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ABSTRACT Permanent magnetic fault-tolerant motors have been developed rapidly due to their high
reliability and have been widely used in many special fields. Compared with the conventional module fault-
tolerant motor, the module combined stator permanent magnetic fault-tolerant motor (MCS-PMFTSM) with
unequal span winding has two sizes of span coils in each operation module, which realizes the electrical
decoupling and mechanical decoupling between the module motors and solves the problem that the span of
the double-layer winding of the conventional modular fault-tolerant motor can only be 1.Winding parameters
of the unequal span are calculated, on the basis of which the operation performance of MCS-PMFTSM can
be analyzed. The performance of MCS-PMFTSM in the normal operation and three failure operations (open
circuit failure, Short circuit fault, concurrent failure) are analyzed by finite elementmethod, which proves that
it has good fault tolerance. The 12kW100r/min MCS-PMFTSM prototype is tested to verify the correctness
of the analysis method and the rationality of the proposed MCS-PMFTSM.

INDEX TERMS MCS,unequal span winding,parameter calculation,fault-tolerant operation.

I. INTRODUCTION
The high-performance permanent magnets generate the main
magnetic field of the AC permanent magnet synchronous
motor on the rotor. It has high efficiency and power factor, and
flexibly designed structure. The speed of the motor changes
from hundreds of thousands to dozens of revolutions, and
is widely used in direct-drive wind power generation, elec-
tric vehicles, servo systems, ship propulsion, direct indus-
trial drive and other fields [1]–[6]. However, the reliability
of the motor has put forward higher requirements in many
unique applications, such as electric vehicles, ship propul-
sion, and all-electric aircrafts. Therefore, in recent years,
many researchers have turned their interest to study the
fault-tolerant motors [7]–[10].

Generally, a typical three-phase permanent magnet motor
has no fault-tolerant capacity, because when the one-phase or
two-phase winding of the motor has an open or short circuit
fault, the stator windings of the motor usually cannot generate

The associate editor coordinating the review of this manuscript and

approving it for publication was Qinfen Lu .

the magnetomotive(MMF) force required for the normal
operation. Most of the traditional fault-tolerant motors
are either multi-phase or redundant motors. The redun-
dant motors can improve reliability through backup fault
tolerance [11]–[13]. The disadvantages of the redundant
motors are that the system resources are repeatedly config-
ured, they have large size and high cost, and are challenging to
apply when the motor volume is demanding, such as electric
vehicles and ship propulsion.

Therefore, multi-phase motors, especially 5-phase,
9-phase, and 12-phase motors, are most widely used in recent
times [14]–[16]. Multi-phase motor fault-tolerant operation
means, when a phase of the motor fails, the stator magne-
tomotive force equation generated by the remaining normal
operational phase windings of the motor meets the stator
magnetomotive force equation before its failure. By adding
typical constraints, such as minimum copper loss or equal
current amplitude to solve the equations, the amplitude and
phase of the motor current after the fault are obtained, so that
the total magnetomotive force generated by the stator remains
unchanged before and after the fault, whereas the normal
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operation of themotor ismaintained [17].Multi-phasemotors
can increase the number of phases to ensure the torque output
capability of the motor in the event of a fault. However,
the control strategy of multi-phase motors is complex, and
the cost of the controller is high. In recent years, modular
fault-tolerant motors have developed rapidly. Themodular
fault-tolerant motor is to modularize the power supply of the
whole motor. Each power supply module is an independent
motor, and each module motor is controlled according to
the control method of the three-phase motor or multiphase
motor, and non-interference between the controllers. When
a module motor fails, other modules can continue to operate
normally with strong fault tolerance [18], [19]. A previous
study [20] analysed the fault tolerance performance of per-
manent magnet - assisted synchronous reluctance motor used
in electric vehicles. In the current paper, the whole motor
is divided into three independent operational modules by
changing the single-layer winding connection and power
supply mode to achieve electrical decoupling between the
modules. Fault tolerance performance of the motor under
open circuit, phase short circuit and inter-turn short circuit
faults are also analysed. In a previous study [21], a new type
of five-phase modular hub motor is proposed. In the current
paper, the fault tolerance of the motor is analysed by the finite
element method under four conditions, an open circuit of
one phase winding, an open circuit of two adjacent phases
winding, an open circuit of two non-adjacent phases winding,
and single-phase short circuit. The analysis shows that the
motors with different current control strategies can provide
satisfactory electromagnetic performance under the above
faults and have strong fault tolerance. In a previous work [22],
the stator of the traditional U-shaped single-phase permanent
magnet synchronousmotor with the iron core is addedwith an
auxiliary module to reduce the torque ripple and improve the
fault tolerance of the motor. The operating characteristics of
the modular servo motors are discussed in another study [23],
in which, the servo characteristics and fault tolerance are the
optimization targets, and the polar groove coordination is
optimized. Furthermore, a new control strategy is proposed
to minimize the torque ripple of the motor under one-phase
open fault.

The above analysis suggests if the traditional module
motor winding is a double-layer structure, the winding span
must be unity. Otherwise, the traditional winding structure
form makes the winding between modules cross-coupled,
which cannot realize the modular operation of the motor,
and undoubtedly limits the application range of the modular
fault-tolerant motor. At present, the low-speed high-torque
direct-drive motor, especially the high-power motor in the
electric ships’ propulsion systems still adopts the multi-phase
fault-tolerant motor. There are two main reasons for using a
multi-phase motor. One is that the low-speed and high-torque
direct-drive motor has immense power to reduce the current
of the controller. Furthermore, it is used to improve the
fault tolerance of the motor when the span of the traditional
winding structure is not unity. In such a case, it is impossible

to realize the modular power supply operation of the motor.
Moreover, there are few reports on the application of low-
speed high-torque permanent magnet module motors.

Based on the above backdrop, a module combined stator
permanent magnetic fault-tolerant motor (MCS-PMFTSM)
with unequal span winding is proposed [25]. There are large
and small span windings in the stator windings to realize the
electrical and mechanical decouplings of the module motors.
Each module is using an independent inverter power supply
to give motor a strong fault tolerance. The MCS-PMFTSM
not only solves the problem that the span of the double-layer
winding of the conventional modular fault-tolerant motor can
only be unity, but also solves the problems of processing,
transportation, installation and maintenance caused by the
large volume of the high-power direct-drive motor. The high-
power direct-drive motor adopts the combined stator struc-
ture of unequal span module. The voltage and current of
each module motor are small. The capacity of the controller
will not be increased, and the control mode of each module
adopts the traditional three-phase motor control method. Fur-
thermore, the control strategy is simpler than the traditional
multiphase motor.

Traditional modular fault-tolerant motors can only use
fractional slot concentrated windings or single-layer wind-
ings for electromagnetic decoupling winding structure
between modules. For some high-speed fault-tolerant motor
applications such as electric vehicles, if the fractional slot
concentrated winding is used, the motor has a large number
of poles and high frequency, especially when the motor runs
in the constant power range, the motor frequency will be
higher, the iron loss will increase, and the efficiency will
be reduced. This way sacrifices the efficiency to improve
the fault tolerance of the motor, which is not advisable.
Andthe single-layer winding back EMF has poor sinusoidal
properties and large torque ripple, which is not suitable for
large direct-drive motors. Compared with traditional modular
motors, MCS-PMFTSM uses new unequal-span windings to
achieve decoupling operation between modules. In motor
design, winding of the motor is no longer limited to specific
structures, and more choice of pole slot coordination can be
made. SoMCS-PMFTSM has better performance, and can be
used in more applications.

Based on a previous study [25], this article further investi-
gates the operation ofMCS-PMFTSM. Thewinding structure
and fault tolerance principle of MCS-PMFTSM are intro-
duced in Section I. Since there are two kinds of span coils
in the motor winding, the parameters of the unequal span
winding are calculated, and the influence of the unequal span
winding on the normal operation of the motor is analysed in
Section II. The operational performance of the motor under
various faults are analysed by finite element method and opti-
mized based on genetic algorithm using the three common
faults (open phasewinding, short circuit of phasewinding and
concurrent faults) in the motor and described in Section III.
Consequently, a prototype was made, and an experimental
platform was built, which is described in Section IV of this
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manuscript. Both the theoretical analysis and experiments
proved the rationality of the MCS-PMFTSM.

II. MCS-PMFTSM WINDING STRUCTURE AND FAULT
TOLERANCE PRINCIPLE
A. MCS-PMFTSM WINDING STRUCTURE
Since each module operates independently of the power sup-
ply, the stator of each independently operated module motor
must meet the basic principles of rotating electrical machine
operation. According to the motor theory, the smallest inde-
pendent motor is a unit motor, due to which, each module
motor must be composed of an integer number of unit motors.
Considering the general situation, each running module can
be composed of different unit motors.

Suppose the number of slots in a motor stator is Q and the
number of slots in a unit motor is Q0. There are n operating
modules in total. The i-th module consists of ki unit motors.
(ki ∈ Z+).

Qi = kiQ0 (1)

The MCS structure does not change the number of slots
and poles of the original motor, so the total number of slots
of the motor does not change after separation.

n∑
i=1

kiQ0 = Q (2)

According to the unit motor theory, the Equation (2) can
be written as

n∑
i=1

ki =
Q
Q0
= t (3)

t is the number of unit motors.
Eq. (3) shows that the number of independent operation

modules that can be split by the entire motor is related to the
number of unit motors of the original motor.

In order to provide electrical decoupling between the mod-
ules, windings across different modules should be inversely
embedded in the module. In order not to affect the electrome-
chanical energy conversion, the effective part of each module
winding must constitute a three-phase symmetrical winding.
According to the winding theory, the pitch of the large-span
coil is as follows.

y2 = kiQ0 − y1 (4)

y1 is the pitch of the small-span coil.

y1 =
5
6
Q
2p

(5)

p is the number of pole pairs of the motor.
In order tomakeMCS-PMFTSMoperate symmetrically on

the circumference, the MCS is designed to ensure that each
module ki is the same. In particular, when ki is equal to 1, for
maximum splitting, each running module is a unit motor.

30-pole 72-slot winding connection diagram as shown
in Figure 1.

FIGURE 1. Windings of PMSM. (1-module1; 2-module2; 3-module3;
4-small span winding 5-large-span winding); (a) Windings of PMFTSM;
(b) Winding of traditional PMSM.

TABLE 1. Parameters of the invesgated machine.

The currents are fed into the windings A1, A2 and A3,
and the radial air gap flux density waveform generated by
the stator MMF is calculated using the finite element method
(FEM). The results are shown in Fig. 2.

The radial air gap flux density waveform generated by the
stator MMF of the MCS-PMFTSM is exactly the same as
the radial air gap flux density waveform generated by the
traditional 30-pole 72-slot motor.

It can be seen from the above analysis that, compared with
the traditional coil, the large-span coil has only changed in
the end connection mode, and the current phase and direction
of the conductor in the stator slot have not changed. The
effective part of the motor for electromechanical energy con-
version is the length of the core. The ends are only connected,
while each operating module is symmetrically distributed on
the circumference, so the unequal spanwindingwill not affect
the electromechanical energy conversion of the entire motor
system.

According to the aboveMCS-PMFTSMdesign principle, a
12kw100r/min prototype is manufactured.Primary parmeters
of MCS-PMFTSM are as follows.

B. MCS-PMFTSM FAULT TOLERANCE PRINCIPLE
MCS-PMFTSM unequal span realizes the mechanical and
electrical decouplings of the motor stator module. An inde-
pendent controller is used to drive the module motor between
the modules, whereas each controller does not interfere with
the other. The MCS-PMFTSM control system is shown
in Fig. 3.

When a certain motor stator module or driver fails, the fault
part will be removed as a whole without affecting the other
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FIGURE 2. MCS-PMFTSM A-phase radial air gap flux density: (a) Radial
air gap flux density; (b)FFT.

FIGURE 3. MCS-PMFTSM power supply system.

normally operating modules, which gifts it high fault tol-
erance. The current and power of each module driver are
reduced compared to the traditional driving mode.

According to the MCS-PMFTSM fault tolerance princi-
ple, when a certain module fails, the faulty module will be
removed as a whole. However, if the load torque of the motor
remains unchanged at this time, the overall output power
of the motor will decrease, and the remaining normal mod-
ules will work in an overload state. Additionally, the motor
current will become larger. However, when the motor has a
short-circuit fault, there is always a short-circuit current in
the short-circuit module. When the motor fails, the winding
current is too large. In such a case, the motor loss increases,
and the temperature rises. If the temperature is too high,
the other normally operating modules will malfunction or
even demagnetize the magnet, which will affect the stable
operation of the motor. Therefore, it is necessary to calcu-
late the maximum operating current and the operating time
when the motor fails. Unlike the open circuit fault, when
there is a short circuit fault, there is always copper loss
in the module, and the short circuit current will produce a
braking torque that further weakens the output torque of the
motor. Therefore, when calculating the maximum running
current and the longest-running time under the fault state of
the motor, there is short-circuit current in the fault module
(the short-circuit fault in this article is defined as the phase
winding short-circuit situation).

Based on the electromagnetic field-temperature field bidi-
rectional coupling method [26], under the condition that
the maximum operating temperature of the motor is not
exceeded, it is determined that, when themotor fails to run for
40 min, the maximum phase current allowed in the winding
of the module motor is 1.5 times of the rated current. When
the motor fails to run for 20 min, the maximum phase current
allowed in the motor winding of the module is 2.8 times of
the rated current. The fault-tolerant motor designed in the
current paper requires the minimum time of fault operation to
be 20 min.

III. PARAMETER CALCULATION OF UNEQUAL SPAN
WINDING
Compared with the traditional motor winding, unequal span
winding has two kinds of span windings. This section calcu-
lates the resistance and inductance of the unequal span wind-
ings to analyze the effect of unequal span winding structure
on normal operation of a single independent module motor
and provides winding parameters for the operational analysis
of the entire MCS-PMFTSM.

A. RESISTANCE CALCULATION
Due to the low running frequency of the motor and the
winding using the multiple conductors in parallel, the
AC resistance was ignored, and only the DC resistance was
considered. The DC resistance of phase winding can be cal-
culated by Eq. (6) [27] .

R = ρ0(1+ αt)
lNs

πa
n∑
i=1

Nti(
di
2 )

2
(6)
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where ρ0 is the resistivity of the conductor at 0 ◦C, t is the
temperature of the conductor, α is the temperature coeffi-
cient of the resistivity of the conductor, Ns is the number
of series turns of each phase winding, a is the number of
parallel branches of the winding. Nti is the number of parallel
windings of the i-th wire gauge, di is the i-th wire gauge
conductive diameter, and l is the length of the winding.

After calculations, it was found that the three-phase resis-
tance of the MCS-PMFTSM at 30 ◦C is as follows:

RA = RC = 0.91� RB = 0.75�

The resistance of Phases A and C is higher than that
of Phase B due to the existence of large-span coils in
Phases A andC, whereas the coil length is large, due to which,
the resistance is significantly large.

B. INDUCTANCE CALCULATION
Since the span of the same phasewinding in themodulemotor
may not be equal, the inductance parameters of a single-coil
are calculated when calculating the inductance parameters.
The inductance of the coil on a branch circuit is calculated
according to the connection relation of the coil on the same
circuit.

Self-inductance can be approximated using the analytical
methods. In the unequal-span winding, the overlap of the
stator ends of the motor is complicated due to the existence of
a large-span, which is difficult to obtain using the analytical
method. Therefore, the mutual inductance is obtained using
the FEM.

C. SELF-INDUCTANCE CALCULATION
Moreover, self-inductance is divided into main inductance
and leakage inductance. In the stator coil of the motor,
the leakage inductance mainly includes slot leakage induc-
tance and winding end leakage inductance. According to the
analytical method provided in a previous work [27], the coil
inductance is calculated.

1) CALCULATION OF MAIN INDUCTANCE
The flux line generated by the main inductance passes
through the air gap from the stator to rotor and then, returns
from the rotor to the stator. The calculation equation is given
by Eq. (7).

Lm =
4µ0kτt lef
π ( hm

µr
+ kcδ)

(kws1N )2 (7)

where µ0 is the permeability in vacuum, N is the number
of coil turns, and kws1 is the fundamental winding factor.
Furthermore, Lef is themotor core length, τt is the stator tooth
pitch, k is the number of teeth contained in the coil, hm is
the thickness of the permanent magnet in the magnetization
direction, µr is the relative permeability, and δ is the air
gap length. Additionally, kc is the Carter coefficient, and the
correlation used is given by Eq. (8).

kc =
τt

τt −
4δ
π

[
b0
2δ arctan

b0
2δ − ln

√
1+ ( b02δ )

2

] (8)

where, b0 is the stator notch width.

2) CALCULATION OF STATOR SLOT LEAKAGE INDUCTANCE
The slot leakage inductance is generated by the current con-
ductor in the stator slot, and its value is related to the stator
slot shape and the phase of the conductor in the slot. In this
article, the slot shape of the motor stator is a pear-shaped
slot, whereas the slot dimensions are presented in Table 2.
For the two types of span coils, only the end connection
is different, and the current amplitude and the phase in the
effective part of the conductor in the slot are precisely the
same as the traditional permanent magnet motor. Therefore,
the slot leakage permeability of the two-span coils is the
same. The double-layer short-distance winding slot leakage
permeance factor can be calculated using Eq. (9)

λδs =
3β
4
(
h0
b0
+

2h1
b0 + b1

)+
β(9β + 7)(Kr1 + Kr2)

16
[
π
8β +

(1+α)
2

]2 . (9)

TABLE 2. Stator slot parameters.

β is the short distance coefficient, which is 5/6 in this
article. Where (10), as shown at the bottom of the page.

According to the definition of inductance, the leakage
inductance of the motor slot is given by Eq. (11).

Lδs = µ0N 2lef λδs (11)



Kr1 =
1
3
−

1− α
4

[
1
4
+

1
3(1− α)

+
1

2(1− α)2
+

1
(1− α)3

+
lnα

(1− α)4

]
Kr2 =

2π3
− 9π

1536γ 3 +
π

16γ
−

π

8(1− α)γ
−

[
π2
+ 8πγ

64(1− α)γ 2

]
lnα

α =
b1
b2

γ =
h2
b2

(10)
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3) LEAKAGE INDUCTANCE OF END-WINDING CALCULATION
The end-winding leakage inductance is caused by the mag-
netic flux leakage at the end of the stator winding of themotor,
whereas the end-winding leakage permeance factor can be
calculated using Eq. (12).

λδe =
0.67led − 0.43kτt

lef
(12)

where led is length of winding end.
According to the definition of inductance, in a coil, end-

winding leakage inductance can be expressed using Eq. (13).

Lδe = µ0N 2lef λδe (13)

The coil inductance is the sum of the above three
inductances.

The self-inductance of the small-span coil is as follows.

Ls = Lm + 2Lδs + Lδe = 4.95mH

The self-inductance of the large-span coil is as follows.

Ll = Lml + 2Lδs + Lδe = 23.62mH

D. MUTUAL INDUCTANCE CALCULATION
According to the definition of incremental inductance, when
the rotor is in a certain position, the mutual inductance of the
coils is given by Eq. (14).

M12 =
ψ2 − ψ0

I
(14)

In order to verify the accuracy of self-inductance calcu-
lated using the above analytical method, the FEM is used to
calculate the coil self-inductance. The calculation equation is
given by Eq. (15).

L11 =
ψ1 − ψ0

I
(15)

whereψ0 is the flux linkage of No. 1 coil turn chain under the
action of permanentmagnets,ψ1 is the flux linkage of the turn
chain of the No. 1 coil with the input current in the No. 1 coil,
and ψ2 is the flux linkage of the turn chain of No. 2 coil with
the input current in the No. 1 coil.

By calculating the flux linkage of the motor rotor at dif-
ferent positions through the 3D FEM and substituting it into
Eqs. (14) and (15), the mutual inductance and self-inductance
are calculated. The finite element model is shown in Fig. 4.

The finite element calculation results are shown
in Figure 5.

According to the FEM calculations, the self-inductance of
the large-span coil is 23.85 mH, whereas the self-inductance
of the small-span coil is 5.05 mH, which is similar to the
analytical calculations.

As can be seen from Fig. 5, the self-inductance and mutual
inductance of the coil are not constant, and there are periodic
fluctuations. There are two main reasons. One is that the
tangential embedded rotor structure of the motor leads to
the asymmetry of the magnetic circuit of the d-axis and

FIGURE 4. MCS-PMFTSM 3D model.

FIGURE 5. Coil self-inductance and mutual inductance curves Ls−s-
self-inductance between the small-span coils Ll−l- self-inductance
between the large-span coils Ms−s- mutual inductance between the
small-span coils Ml−s- mutual inductance between the large-span coils
and small-span coils.

the q-axis. The other is that the main magnetic field of the
motor is caused by the saturation effect.

Using the above method, the self-inductance and mutual
inductance of all coils in a module can be calculated indepen-
dently. According to the connection relationship between the
coils, the three-phase inductance parameters of the motor in
a module are calculated, and the results are shown in Table 3.

TABLE 3. Three-phase winding inductance parameters/mH.

According to the calculation results, the self-inductance
of the Phase B winding and the mutual inductance between
the Phase B winding and the Phases A and C winding are
both small, because there is no large-span coil in the Phase B
winding.

According to the phase resistance and phase inductance
calculated above, the three-phase impedance of each module
of MCS-PMFTSM is as follows.

ZA = RA + j2π fLA = 4.0826 56.69
◦

ZB = RB + j2π fLB = 4.4756 57.73
◦

ZC = RC + j2π fLC = 4.8046 56.70
◦

(16)

where f is the rated frequency of the motor.
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Due to the existence of large-span coil, the impedance
value and the phase of coil are different from other two-phase
windings. When the motor is running, the three-phase current
in each module is slightly different, and the phase will be
offset. Nevertheless, for the whole motor system, this asym-
metric winding is evenly distributed along the circumference,
and will not cause excessive local losses.

IV. MCS-PMFTSM OPERATION ANALYSIS
In this section, the operation of MCS-PMSM is analyzed
using the FEM. The normal operation and fault operation of
the motor, includes three common faults in the motor, namely
the open circuit, the phase winding short circuit, and the
concurrency fault.

A. MCS-PMFTSM NORMAL OPERATION ANALYSIS
The above analysis shows that there are two kinds of span
coils in MCS, and the internal three-phase winding param-
eters of each operating module are asymmetric. Therefore,
the influence of unequal span winding on the motor operation
is analyzed during the normal operation of the motor.

When the motor runs without load, the no-load loss of the
motor is ignored, and the power angle of the motor is 0. And
when the motor output rated torque, the power angle of the
motor becomes 30.5◦. Suppose that the power supply of each
module is the same three-phase ideal symmetrical voltage
source, then the current of each phase of a module is shown
in Fig. 6.

When the motor is running without load, the phase cur-
rent in a module is given by the correlations: IA = IC =
0.68A, IB = 0.73A. For the output rated torque of the motor,
the phase current in a module is given by the correlations:
IA = IC = 7.17A, IB = 7.31A.

From the above analysis, it can be seen that there are two
coils with large and small spans in a single module motor,
which results in unequal three-phase winding parameters.
When the motor is running, the amplitude of the three-phase
current in the module is not equal, and the phase is also
offset. Although the three-phase current in a module is unbal-
anced, the difference in the effective values of the current
between the three phases is very small, which will not cause
local overheating of the motor. For the whole motor sys-
tem, each module is identical and symmetrically distributed
along the circumference. Therefore, the unequal span coils
are asymmetric for the internal operation of a single module
motor. However, for the whole motor system, the operation is
symmetric.

The asymmetric operation of a modular motor is mainly
because the number of large-span coils cannot be evenly
distributed to the three phases. Therefore, the three-phase
winding parameters are asymmetric. According to the design
principle of unequal span windings, the number of large-span
coils in a module is the span of small-span coils. Therefore,
in order to eliminate the asymmetric operation inside a single
module motor, caused by large-span coils, following methods
can be adopted. One is that, during designing, the span of the

FIGURE 6. Current of a module motor: (a) No-load curren; (b) Rated
current.

small-span coil can be designed as a multiple of 3. The other
is that, the inductance is connected in series with the phase
winding without or with a small number of large-span coils
to balance the three-phase winding parameters.

The inductances are connected to the B-phase winding of
each module to balance the three phases. For the output rated
torque of the motor, the torque ripple is only 0.93%. This is
because the motor uses fractional slot winding to make the
entire motor system run smoothly. The output torque of the
whole motor system is shown in Fig. 7.

FIGURE 7. Rated torque of motor under normal operation.

B. MCS-PMFTSM OPEN CIRCUIT FAULT OPERATION
ANALYSIS
Here, the series inductance and the three-phase impedance
balance are included in the fault-tolerance analysis.

1) ONE MODULE OPEN CIRCUIT FAILURE
An open-circuit fault occurs in a module of the motor, and
the faulty module is completely removed. The current in this
module immediately reduces to 0. The current in the other
two modules remains unchanged, and the output torque of the
motor is shown in Figure 8. The average torque is 762.7 N∗m,
which is slightly lower than 2/3 of the rated torque. Among
them, the 2nd, 4th, 6th, and 12th harmonic torque contents
increased, and the torque ripple became larger, which is
caused by the unbalanced radial force after the open circuit
fault. The output torque of the harmonic motor analysis,
is shown in Figure 12.
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FIGURE 8. Output torque of the motor under open fault of one module
(Phase current unchanged).

In order to make the motor output rated torque in case of an
open circuit failure of a module, the stator current amplitude
of the other twomodules is increased by 1.5 times. The output
torque is shown in Fig. 9.

As shown in Fig. 9, the output torque of the motor is
1145.2 N∗m, reaching the rated torque. With the increase
in the phase currents of the remaining two modules, the
unbalanced radial force wave caused by the open circuit
fault becomes larger, whereas the torque ripple of the motor
increases to 7.55%. The torque loss of the fault module can be
compensated by increasing the current amplitude of the other
two modules.

FIGURE 9. Rated torque output of the motor under open circuit fault of
one module.

The torque expression of the permanent magnet motor is
given by Eq. (17) [28].

Te = p[isψf sinβ +
1
2
(Ld − Lq)i2s sin 2β] (17)

where is is the stator current in d-q coordinate system; p is
pole pairs; ψf is the permanent magnet flux linkage; β is the
angle between current vector and q- axis in d-q coordinate
system; Ld and Lq are the d-axis and q-axis inductance of the
stator winding.

In addition to being related to the amplitude of the phase
current, the output torque of the motor also depends on
the angle between the stator current vector and the q-axis.

The motor stator current amplitude remains unchanged.
However, within a certain range, the stator current angle
can increase the reluctance torque of the motor. Therefore,
the total output torque of the motor increases. When one
module open circuit fails, the stator current amplitude is
analyzed using the FEMwithin the range of 1.3 - 1.9 times of
the rated current. Due to this reason, the motor output rated
torque, the torque ripple, and the phase current angle change,
as shown in Figure 10.

FIGURE 10. The relationship between stator phase current amplitude,
phase current angle and torque ripple under rated torque output of the
motor.

For the output rated torque of the motor, as the current
amplitude increases, the torque ripple first decreases, then
increases and finally, decreases again. At 1.3 - 1.5 times of
the rated current torque, the ripple reduces, followed by an
increase. This is because when the current is small, the reluc-
tance torque accounts for a high proportion, which causes the
torque ripple to increase.

As the current amplitude increases, the proportion of
the reluctance torque decreases, and the torque ripple also
decreases. As the current amplitude increases above 1.5 times
of the rated current, the phase current angle becomes larger,
and the torque ripple becomes larger, followed by a decrease.
This is because, the amplitude of phase current increases,
while the unbalanced radial force wave increases. Mean-
while, the torque ripple increases. As the phase current angle
continues to increase, the d-axis demagnetization magneto-
motive force increases. The unbalanced radial force wave
decreases, and the torque ripple decreases. When the ampli-
tude of the phase current is less than 1.5 times of the rated
current, the stator phase current angle increases, and the
reluctance torque increases. However, the minimum value
of the torque ripple is less than 1.5 - 1.7 times of the rated
current. The increase in the reluctance torque will cause the
motor torque ripple to become larger. When the reluctance
torque causes the torque ripple value to be less than the torque
ripple caused by the unbalanced radial force, the total torque
ripple of the motor decreases. When the current increases,
the motor loss becomes larger, which is not conducive to
the operation of the motor. Considering the torque ripple and
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motor loss comprehensively, there must be a minimum torque
ripple between 1.3 - 1.5 times of the rated current.

Genetic algorithm is a kind of reference to the biological
evolution law of the biological world, and is a kind of global
optimization search method. Genetic algorithm realizes the
characteristics of biological evolution, group competition,
natural selection, heredity, mutation, etc. through computer
simulation, and is especially suitable for optimization of com-
bination variables. So genetic algorithm is used to optimize
the phase current in this article.The appropriate optimiza-
tion target is selected according to different fault conditions.
Generally speaking, the optimized objective function is the
minimum torque ripple. However for extreme concurrent
faults such as the open circuit of one module and the three-
phase short circuit of another module mentioned later in this
article, the objective function is the maximum value of output
torque in order to make the output torque as large as possible.
According to the electromagnetic torque expression of the
permanent magnet motor, the phase current amplitude and the
phase current angle are selected as the optimized variables.
In order to reduce the search range of the genetic algorithm,
the finite element method is used to estimate the range of
phase current amplitude corresponding to rated output torque
or maximum output torque in different fault conditions.

Based on the above ideas, the mathematical model of
genetic algorithm is established, the establishedmathematical
model is combined with finite element method, and the final
results are calculated by finite element method.

For a module open circuit, the objective function is the
minimum torque ripple, and the mathematical model is given
by Eq. (18).

min f (x) =
Tmax − Tmin

2Tavg
× 100%

x = (I , β)
s.t.1.3IN ≤ I ≤ 1.5IN ; 0◦ ≤ β ≤ 90◦;
1000 ≤ Tavg ≤ 1147

(18)

The optimization results show that the stator current ampli-
tude is 1.42 times of the rated current, and the phase current
angle is 20.5◦. The torque ripple is at least 3.85%. The output
torque is shown in Fig. 9.

2) TWO MODULES OPEN CIRCUIT FAILURE
Two modules of the motor have open circuit faults, while the
current in the remaining one module remains unchanged. The
output torque of the motor is shown in Figure 11. The average
torque is 380.3 N∗m, which is slightly less than the 1/3 of the
rated torque.

If the stator current amplitude of the other module is
changed to 3.3 times, the rated torque of the motor can be
the output, as shown in Figure 13. Meanwhile, the torque
ripple is 18.8%, and the copper consumption is 3.63 times
of the original, which is not conducive to the motor failure
operation. The optimization method mentioned above is used
for optimization, and the mathematical model is given by

FIGURE 11. Output torque of the motor under open fault of two modules
(Phase current unchanged).

FIGURE 12. Torque harmonic: 1- Normal operation; 2-Open-circuit fault
in one module; 3- Open-circuit fault in two modules.

FIGURE 13. Rated torque output of the motor under open circuit fault of
two modules.

Eq. (19).
min f (x) = Tmax−Tmin

2Tavg
× 100%

x = (I , β)
s.t.1.9IN ≤ I ≤ 2.8IN ; 0◦ ≤ β ≤ 90◦;
1000 ≤ Tavg ≤ 1147

(19)

When the stator current amplitude is 2.5 times the rated
current and the phase current angle is 46.6◦, the motor can
produce the rated torque, as shown in Figure 12. The torque
ripple was reduced to 9.26%.
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The analysis of the above results shows thatMCS-PMFTSM
can operate in fault tolerance when one or two modules are
open-circuited.

3) MCS-PMFTSM SHORT CIRCUIT FAULT OPERATION
ANALYSIS
It has been reported that the short-circuit of the phase wind-
ing itself is more harmful than the short-circuit between the
phases. Therefore, the short-circuit faults in the current paper
are based on the short-circuit of the phase winding itself.

Different from the open circuit fault, when the motor phase
winding short-circuit fault occurs, the short circuit current
still exists in the fault module after the fault module is cut
out as a whole. Short-circuit current of a module three-phase
winding is shown in Fig. 14.

FIGURE 14. Three-phase short-circuit current of a module motor.

The effective value of short-circuit current is 6.52A, which
is slightly less than the rated current. In case of short-circuit
fault of the motor, the motor will not be damaged due to
overheating caused by the short-circuit current. Under short
circuit condition, the phase current in the normal winding
remains unchanged, the output torque of the motor is shown
in Fig. 15.

The average torque value is 613.9 N∗m, which is less
than 2/3 of the rated torque. This is because the generated
braking torque due to short-circuit winding current during
one-phase short circuit makes the average output torque of the
motor less than that of the one-phase open circuit. The torque
ripple is 14.58%, which is higher than the one-phase open
circuit. This is because the unbalanced radial force generated
by the short-circuit current increases the amplitude of the 2,
4, and 6 harmonics in the electromagnetic torque and causes
the torque ripple to increase.

When different numbers of phase windings of the mod-
ule motor are short-circuited, the short-circuit current has
different effects on the output torque of the motor. In this
article, when different numbers of phase windings are
short-circuited, the output torque and harmonic torque
ratio of the motor are studied (the positional order of
the short-circuited phase windings is A1, A1B1, A1B1C1,
A1B1C1A2, A1B1C1A2B2, A1B1C1A2B2C2). The results are
shown in Fig. 16.

FIGURE 15. Output torque of the motor under three-phase short circuit
of one module (Phase current unchanged).

FIGURE 16. Output torque of the motor with different number of
short-circuit windings(Phase current unchanged): (a)Torque;waveform;
(b)FFT. 1- One phase-winding short circuit Tavg = 699.4N∗m; 2-Two
phase-winding short circuits Tavg = 628.6N∗m; 3-Three phase-winding
short circuitsTavg = 612.8 N∗m; 4- Four phase-winding short circuits
Tavg = 146.5 N∗m; 5- Five phase-winding short circuits Tavg = 73.5 N∗m;
6- Six phase-winding short circuits Tavg = 54.7 N∗m.

When the short-circuit fault occurs in a certain number of
phase windings of the motor, the output torque of the motor
becomes negative at some moments, which is caused by the
braking torque generated by the short circuit.

According to the above analysis, it can be seen that, when
the symmetrical short circuit (three-phase winding or six-
phase winding short circuits) occurs in the module motor,
the proportion of each harmonic in the output torque of
the motor is less than that of the asymmetric short circuit.
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Additionally, the output torque harmonic content in the condi-
tion of six phase-winding symmetrical short circuits is higher
than that in the condition of three phase-winding symmetrical
short circuits.

This is because, themotor phasewinding is asymmetrically
short-circuited, while the magnetic field generated by the
short-circuit current in the winding interacts with the rotor
magnetic field to produce a pulsating braking torque. The
motor phase winding occurs symmetrically short- circuited,
whereas the short-circuit current in the winding interacts
with the rotor magnetic field to produce a constant braking
torque. The output torque of the motor is the superposition
of the driving torque and the braking torque. Meanwhile,
the symmetry of the unbalanced radial force generated by
the motor in the symmetric short-circuit is better than that
generated by the asymmetric short-circuit. Therefore, when
the motor operates in the asymmetrical short-circuit state,
the output torque harmonics accounts for a large propor-
tion. As the number of symmetrical short-circuit windings
increases, the effect of the unbalanced radial force gen-
erated by the motor on the output torque of the motor
becomes greater. Therefore, the output torque harmonic con-
tent for the six phase-winding symmetrical short-circuits is
higher than that for the three phase-winding symmetrical
short-circuits.

With a module three-phase short-circuit fault as the
research object, the optimizationmathematicalmodel is given
by Eq. (20).

min f (x) =
Tmax − Tmin

2Tavg
× 100%

x = (I , β)
s.t.1.6IN ≤ I ≤ 1.9IN ; 0◦ ≤ β ≤ 90◦;
1000 ≤ Tavg ≤ 1147

(20)

After optimization, the current amplitude is 1.65 times of
the rated current, whereas the phase current angle is 17.3◦

(Fig. 17). The minimum torque ripple is 11.53%, and the
average output torque is 1052.5 N∗m.
The results show that MCS-PMFTSM has good fault tol-

erance under short-circuit fault.

4) MCS-PMFTSM CONCURRENT FAILURE OPERATION
ANALYSIS
Concurrent faults mean that two ormore different faults occur
simultaneously within or between modules. The operation of
the motor during the concurrent faults occurring within and
between the modules are studied in this article.

a: CONCURRENT FAILURES WITHIN A MODULE
Two modules are operating normally. One has two-phase
open circuits and one-phase short circuit, while the other
has two-phase short circuits and one-phase open cir-
cuit. The phase current in the normal winding remains
unchanged and the output torque of the motor is shown
in Fig. 18.

FIGURE 17. Rated torque output of the motor under three-phase short
circuit.

FIGURE 18. Output torque of the motor under one module concurrent
failure(Phase current unchanged): 1-One phase-winding open circuit +
two phase-winding short circuits Tavg = 629.1N∗m; 2-Two phase-winding
open circuits+ one phase-winding short circuit Tavg = 699.5N∗m.

b: CONCURRENT FAULTS BETWEEN TWO MODULES
One module is operating normally. One module has an open
circuit fault, whereas the other module has a one-phase
short circuit, two-phase short circuits, and three-phase short
circuits. The phase current in the healthy winding remains
unchanged and the output torque of the motor is shown
in Fig. 19.

As the number of short-circuit winding increases, the out-
put torque decreases. This is because the number of short-
circuit windings increases, while the braking torque has a
greater impact. Additionally, the output torque of the motor
decreases. Moreover, the output torque ripple of the three
phase-winding short-circuits is less than one and two phase-
winding short-circuits, which is consistent with the previous
analysis results.

The worst concurrency fault is the condition that an open
circuit of one module and the three-phase short-circuit of
another module. At this time, the output torque of the motor
is minimum. Considering the worst case, a genetic algorithm
is used for optimization. The mathematical model of the
optimization is given by Eq. (21).

max f (x) = Tavg
x = (I , β)
s.t.I ≤ 2.8IN ; 0◦ ≤ β ≤ 90◦

(21)
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FIGURE 19. Output torque of the motor with concurrent faults between
the two modules(Phase current unchanged): 1- One module open
circuit+ one phase-winding short circuit Tavg = 313.9N∗m; 2- One
module open circuit + two phase-winding short circuits Tavg =
246.8N∗m; 3- One module open circuit + three phase-winding short
circuits Tavg = 230.5N∗m.

Genetic algorithm is used to calculate the maximum torque
output of the motor. The current amplitude is 2.8 times of the
rated current. The phase current angle is 23.5◦. The average
value of themaximum torque is 793.5 N·m. The output torque
of the motor is shown in Fig. 20.

FIGURE 20. Output torque of the module under one module open
circuit + one module three phase-winding short circuits (optimized).

In this condition, if themotor speed does not change, it can-
not produce the rated torque due to the maximum operating
temperature of the motor and the maximum current of the
controller.

V. PROTOTYPE AND EXPERIMENT
The MCS-PMFTSM is manufactured. Some parameters of
the prototype are given in Table 1. The structure of the
MCS-PMFTSM is shown in Fig. 21 and and the experimental
platform is shown in Fig. 22.

A. MEASUREMENT OF INDUCTANCE PARAMETERS
The measurements of the inductances of different types of
motors are uniform. In this article, the three-phase induc-
tance of the motor is measured according to the inductance
measurement method given in a previous work [29]. The
measured results of the MCS-PMFTSM self-inductance and
mutual inductance are shown in Fig. 23.

FIGURE 21. Prototype: (a) Stator (b) Rotor.

FIGURE 22. Experimental platform.

According to the inductance experiment results, the aver-
age value of the self-inductance of Phases A and C windings
is 37.13 mH. The average value of the self-inductance of
Phase B windings is 31.5 mH. The average value of the
mutual inductance of the A and C windings is 10.28 mH. The
average mutual inductance of Phases A and B is basically the
same as that of Phases C and B. and has the value of 6.25 mH.
The value of self-inductance and mutual inductance of phase
windings with large-span is higher than that without the
large-span coil phase windings, which is consistent with the
previous analysis. The measurement results are similar to
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FIGURE 23. Inductance test data of the prototype.

FIGURE 24. Prototype back EMF measurement.

the previous analysis results and prove the correctness of the
previous analysis.

B. TEST OF NO-LOAD BACK EMF
In view of the particularity of the motor structure in this
article, whenmeasuring the back EMF of themotor, twomod-
ule terminals are powered by the inverter, and one module
terminal is connected to an oscilloscope for measurement.
As shown in Fig. 24.

The measurement results and finite element method cal-
culation results are shown in Figure 25. The finite element
method calculation result of the no-load back EMF of the
prototype is 210.2V, the measured value is 213.3V, and the
error is only 1.4%. The measured no-load back-EMF wave-
form of the prototype is consistent with the FEM calculation
results. This also indirectly proves that each module can be
considered as a three-phase motor and the electromagnetic
decoupling is realized between the modules.

C. HEALTHY OPERATION TEST
After removing the series inductance of Phase B, the phase of
load current and load current of the MCS-PMFTSM are mea-
sured under rated working conditions, as shown in Fig. 26.
Due to the limitation of experimental conditions, the total
three-phase current of the motor system was measured.
According to the MCS-PMFTSM structure, the current of

FIGURE 25. MCS-PMFTSM no-load back EMF waveform: (a) FEM
calculation; (b) Measured.

each module should be 1/3 of the total current of the motor
system. After conversion, the test result of the load current is
close to that of the simulation. Because the parameters of the
three-phase windings in the module are not equal, the two-
phase currents of B and C have a phase offset angle of about
2◦ relative to the A-phase.
Due to machining accuracy, there is a certain differ-

ence between the two-phase currents of A and C, and the
three-phase current is slightly larger than the value calculated
by the FEM.

D. OPEN CIRCUIT FAULT OPERATION TEST
The inductances were connected to the B-phase winding of
each module to balance the three phases. The open-circuit
fault of the motor system is simulated by controlling the
number of module motors in the operation. The phase current
angle is certain and a different number of module motor
operation is placed. The variation of the output torque of the
motor system with the current is shown in Fig. 27.

When the motor is in one module and two faults, the output
torque of the motor is close to the result of FEM analysis.

The motor system efficiency and the power factor were
tested under rated speed, different load rates and a different
number of running modules. The result are shown in Fig. 28.

It can be seen from the test curve results that the motor has
high efficiency and high power factor at a load rate of more
than 20% during normal operation. When the motor load
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FIGURE 26. Rated current of prototype without series inductance:
(a) Rated current RMS; (b) Rated load current phase.

FIGURE 27. Torque output of the motor under different number of
module motors operation.

rates and speed are constant, the motor operating efficiency
decreases as the number of input modules decreases. The
input electromagnetic power of the whole motor system is
reduced with the reduction of the number of input mod-
ules, while the efficiency of the MCS-PMSM is reduced due
to the increase of copper loss brought by the increase of
input current. It can be seen from the above analysis that
MCS-PMFTSM can still operate with strong fault tolerance
after removing some modules.

FIGURE 28. Efficiency and power factor of the prototype with different
numbers of modules running at rated speed: (a) Power factor;
(b) Efficiency.

VI. CONCLUSION
Since the span of the double-layer winding of the conven-
tional modular fault-tolerant motor can only be 1, which
limits the application of modular fault-tolerant motors. How-
ever the unequal span winding can solve this problem. The
MCS-PMFTSM can realize the electrical decoupling and
mechanical decoupling between the modules. The modules
are controlled by independent inverters, whereas eachmodule
is a three-phase motor run unit. The unequal span winding
structure and fault tolerance principle of MCS-PMFTSM are
introduced in the work.Because there are two types of span
coils in each module motor, the parameters of unequal span
coils are calculated to provide a basis for analyzing the normal
operation and fault-tolerant operation of MCS-PMFTSM.
The performance of the motor under normal operation and
various failure conditions are analyzed using finite element
method. The results show that the motor has an excellent
performance during normal operation. Under three kinds of
fault conditions, the current control strategy is optimized by
genetic algorithm. Therefore, the motor exhibits good perfor-
mance during fault-tolerant operation. Finally, the rationality
of the motor and the correctness of the analysis method are
verified using experiments.
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