario, four components are up and two
components are down, so the probability is:

P(faulty phases : A1 & By) = P*()Q*(t)
— 674/\16(1 _ ef)\t)2. (7>

It should be noted that there are many OCF scenarios
for each case study; therefore, the ELL formula for each
case study (6PIM with each winding configuration) is
too long. Thus, the obtained ELL equations of the case
studies are not reported in this paper for the sake of
brevity.

The failure rate of the 6PIM phase winding is
equal to 15 x 1078 [22]. Using the presented equations
and the utilized failure rate, the ELL values for the
6PIM equipped with different winding configurations
are calculated after one million hours and will be
discussed in the next section. It should be noted that
for ELL calculation, the FEA simulation results are
used for the amount of load loss.

5.2. Results and discussion

The effect of OCF occurrence on five performance
parameters such as output power, power loss, power
factor, efficiency, and expected load loss are inves-
tigated to evaluate the windings’ reliability. These
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Figure 7. Output power of 6PIM under different fault scenarios: (a) Constant-speed, (b) constant-torque, and (c)

constant-power load types.
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Figure 8. FEA results for (a) Minimum and (b) Average normalized output powers of 6PIMs with DW, CW, and
pseudo-CW.

tions. On the other hand, the pseudo-CW exhibits
satisfactory fault-tolerant capability considering the

parameters are carefully studied using the FEA results
as follows:

(1) Output power: Figure 7 shows the output
power of the 6PIM equipped with DW, CW, and
pseudo-CW in different fault scenarios with different
load types. In constant-torque and constant-power
load types, the change in output power is negligible
because the loads demand almost constant output
power. Considering this fact, the best load type to
study the effect of fault occurrence on output power
is the constant-speed one. In constant-speed load,
the normalized output powers of the 6PIM equipped
with pseudo-CW are very close to those of the 6PIM
with DW in different scenarios. Even in the 1A
and 3C scenarios, the output power reduction of the
pseudo-CW is less than that of the DW.

However, the output power variation of the CW
in different OCF scenarios shows an unacceptable
fault-tolerant capability for the CW, even if the CW
has the highest phase separation compared to the
DW and pseudo-CW. The main reason for this is
the fact that even in a healthy condition, the CW
does not have proper performance parameters and is
not a suitable winding configuration for IM applica-

output power reduction compared to the DW.

To investigate the windings’ output power in
faulty conditions even more, Figure 8 shows the
minimum and average output power for the 6PIM
equipped with DW, CW, and pseudo-CW when
different load types are applied to the motor. As can
be seen once more, the pseudo-CW provides similar
minimum and average output power close to those
of the DW in post-fault conditions.

(2) Power loss: Figure 9 shows the normalized
power loss of the 6PIM equipped with the considered
winding layouts. Considering these results, it is
clear that the motor power loss increases after fault
occurrence as expected. However, the pseudo-CW
has higher power loss growth than the CW, and
fortunately lower than that of the DW. Therefore,
the pseudo-CW has better fault-tolerant capability
compared to the DW, considering the power loss
growth factor.

For further investigation, Figure 10 shows the
minimum and average power loss for the 6PIM
equipped with DW, CW, and pseudo-CW when dif-
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Figure 9. Power loss of 6PIM under different fault scenarios: (a) Constant-speed (b) Constant-torque (c) Constant-power

load types.
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ferent load types are applied to the motor. Clearly,
the power loss growth when using the pseudo-CW is
lower than with the DW.

(3) Efficiency: As mentioned multiple times, the
baseline 6PIM laminations are designed for the ap-
plication of DW, thus, the DW has the best efficiency
in healthy conditions. By reporting the absolute
value of the efficiency for different winding config-
urations, the DW will have the highest efficiency
values in every fault scenario because of its superior
performance in the designed laminations. However,
the aim of this paper is only to discuss the effect of
OCF occurrence on different windings to evaluate
their fault-tolerant capability. Therefore, instead
of reporting the absolute value of the windings’
efficiency, their efficiency regulation value compared
to their healthy condition will be reported as follows:

_ Nhealthy — Nmutual

x 100.

(8)

nregulation(%)
TNhealthy

This way, the change in efficiency value caused
by fault occurrence can be easily observed. Fig-
ure 11 shows the efficiency regulation for the 6PIM
equipped with the considered winding layouts. As
can be seen, the pseudo-CW has similar changes
in efficiency value as the DW. However, the CW

Ploss (max) (PU)

2.0

1.8

1.6

—8—DW
I =8 Pseudo-CW
| CW

1.4

1.2

1.0

0.8
Constant-
speed

Constant-
speed

Constant-torque 2
scenarios

(b)

. FEA results for (a) Minimum and (b) Average power losses of 6PIMs with DW, CW, and pseudo-CW.

has unacceptable behavior compared to the other
winding layouts. It can be stated that in terms of the
efficiency parameter, the pseudo-CW and DW are
the layouts with satisfying fault-tolerant capability.

(4) Power factor: The changes in power factor
are investigated using the same scenario as that
employed for the efficiency. In other words, the
power factor regulation is chosen to be studied
instead of the actual absolute value of the power
factor:

PFhealthy - Pqutual

PF regulation(%) = PE
healthy

x100. (9)

As shown in Figure 12, the pseudo-CW has the
highest fault-tolerant capability compared to the
CW and DW, considering the reported power factor
variation in different load types and OCF scenarios.

(5) Expected load loss: Using the reliability
analysis presented in the previous section, the ex-
pected load loss values for the 6PIM equipped with
DW, pseudo-CW, and CW are calculated across
different load types. The obtained ELL equations
are functions of time with long length; therefore,
to make it possible to compare the windings’ ELL
values, the ELL values are reported after one million
hours and using the phase failure rate of 15 x
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Figure 13. ELL of 6PIM under different load conditions.

1078, The calculated ELL results are reported in
Figure 13. As can be seen, the pseudo-CW has
approximately 46%, 31%, and 8% lower ELL values
compared to the DW in constant-speed, constant-
torque, and constant-power load types, respectively.
In addition, it has a 37% lower ELL value compared
to the CW in constant-speed load type. Therefore,
considering all five reliability parameters, especially
the ELL, it can be concluded that the pseudo-CW
has the highest fault-tolerant capability compared

to the CW and DW. It should be noted that the
fault-tolerant capability of the pseudo-CW could be
enhanced even more with a proper redesign of the
6PIM dimensions [10].

6. Conclusion

This paper presented a fault-tolerant capability analy-
sis of the six-Phase Induction Motor (6PIM) equipped
with Distributed Winding (DW), Concentrated Wind-
ing (CW), and pseudo-CW under various Open Circuit
Fault (OCF) scenarios (losing up to three phases) and
different load types (constant-speed, constant-power,
and constant-torque). Two concepts of magnetic
and physical phase separations were considered, which
impact the motor’s reliability. The results showed
that the CW has the best and DW the worst phase
separation, both magnetically and physically.
Continuing the analysis, five parameters-
efficiency, power factor, output power, power loss,
and expected load loss-were studied in post-fault
conditions to monitor the windings’ behavior after
fault occurrence. Investigating these parameters
showed that the pseudo-CW has higher fault-tolerant
capability compared to the DW and CW, with
much lower (from 8% to 53%) ELL values across
different load types. It should be mentioned that the
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pseudo-CW was applied to the 6PIM laminations
designed for DW application; therefore, by designing
a completely new motor compatible with pseudo-CW
features, motor performance and, consequently, its
fault-tolerant capability could be enhanced.

It can be concluded that although the CW has

the highest phase separation, it lacks acceptable fault-
tolerant capability compared to DW and pseudo-CW.
The main reason is that even in healthy conditions,
the CW does not have proper performance parameters,
and it is not a suitable winding configuration for 6PIM
application.
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