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ABSTRACT In order to not change the space vector pulse width modulation (SVPWM) control strategy
during one phase fault, the five-phase six-bridge arm SVPWM fault tolerant control method for fifteen-phase
permanent magnet synchronous motor (PMSM) is proposed in this paper, and the thermal stress of
fifteen-phase PMSM under different fault-tolerant operations is analyzed. Firstly, the control model of the
fifteen-phase PMSM based on three dq axes is established, the generation mode of the SVPWM is analyzed,
and the speed and current loop PI regulators of the control system are designed. Secondly, the fault-tolerant
control principle of the five-phase six-bridge arm is analyzed and compared with the hysteresis control
strategy of equal amplitude and minimum stator loss. Thirdly, the 3D model of the fifteen-phase PMSM is
established, the steady-state temperature and the transient temperature rise considering operating conditions
under different fault tolerant operations are analyzed, and corresponding temperature rise results of the stator
armature windings are compared separately. Finally, the experimental platform is established, the phase
current waveforms tested under load conditions confirm the theoretical analysis of five-phase six-bridge
arms and hysteresis control, and the test results of steady-state and transient temperature rise confirm the
correctness of the simulation prediction.

INDEX TERMS Multiphase PMSM, thermal analysis, fault tolerant control, finite element method.

I. INTRODUCTION
Multiphase motors have become a research hotspot due to
their high power density, high reliability and fault toler-
ance [1], [2], which are widely used in special applications
such as ship drive [3], multi-electric aircraft [4]–[6] and other
modern AC drives. Multi-phase motors can divide the electric
power evenly into the pins of more inverters to reduce the
switching current of each device. Moreover, when one or
two phases windings are open, the connection mode of the
motor is not changed, and the remaining healthy phases can
continue to operate. Fault-tolerant operations generally uses
appropriate current control strategies to reduce the effects
of faults on motor performance, such as torque ripple [7],
noise [8], loss [9]. However, when the motor is operating in
fault tolerant asymmetric conditions, thermal overload may
cause serious damage to temperature-sensitive components,
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especially the windings insulation system. Previous thermal
stress studies have typically focused on motors operation in
healthy mode, without considering the fact that fault tolerant
control causes a sharp increase in the temperature of some
phase windings beyond the thermal constraints of the insula-
tion system. Therefore, the motor designed in healthy mode
may not be able to meet the fault operation mode. So ther-
mal analysis plays a more important role for motors used
in short-term overload and fault-tolerant operations, such as
automotive and aerospace.

In order to maximize the output performance of
multi-phase motors in fault tolerance, the modeling of multi-
phase motors and the control methods of different topolo-
gies are described [10]–[14], the control strategy for dual
three-phase PMSM based on reduced order mathematical
model under fault condition is analyzed [15], and fault-
tolerant control of fifteen-phase induction machine under
asymmetrical fault condition is studied [16]. When one
or two phases are open circuited, the H-bridge control
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method is adopted, the current of the open circuit phase
is directly divided into the healthy phases to ensure equal
output torque [17], this analysis method does not take into
account the asymmetrical operation of the current ampli-
tude of the remaining healthy phases under fault tolerant
operation. There is also a re-wiring of the output pins of
a standard three-phase motor inverter to improve the drive
performance [18], the thermal stress of the motor is ana-
lyzed when the windings are connected in different combi-
nations [19], [20], but these need to be constantly changing
on the hardware according to different combinations, so the
above method is not applicable to a high reliability occa-
sion. In this paper, the five-phase six-arm control method
is proposed to achieve fault-tolerant control of fifteen-phase
PMSM without changing the SVPWM control strategy and
adding additional hardware, which helps to improve the
operability of the control system during fault-tolerant oper-
ation. Compared with the hysteresis control strategy of equal
amplitude and stator minimum loss, the current phase and
amplitude of each phase winding under normal operation and
fault tolerance are analyzed.

The electromagnetic thermal coupling model based on
FEM is introduced, and the main influence factors of the
maximum thermal behavior during transient operation are
analyzed in [21], [22]. The loss distribution under the driv-
ing condition cycle [23]–[25] and the equivalent thermal
parameters of the windings are introduced into the thermal
model [26]. The fastest andmaximum temperature rise occurs
in the stator armature windings when the motor is operating
under overload conditions [27], and different thermal mod-
els for short-term thermal transients are proposed [28]–[30].
In summary, the thermal analysis methods are mainly divided
into numerical methods and analytical methods. Numeri-
cal methods include 2D/3D FEM and computational fluid
dynamics (CFD), which can be used in complex areas with
high precision, but the amount of calculation is large. In this
paper, the lumped parameter thermal network is employed
to analyze the thermal stress of fifteen-phase PMSM under
normal operation and different fault tolerance conditions.
The steady-state temperature of the motor and the transient
temperature rise considering the operating conditions are
analyzed to obtain the accurate thermal stress inside motor
under different control modes.

In this paper, the control model of fifteen-phase PMSM
based on three dq axes SVPWM is established in the
section II. Hysteresis control and proposed five-phase six-
bridge arm SVPWM fault-tolerant control are analyzed in
the section III. The simulation analysis based on 3D FEM
thermal model of the fifteen-phase PMSM is performed in
section IV. The experiment results are tested in section V. The
conclusions are discussed in section VI.

II. THE CONTROL MODEL OF FIVETEEN-PHASE PMSM
The stator windings of fifteen phase PMSM is designed
as 3*5 phase structure, and the neutral points of the three
sets of windings are independent of each other, the spatial

FIGURE 1. Space distribution of fifteen phase PMSM stator winding
(a) fully symmetric structure (b) semi symmetric structure.

distribution of its windings is shown in Fig. 1. The spatial
phase difference between adjacent windings in each set of
five-phase windings is 2π /5 electrical angle, according to
the spatial phase difference of the three sets of five-phase
windings, the armature windings of the motor are divided into
fully symmetrical and semi-symmetrical structures.

The stator voltage and flux linkage equations of a
fifteen-phase PMSM are as follows.

Us = RsIs +
dψs
dt

(1)

ψs = LsIs + γsψfd (2)

where

Us=
[
ua1 ub1 uc1 ud1 ue1 · · · ua3 ub3 uc3 ud3 ue3

]T
Is=

[
ia1 ib1 ic1 id1 ie1 · · · ia3 ib3 ic3 id3 ie3

]T
ψs=

[
ψa1 ψb1 ψc1 ψd1 ψe1 · · · ψa3 ψb3 ψc3 ψd3 ψe3

]T
Rs= diag

[
r r r r r · · · r r r r r

]
γs= [ cos θ cos(θ−α) cos(θ−2α) cos(θ−3α) cos(θ−4α)

· · ·cos(θ−2α−2β) cos(θ−3α−2β) cos(θ−4α−2β) ]T

9fd is the magnetic chain amplitude of permanent magnets
in each phase winding, α = 2π /5 is the electrical angle of
the adjacent phase inside the five-phase winding, and β is the
electrical angle between two adjacent five-phase windings,
generally β is π /15 or 2π /15. The fifteen-phase motor is
divided into three sets of five-phase windings, so there are
nine sets of inductors, the stator inductance matrix Ls is as
follows.

Ls =

 Ls1s1 Ls1s2 Ls1s3
Ls2s1 Ls2s2 Ls2s3
Ls3s1 Ls3s2 Ls3s3

 (3)

where Ls1s1, Ls2s2, and Ls3s3 respectively represent the inter-
nal self-inductance and mutual inductance of the five-phase
windings, Ls1s2, Ls1s3, Ls2s1, Ls2s3, Ls3s1, and Ls3s2 are the
mutual inductance between the three sets of five-phase wind-
ings, respectively, and Ls1s2 = LTs2s1, Ls1s3 = LTs3s1,
Ls2s3 = LTs3s2.
Taking the counterclockwise direction as the positive direc-

tion, the q1 axis leading the d1 axis in the positive direc-
tion of 90◦ electrical angle, according to the principle that
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Tr/s

=

T11 0 0
0 T22 0
0 0 T33

 (4)

Tii

=
2
5


cos[θ−(i−1)β] cos[θ−α−(i−1)β] cos[θ−2α−(i−1)β] cos[θ−3α−(i−1)β] cos[θ−4α−(i−1)β]
−sin[θ−(i−1)β] −sin[θ−α−(i−1)β] −sin[θ−2α−(i−1)β] −sin[θ−3α−(i−1)β] −sin[θ−4α−(i−1)β]
cos 3[θ−(i−1)β] cos 3[θ−α−(i−1)β] cos 3[θ−2α−(i−1)β] cos 3[θ−3α−(i−1)β] cos 3[θ−4α−(i−1)β]
−sin 3[θ−(i−1)β]−sin 3[θ−α−(i−1)β]−sin 3[θ−2α−(i−1)β]−sin 3[θ−3α−(i−1)β]−sin 3[θ−4α−(i−1)β]

1/2 1/2 1/2 1/2 1/2


(5)

the transformed synthetic magnetic potential is constant,
the transformation matrix of the fifteen-phase windings cur-
rent from the stationary coordinate system to the three dq
coordinate system is as follows (4) and (5), as shown at the
top of this page, where i is the serial number of the five-phase
winding, and its value is 1, 2, 3, the θ in the Tii matrix is the
electrical angle between the reference coordinate axis q and
the axis of the stator winding A1, which are rotated by the
rotor synchronous rotational speed ω.

In equation (1), both sides are multiplied by the transfor-
mation matrix Tr/s at the same time, and the equation can be
obtained as follows.

Tr/sUs = Tr/sRsIs + Tr/s
dψs
dt

= (Tr/sRsT
−1
r/s )(Tr/sIs)

+
d(Tr/sψs)

dt
−

(
dTr/s
dt

T−1r/s

)
(Tr/sψs) (6)

where

Tr/sUs
= [ ud1 uq1 uz11 uz12 uo1 · · · ud3 uq3 uz31 uz32 uo3 ]T

Tr/sIs
= [ id1 iq1 iz11 iz12 io1 · · · id3 iq3 iz31 iz32 io3 ]T

Tr/sψs
= [ψd1 ψq1 ψz11 ψz12 ψo1 · · · ψd3 ψq3 ψz31 ψz32 ψo3 ]T

Regardless of the cubic plane harmonics in the coordinate
transformation and the zero sequence components in the three
sets of windings, the resistance coefficient matrix and the
flux chain coefficient matrix are substituted, and the voltage
equation can be written as follows.
ud1
uq1
ud2
uq2
ud3
uq3

 =

r 0 0 0 0 0
0 r 0 0 0 0
0 0 r 0 0 0
0 0 0 r 0 0
0 0 0 0 r 0
0 0 0 0 0 r




id1
iq1
id2
iq2
id3
iq3

+


ψ̇d1
ψ̇q1
ψ̇d2
ψ̇q2
ψ̇d3
ψ̇q3



+ω


0 −1 0 0 0 0
1 0 0 0 0 0
0 0 0 −1 0 0
0 0 1 0 0 0
0 0 0 0 0 −1
0 0 0 0 1 0




ψd1
ψq1
ψd2
ψq2
ψd3
ψq3

 (7)

The coordinate transformation of the flux linkage equation
in equation (2) is performed, and both sides are multiplied
by the transformation matrix Tr/s at the same time, and the
formula is as follows.

Tr/sψs = Tr/sLsis + Tr/sγψfd
= (Tr/sLsT

−1
r/s )(Tr/sis)+ Tr/sγψfd (8)

The third-order component of each winding is ignored and
the zero-sequence component orthogonal to the direct-axis
component of each windings is neglected. The leakage
inductance of the mutual inductance between the windings
is neglected, and the flux linkage equation is obtained as
follows.
ψd1
ψq1
ψd2
ψq2
ψd3
ψq3

=

Ld 0 Ldd 0 Ldd 0
0 Lq 0 Lqq 0 Lqq
Ldd 0 Ld 0 Ldd 0
0 Lqq 0 Lq 0 Lqq
Ldd 0 Ldd 0 Ld 0
0 Lqq 0 Lqq 0 Lq




id1
iq1
id2
iq2
id3
iq3

+

1
0
1
0
1
0

ψfd
(9)

where Ld is the direct axis self-inductance, Lq is the quadra-
ture axis self-inductance, Ldd is the mutual inductance
between the direct axes of the corresponding windings, Lqq is
the mutual inductance between the quadrature axes of the
corresponding windings.

The electromagnetic torque is derived from the magnetic
common energy to the mechanical angle.

Te=
1
2
iTs
∂Ls
∂θm

is+iTs
∂γs

∂θm
ψfd=pn

(
1
2
iTs
∂Ls
∂θ

is+iTs
∂γs

∂θ
ψfd

)
(10)

According to the inductance matrix, the current matrix
and the flux matrix, the electromagnetic torque is deduced
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as follows.

Te =
5
2
pn[(iq1ψd1 − id1ψq1)+ (iq2ψd2 − id2ψq2)

+ (iq3ψd3 − id3ψq3)] (11)

It can be seen from formula (11) that each set of windings
transformation matrix is consistent with a single five-phase
motor transformation matrix, and the output electromagnetic
torque of the fifteen-phase PMSM is the sum of the torques of
the three five-phase windings. However, it is still inaccurate
tomake the fifteen-phasemotor equivalent to three five-phase
motors, because the windings of three five-phase motors are
coupled on both the direct-axis and the quadrature axis. The
fifteen-phase PMSM is controlled according to the rotor field
orientation vector. As shown in Fig. 2, the entire control
loop consists of a PI speed loop regulator and six PI current
loop regulators. The fifteen-phase PMSM is a surface-mount
structure, the three sets of windings d-axis currents are given
zero during vector control.

FIGURE 2. Fifteen-phase PMSM SVPWM control based on three dq
models.

The three sets of five-phase windings adopt coordinate
transformation, which must contain a zero vector and four
other degrees of freedom to form the fundamental plane
and the third harmonic plane. The (10k±1)th harmonic is
distributed in the fundamental plane and (10k±3)th harmonic
is distributed in the third harmonic plane, which rotates in the
rotor synchronous coordinates at ω and 3ω speeds, respec-
tively. According to the three dq axis coordinate transforma-
tion, each five-phase winding generates a separate SVPWM
output signal, the voltage vector of each five-phase winding
contains thirty non-zero vectors and two zero vectors, and
the thirty non-zero vectors have three different amplitudes,
the large vector Umax = 0.6247Udc, the medium vector
Umid = 0.4Udc, and the small vectorUmin = 0.2472Udc. The
voltage vector is distributed in α1−β1 and α3−β3 subspace
is shown in Fig. 3.

In order to effectively suppress the third harmonic in
the five-phase winding, the near four vector (NFV) control
method is used to realize the power switch conduction. Define
the on-times of the voltage vectors U16, U24, U25 and U29
as T1, T2, T3, T4, respectively. When the voltage conduction
time meets the following formula (12), the third harmonic in
the phase current of the five-phase winding can be effectively

FIGURE 3. Voltage vector distribution (a) α1-β1 subspace
(b) α3-β3 subspace.

suppressed [31].

T3
T1
=
T2
T4
= 1.618 (12)

At this time, the ratio of the on-time ofU25 andU16 is equal
to the ratio of the on-time of U24 and U29, the actual on-time
of each voltage vector can be determined by the following
formula (13).

T1 =
0.2764

∣∣∣⇀U ref

∣∣∣ sin (k ∗ 36◦ − γ )
Umid sin 36◦

Ts

T2 =
0.7236

∣∣∣⇀U ref

∣∣∣ sin [γ − (k − 1) ∗ 36
◦]

Umax sin 36◦
Ts

T3 =
0.7236

∣∣∣⇀U ref

∣∣∣ sin (k ∗ 36◦ − γ )
Umid sin 36◦

Ts

T4 =
0.2764

∣∣∣⇀U ref

∣∣∣ sin [γ − (k − 1) ∗ 36
◦]

Umax sin 36◦
Ts

T0 = Ts − T1 − T2 − T3 − T4

(13)

where Ts is the switch cycle, k is the sector of the given
voltage, γ is the electric angle of the given voltageUref , T0 is
zero vector conduction time.

In order to reduce the loss of switching time and improve
the efficiency of the drive system, each switch can only be
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turned on and off once in one carrier cycle. For example,
in the first sector, the vector voltage conduction sequence in
the half cycle is U0 → U16 → U24 → U25 → U29 → U31,
the voltage conduction sequence and the duty cycle of each
stage can be expressed as shown in Fig. 4.

FIGURE 4. PWM output sequence controlled by NFV in the first sector.

The control mode with the direct-axis given zero is applied
to the fifteen-phase surface-mount PMSM, only considering
the viscous friction of the motor, the equations of motion and
electromagnetic torque are as follows:

dωm
dt
=

1
J
(Te − TL − Bmωm) (14)

Te =
15
2
pnψr iq (15)

whereωm is themechanical angular velocity of rotor, pn is the
number of polar pairs, J is the systemmoment of inertia, TL is
the electromagnetic torque of motor, is load torque, Bm is the
coefficient of viscous friction, ψr is the flux of main pole.

The parameters of the three sets of five-phase windings
are the same, then the dq-axis voltage equation after the
coordinate transformation is as follows.

ud = rid + Ld
did
dt
− Lqiqωr (16)

uq = riq + Lq
diq
dt
+ ωrLd id + ωrψr (17)

where ωr is the electrical angular velocity of rotor, r is
armature resistance of stator windings per phase.

In the vector control of the fifteen-phase PMSM,
the current of each phase windings is actually controlled by
adjusting the dq-axis voltage of the decoupled five-phase
windings. According to the formulas (16) and (17), Lqiqωr
and−(Ld idωr+ωrψr ) are added as compensation amounts to
the outputs of thedq-axis current PI controllers, respectively,
after compensation, the current closed-loop transfer function
of dq-axis is shown in Fig. 5.

The transfer function between the voltage and current of
the five-phase windings is a first-order inertia link with good
stability, Let kpi/kii = Ldq/r , then the transfer function Gc(s)
of the current negative feedback closed-loop control is as
follows.

Gc(s) =
G0(s)

1+ G0(s)
=

1
s(Ldq/kpi)+ 1

(18)

FIGURE 5. The current closed-loop transfer function of dq-axis.

where kpi is the proportional coefficient of PI regulator in
current loop, kii is the integral coefficient of PI regulator in
current loop.

The current closed loop is designed as a first order response
function, when s = 0 is set, the steady state gain of the
current closed-loop is 1, and the theoretical steady state error
is 0, regardless of the value of kpi. The cutoff frequency of
the transfer function satisfies ωci = kpi/Ldq, whose system
bandwidth is mainly determined by kpi, but the value of
kpi is limited by the maximum DC bus voltage and other
protection requirements. Since the d-axis current is given as
zero, the system block diagram of the mechanical model of
the fifteen-phase PMSM is shown in Fig. 6.

FIGURE 6. The System block diagram of mechanical model of
fifteen-phase PMSM.

In order to achieve the speed control of the fifteen-phase
PMSM, the system has better response performance and sta-
bility, compared with the PI regulator in the speed outer loop,
the PI regulator in the current inner loop should have faster
response capability. Speed open loop transfer function is as
follows.

G0ω(s) =
kiωKT ((kpω/kiω)s+ 1)

s(s(Lq/kpi)+ 1)(Js+ Bm)
(19)

where kpω is the proportional coefficient of PI regulator in
speed loop, kiω is the integral coefficient of PI regulator
in speed loop, KT is the proportional coefficient for motor
output torque.

The viscous friction coefficient of the motor is generally
small, so Bm ≈0. Let τ = kpω/kiω, τ1 = Lq/kpi, the transfer
function is a type II system, according to the control theory,
the shear frequency ωcω of the transfer function G0ω(s) must
be at a slope of -20 dB/dec to make the system stable, so
τ � τ1, the proportional coefficient of the PI regulator in the
speed loop satisfies the following equation.

kpω =
Jωcω
KT

(20)

In order to ensure the phase angle margin of the system,
the proportional integral coefficient of the PI regulator in the
speed loop satisfies the following equation.

1
τ
=

kiω
kpω
≤
ωcω

5
(21)
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According to the basic parameters of the motor, the maxi-
mum motor speed nmax = 3000rpm, the maximum electrical
angular velocityωm = 2πn/60, so the shear frequencyωcω =
100π (rad/s), the PI regulator parameters of the designed
current loop and speed loop are as follows.

Kpi = 3, kii = 625.7, kpω = 3.36, kiω = 218.5

III. FAULT-TOLERENT CONTROL MODEL
FOR FIVETEEN-PHASE PMSM
The fifteen-phase PMSM adopts 3*5 phase structure distribu-
tion, the three neutral points are independent and the control
model based on the three dq axes is established. Therefore,
when the one phase is open circuited, fault tolerance is per-
formed directly in the five-phase windings of the correspond-
ing open phase. Fault-tolerant SVPWM control strategies are
generally implemented using a reduced-order compensated
transformationmatrix. However, the transformationmatrix of
the five-phase six-bridge arm SVPWMproposed in this paper
remains unchanged before and after fault tolerance. The fault
tolerance theory of hysteresis control and proposed method
are analyzed below.

A. CURRENT HYSTERESIS FAULT TOLERANT CONTROL
The premise of hysteresis fault-tolerant control is to ensure
that the motor’s synthetic magnetic potential remains con-
stant before and after an open-circuit fault. Taking the axis of
the A1 phase windings as a reference, the composite vector
can be converted from a two-dimensional composite space
vector to a reference coordinate by a rotation factor. The
conversion principle is consistent with the Clark and Park
transformations, and the transformation formula is as follows.

5
2
Imejωt = ia1 + ib1ejα + ic1ej2α + id1e−j2α + ie1e−jα (22)

where Im is the amplitude of each phase current of the five-
phase windings, α is the electrical angle between adjacent
windings, which is 2π /5. The equation (22) is developed
using the Euler formula, the real part and the imaginary part
are equal. The current vector constraint equation as follows.

5
2
Im cosωt = ia1 + ib1 cosα + ic1 cos 2α

+ id1 cos (−2α)+ ie1 cos (−α)
5
2
Im sinωt = ib1 sinα + ic1 sin 2α

+ id1 sin (−2α)+ ie1 sin (−α)

(23)

As can be seen from equations (22) and (23), the mag-
netomotive force space vector formed by the current of a
set of five-phase windings operating stably is equivalent
to a rotating composite vector with 2.5 times amplitude of
the phase current. Therefore, when one phase is open cir-
cuited, by adjusting the phase current of five-phase wind-
ings, the magnetomotive force vector space of the remaining
phase currents is not changed, so the motor can operate with
good performance under fault conditions. Assuming that the
A1 phase is open, in order to ensure that the currents of

the remaining healthy phases are symmetrical to each other
and keep the amplitudes equal, the remaining healthy phase
current satisfies the formula as follows [32], [33].

i′b1 = −i
′

d1, i′c1 = −i
′

e1 (24)

To meet fault tolerant control with minimum copper loss
for one phase open circuit, assuming that the resistance of the
stator windings is constant, the copper loss can be replaced by
the current function as shown below.

I (i′b1, i
′

c1, i
′

d1, i
′

e1) = i′2b1 + i
′2
c1 + i

′2
d1 + i

′2
e1 (25)

Since the neutral points of the three sets of windings are
independent, the remaining healthy phase current is still sat-
isfied after fault tolerance as follows.

i′b1 + i
′

c1 + i
′

d1 + i
′

e1 = 0 (26)

The magnetomotive force is guaranteed to be constant, and
the minimum copper loss of the stator can be transformed into
the extreme value problem under the constraint condition.
The formula for constructing the Lagrange function with the
least copper loss is as follows.

F(i′b1, i
′

c1, i
′

d1, i
′

e1, λ1, λ2, λ3)

= (i′2b1 + i
′2
c1 + i

′2
d1 + i

′2
e1)

+ λ1[i′b1 cos
2π
5
+ i′c1 cos

4π
5
+ i′d1 cos(−

4π
5
)

+ i′e1 cos(−
2π
5
)−

5
2
Im cos θ ]

+ λ2[i′b1 sin
2π
5
+ i′c1 sin

4π
5
+ i′d1 sin(−

4π
5
)

+ i′e1 sin(−
2π
5
)−

5
2
Im sin θ ]

+ λ3(i′b1 + i
′

c1 + i
′

d1 + i
′

e1) (27)

By solving the above formulas (23) and (24), the current
amplitude and phase of the remaining healthy windings dur-
ing equal amplitude fault tolerant control can be obtained.
By deriving the partial derivative of the formula (27) and
assigning the value to be equal to zero, the current ampli-
tude and phase of the remaining healthy windings with the
minimum copper loss can be obtained.

Fault-tolerant control generally equalizes the currents
amplitude of the remaining healthy windings or minimizes
the copper loss as the control target. The current amplitude
and phase of thewindings under different fault tolerant targets
are shown in TABLE 1.

B. FIVE-PHASE SIX-BRIDGE ARM SVPWM
FAULT TOLERANT CONTROL
When one phase is open circuited, in order not to change
the implementation of SVPWM under healthy operat-
ing, the five-phase six-bridge arm structure is used for
fault-tolerant control as shown in Fig. 7. The neutral point
of the five-phase windings is taken out and connected to the
F1-bridge arm. During healthy operation, the F1-bridge arm
does not need to be controlled.
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TABLE 1. The current amplitude and phase of the windings under
different fault tolerant targets.

FIGURE 7. The schematic diagram of five-phase six-bridge arm.

Assuming that the A1 phase is open circuited, the
F1-bridge arm is controlled by the PWM signal of the healthy
operating A1-bridge arm. Since the A1 phase is broken,
UA1n = 0, UF1z = UA1z. The voltage of the remaining
healthy phase is as follows.

UB1n = UB1z − Unz = UB1z − UA1z
UC1n = UC1z − Unz = UC1z − UA1z
UD1n = UD1z − Unz = UD1z − UA1z
UE1n = UE1z − Unz = UE1z − UA1z

(28)

The voltage of each phase of the five-phase windings is
multiplied by the rotation factor of the respective spatial
distribution. Referring to formula (22), the resultant voltage
vector is as follows.

Us′ = UB1n ∗ ejα+UC1n ∗ ej2α+UD1n ∗ ej3α+UE1n ∗ ej4α

= (UB1z ∗ ejα+UC1z∗ej2α+UD1z ∗ ej3α+UE1z ∗ ej4α)

−UA1z ∗ (ejα+ej2α+ej3α+ej4α) (29)

The spatial distribution structure of the five-phase wind-
ings is uniformly and symmetrically distributed, and the sum
of the rotation factors of each phase is zero.

1+ ejα+ej2α+ej3α+ej4α = 0 (30)

Formula (30) is substituted into formula (29) and the result
is as follows.

U ′s = UA1z + UB1z ∗ ejα

+UC1z ∗ ej2α + UD1z∗ej3α + UE1z ∗ ej4α = Us (31)

It can be obtained from formula (31) that the five-phase
composite voltage space vector Us based on the five-phase
six-bridge arm control does not change before and after the
fault, the five-phase synthetic flux linkage will not change
and the trajectory is still circular, so the motor still operating
smoothly after one phase windings is open circuited.

Assume that the combined voltage of the five-phase wind-
ings is located in the first sector, and its sector is shown in
Fig. 3. The SVPWM control strategy of the motor adopts
the NFV control operation mode, and the spatially synthe-
sized voltage vector is composed of six voltage space vec-
tors, the conduction sequence is U0-U16-U24-U25-U29-U31,
as shown in Fig. 4. When the motor is running normally,
the phase voltage of each phase windings based on the five-
phase six-bridge arm SVPWM and Uα1, Uβ1, Uα3, Uβ3 after
coordinate transformation are shown in TABLE 2. When the
A1 phase is open, the control strategy based on the five-phase
six-bridge arm SVPWM is unchanged, at this time, the phase
voltages of the phase windings and Uα1, Uβ1, Uα3, Uβ3 after
coordinate transformation are shown in TABLE 3.
It can be obtained from the comparative analysis of

TABLE 2 and TABLE 3, when the A1 phase is open,
the SVPWM drive signal of the A1 phase leg is used to
drive the F1 phase bridge arm, Uα1, Uβ1 and Uα3, Uβ3 in
the first sector remain unchanged compared with the nor-
mal operation. Similarly, Uα1, Uβ1 and Uα3, Uβ3 of other
sectors remain unchanged. Therefore, when the A1 phase
is open, it can still be controlled by the normal operation
NFV-SVPWM algorithm.
The output electromagnetic torque of the five-phase wind-

ings is determined by the magnitude of the direct-axis current
id and the quadrature-axis current iq. In order to ensure that
the output torque of the five-phase windings is constant, the
remaining four phase windings must produce the same id and
iq for fault tolerance. Using the inverse Park transformation
matrix, the id and iq are converted into iα and iβ , the inverse
Clarke transformation matrix of the five-phase windings is
used, the third harmonics are ignored, and the current of the
five-phase windings ia1, ib1, ic1, id1, ie1 can be obtained.
Because the A1 phase is open, ia1 = 0, so the neutral point
io = −iα . For the surface-mount PMSM, the id = 0 control
mode is adopted, and the formula is simplified as follows.

ib1 = 1.1756 sin(θ + 54o)iq
ic1 = 1.9021 sin(θ + 18o)iq
id1 = 1.9021 sin(θ − 18o)iq
ie1 = 1.1756 sin(θ − 54o)iq

(32)

It can be seen from the above formula (32) that in order to
compensate for the loss of theA1 phase current, the amplitude
of the C1 and D1 phase currents increases by 1.902 times,
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TABLE 2. The phase voltage based on five-phase six-bridge arm SVPWM during normal operation.

TABLE 3. The phase voltages based on five-phase six-bridge arm SVPWM when A1 phase is open.

and the amplitudes of the B1 and E1 phase currents increase
by 1.1756 times, and the phase difference of the adjacent
windings changes. The above formula derives the current
constraint equation that satisfies the principle of magneto-
motive force invariance, therefore, five-phase six-bridge arm
fault tolerance is a special way of constant control of magne-
tomotive force.

IV. THERMAL MODEL FOR FIFTEEN-PHASE PMSM
Regardless of whether the motor is operating under healthy
or fault tolerant conditions, its heat source is still mainly
composed of copper loss and iron loss. The copper loss is
mainly generated by copper resistance in the stator windings.
The core loss is mainly composed of the hysteresis loss and
eddy current loss in the permanent magnet and the silicon
steel sheet, which is caused by the alternating magnetic field
generated by the permanent magnet interacting with the alter-
nating current in the stator windings. The core loss is one of
the main sources of heat generation for the motor, the iron
loss of the stator core and rotor can be calculated from the
widely used Bertotti’s iron loss model [34]. The unit mass
calculation formula is as follows.

P = Ph + Pc + Pe = KhfB2m + Kcf
2B2m + Kef

1.5B1.5m (33)

whereKh is the hysteresis core loss coefficient,Kc is the eddy
current core loss coefficient,Ke is the other stray core loss
coefficient, Bm is the amplitude of the alternating magnetic

field in the stator and rotor,f is the alternating current fre-
quency in the stator winding.
The copper loss is mainly caused by the current loss in the

copper wire of each phase windings. The copper loss formula
of the multiphase motor is as follows.

PCu =
n∑
i=1

I2i Ri (34)

where i is the serial number corresponding to each phase, Ii is
the effective value of the current in the corresponding i-phase
windings, and Ri is the resistance of the corresponding phase
windings.

The eddy current loss of the synchronously rotating per-
manent magnet is generally small, but the permanent magnet
is located inside the motor, and the air gap heat dissipation
condition in the stator and rotor part is generally poor, so the
smaller loss will also produce a higher temperature distribu-
tion, and the commonly used loss formula of volume V is as
follows.

Peddy(t) =
∫
V

∣∣∣⇀J e∣∣∣2
σ

dV = L
∫
S

∣∣∣⇀J e∣∣∣2
σ

dS (35)

where
⇀

J e is the eddy current density of the permanentmagnet,
σ is the electrical conductivity of the permanent magnet, S is
the eddy current section area of the permanent magnet, and L
is the axial length of the permanent magnet.
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In this paper, a 28-pole 15kw fifteen-phase PMSM is
designed as a research model, the output performance indi-
cators of the fifteen-phase PMSM are as follows:
PN = 15kW, UN = 100V, IN = 10A, Ld = 0.7mH, Lq =

0.7mH, r = 0.146�, Pn = 14, TL = 70Nm, J = 0.01kg·m2,
nN = 2000r/min, ψr = 0.056Wb.
The iron loss of the motor in the stator and rotor, the hys-

teresis loss and eddy current loss of the permanent magnet,
and the copper loss of the stator winding are all obtained
by 2D FEM simulation. When the motor operates at rated
speed of 2000rpm and rated output torque of 70N, the rotor
permanent magnet loss, iron loss and stator copper loss under
different control modes are shown in TABLE 4, the different
control modes include healthy operation, equal amplitude
fault tolerant control(Fault1), minimum copper loss fault tol-
erant control(Fault2), and SVPWM control of five-phase six-
legged arms(Fault3).

TABLE 4. The loss of fifteen-phase PMSM under different control modes.

In order to maintain the same speed and torque as the
healthy operation mode, copper loss will increase corre-
spondingly during fault tolerant operation, but the iron loss
and the permanent magnet loss increase less. The reason
is that the synthetic magnetic potential of the motor is
unchanged before and after fault tolerant. The model of the
fifteen-phase PMSM is shown in Fig. 8.

FIGURE 8. The 3d thermal model of fifteen-phase PMSM.

The main concern of this paper is the thermal stress of
the motor during healthy operation and fault tolerant oper-
ation without derating. The stator and rotor losses of the
fifteen-phase PMSM are obtained by 2D finite element sim-
ulation. The Finite element thermal analysis is performed in
different control modes, where the temperature distribution
of the motor is different. On the outer surface of the motor

stator, an aluminum cover is added to the model to provide
heat dissipation. Therefore, the conduction coefficient during
simulation is higher than that of natural air cooling. Consid-
ering that the stator silicon steel sheet is not in full contact
with the stator shell, there is a very thin equivalent air layer
between the stator aluminum shell and the silicon steel sheet
in the model. The rotor shaft of the motor has no flux linkage,
and the friction loss of the bearing is not considered. All
regions of the motor are considered to be homogeneous and
isotropic. The conductivity coefficients of various materials
in the thermal model of the fifteen-phase PMSM are shown in
TABLE 5. There are many turns of copper wire in the stator
slot, each conductor surface is insulated, after the winding is
successfully completed, it is subjected to dip coating treat-
ment. The equivalent cross-sectional area copper is used in
the simulation mode.

TABLE 5. The conductivity coefficients of various materials in the thermal
model of fifteen-phase PMSM.

The rated load operating point of the motor is selected
for analysis, including the temperature distribution of the
steady field of the motor during healthy operation and fault
tolerant operation. Combined with the operating conditions
of all-electric aircraft, the transient temperature rise of the
fifteen-phase PMSM during healthy operation and fault tol-
erant operation also is analyzed.

A. STEADY-STATE TEMPERATURE FIELD
When the fifteen-phase motor is operating at rated load, the
copper loss of the stator armature windings and iron loss are
the main heat sources, the copper loss of the stator armature
windings, the iron loss in the stator and the rotor in TABLE 4
are assigned to the 3Dmodel components in Figure 8. The end
of the concentrated windings of the fractional slot is relatively
short, and the temperature of the center of the armature
windings can be considered to be the highest. The fifteen-
phase PMSM adopts three five-phase winding neutral points
independent of each other. It is assumed that the A1 phase
of the first set of windings is open circuited, fault tolerance
control is performed directly in the first set of windings, and
the second and third sets of windings operate healthily. When
the fifteen phase PMSM operates without derating, the output
electromagnetic torque does not change, but the currents in
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FIGURE 9. The steady-state temperature field distribution of the stator of
the fifteen-phase pmsm in different control modes (a) healthy (b) fault1
(c) fault2 (d) fault3.

the first set of windings are not equal due to the fault tolerant
operation, then the copper loss is necessarily asymmetrically
distributed around the radial direction of the stator windings.
The steady-state temperature field distribution of the stator
of the fifteen-phase PMSM in healthy operation and the
different fault tolerant modes under the rated speed 2000rpm
and the rated output load 70N is shown in Fig. 9.

When the fifteen-phase PMSM is operating under healthy
operation, the copper loss of the fifteen-phase windings is

basically equal, the highest temperature point at the center of
the stator windings of the motor is basically the same. When
the A1 phase in the first set of windings is open, the current
amplitude and phase of each phase windings in the first set
of windings change under different fault tolerant operations,
while the second set of windings and third set of windings
remain in healthy operation.

Different fault tolerant operations of the above-mentioned
one phase open circuit are considered, and the tempera-
ture distribution cloud diagram are shown in Fig. 5 b), c), d)
respectively. The maximum steady-state temperature of
windings under different operating modes at rated load and
speed are shown in TABLE 6.

TABLE 6. The maximum steady-state temperature of the windings under
different operating modes at rated load and speed.

The fifteen-phase PMSM adopts double-layer windings,
a portion of the D3 phase winding is co-located with a portion
of the A1 phase winding in a slot, when A1 phase is open,
even if the copper loss of the A1 phase windings is zero, how-
ever, the temperature in the corresponding slot is still high,
because the D3 phase winding is still operating healthily, and
the maximum temperature of the winding center of the corre-
sponding slot will be reduced. In the fault-tolerant operation,
the slot center of the other two sets of stator windings will
exist the highest temperature, but the maximum value will
never exceed the value in TABLE 6 and will not be described
here. In summary, the steady-state temperature distribution of
the above-mentioned slot center is basically consistent with
the copper loss distribution of each phasewindings in the fault
tolerant operation of the theoretical analysis. The steady-state
temperature distribution of the windings in the slot verifies
the correctness of the theoretical analysis.

B. TRANSIENT TEMPERATURE FIELD
Using the fifteen-phase PMSM to directly drive the propeller,
the temperature rise caused by the change of motor speed and
torque demand during the whole flight is our main concern.
According to the flight condition of a typical two-seater full-
electric aircraft [35], the cruising time is shortened, and the
required torque and speed are obtained as shown in Fig. 10.
Since the output torque of the prototype does not reach the
actual operating condition, the output torque of the motor is
scaled down according to the torque demanded by the oper-
ating conditions. The reduced ratio is the maximum torque
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FIGURE 10. The required torque and speed for fifteen-phase PMSM.

required by the actual flight conditions divided by the rated
output torque of the motor, and the speed is still changed
according to the actual flight conditions.

According to the steady-field temperature distribution
results, the corresponding highest temperature points in the
windings under different control modes have been found,
these highest temperature points of the windings should
be the same as the highest temperature point of the wind-
ings in the transient temperature rise analysis during flight
conditions. The transient temperature changes of the high-
est temperature rise windings under healthy operation and
fault tolerant operation during flight conditions are compared
in Fig 11.

FIGURE 11. The transient temperature rise of the windings in different
operating modes under flight conditions.

According to the analysis results of fault tolerance the-
ory and the steady-field temperature distribution results in
TABLE 6 in healthy operation, the steady-state temperatures
at the slot center of each phase windings are substantially
equal. When the A1 phase windings is open circuited and
the equal amplitude tolerance control (Fault1) is performed,
except that the A1 phase current is zero, the temperature of
the slot center corresponding to the four phase windings is
substantially equal. When the minimum copper loss tolerant
control (Fault2) is performed, the temperature of the slot
center corresponding to the B1 and E1 phase windings is
the highest. When the five-phase six-bridge arm SVPWM
tolerance control (Fault3) is performed, the temperature of
the slot center corresponding to C1 and E1 phase windings is

the highest. As shown in Fig. 11, under the same operating
conditions, the trend of the highest transient temperature rise
in the windings under different control modes is basically the
same.

V. EXPERIMENTAL RESULTS
The 10kw 28-pole 30-slot fractional slot concentrated wind-
ings fifteen-phase surface-mount PMSM is selected as the
research object, the temperature sensor PT100 is placed in
the center of themotor stator armature windings, and its stator
and rotor structure is shown in Fig. 12.

FIGURE 12. The prototype of 30-slot 28-pole surface-mount fifteen-phase
PMSM (a) The rotor of motor (b) The stator of motor.

The driving control of the fifteen-phase PMSM requires
multiple PWM synchronous outputs, especially for high-
power and high-reliability applications. In this paper, the
experimental platform based on the combination of DSP and
FPGA has been built as shown in Fig. 13. DSP is mainly used
for coordinate transformation and space vector control, and
FPGA realizes PWM synchronous output. The whole exper-
imental platform is used to verify the three dq axes vector
control model of the fifteen-phase PMSMand realize the fault
tolerant operation of the five-phase six-bridge SVPWM and
current hysteresis.

FIGURE 13. Photo of the workbench (a) motor tow platform (b) drive
control platform.
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FIGURE 14. The phase current waveform of the fifteen-phase PMSM
based on three dq axes SVPWM control. (a) phase current in a five-phase
windings (b) phase current between three sets of five-phase windings.

The phase current waveform of the fifteen-phase PMSM
based on the SVPWM control of the three dq axes is shown
in Fig. 14.

The load torque is 25Nm and the rotational speed is
500rpm, the phase difference of the adjacent phase currents
in the five-phase windings is 72◦, and the phase difference of
the A1, A2, and A3 phases between the three sets is 12◦, the
experimental test is basically consistent with the theoretical
analysis. The experimental results verify that the established
vector control model of the three dq axes is feasible.

The load torque is 25Nm and the rotational speed is
500rpm, the fault-tolerant control of the five-phase six-bridge
arm SVPWM is used, and the phase current waveform is
shown in Fig. 15.

FIGURE 15. The phase current waveform of five-phase six-bridge arm
SVPWM fault-tolerant control.

When the A1 phase is open, the fault-tolerant control of
the five-phase six-bridge arm is utilized, the amplitude and

phase of each phase current of the five-phase windings are
basically the same as the theoretical analysis in TABLE 1.
The experimental results show that the theoretical analysis of
the five-phase six-bridge arm SVPWM fault-tolerant control
is correct.

The load torque is 25Nm and the rotational speed is
500rpm, when the A1 phase windings is open, the other two
sets of five-phase windings operate normally, and the five-
phase winding of the open phase adopts equal amplitude
current hysteresis fault-tolerant control, and the phase current
waveform is shown in Fig. 16.

FIGURE 16. The phase current waveform of five-phase windings with
current hysteresis fault-tolerant control.

The experimental results show that the amplitude and
phase changes of the five-phase windings after fault toler-
ance are basically consistent with theoretical analysis results
of the equal amplitude fault-tolerant control in TABLE 1.
The current hysteresis fault-tolerant control can achieve
equal-amplitude control of one-phase open circuit, and can
also achieve fault-tolerant control of different control targets.

The center of the armature winding of the prototype is
placed with the temperature sensor PT100, which is used to
measure the internal temperature of the winding when the
motor is operating under rated load or different operating
conditions. The temperature sensor lead-out line is shown in
Figure 13. a). Given a speed of 2000r/min and a load torque
of 70N, the center temperature of the armature windings
of the fifteen-phase PMSM during healthy operation and
different fault tolerant operations is measured, and the tem-
perature rise of the slot center corresponding to the highest
temperature are recorded as shown in Fig. 17.

The temperature rise result of the motor armature wind-
ings of different control modes under the rated load condi-
tion is measured for 90min. The maximum temperature of
the armature windings in healthy operation is up to 94.5◦,
the error compared to the simulated value of the steady-state
temperature field is 0.52%. The maximum temperature of the
armature windings in equal-amplitude tolerance operation is
up to 107.4◦, the error compared to the simulated value of
the steady-state temperature field is 1.32%. The maximum
temperature of the armature windings in minimum copper
loss tolerance operation is up to 111.6◦, the error compared
to the simulated value of the steady-state temperature field
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FIGURE 17. The Maximum temperature of armature windings in different
operating modes of fifteen-phase PMSM.

is 2.38%. The maximum temperature of the armature wind-
ings in five-phase six-bridge arm SVPWM tolerance opera-
tion is up to 144.6◦, the error compared to the simulated value
of the steady-state temperature field is 7.9%. The maximum
temperature after stabilization under the rated load is basi-
cally the same as the data in TABLE 6, and the experimental
data verify the correctness of the theoretical analysis and
simulation of the fault tolerance.

FIGURE 18. The temperature rise variation of armature windings
corresponding to the highest temperature under different control
operations.

According to the torque and speed requirements shown in
Fig. 10, the highest temperature rise of the armature windings
under healthy operation and different fault tolerant operation
is shown in Fig. 18. The center of the slot of the maxi-
mum phase current in the armature winding during healthy
operation and fault tolerant operation is the highest temper-
ature point, this result has been verified by the results of
steady-state field simulation and experimental data at rated
torque and speed output. The fifteen-phase PMSM operates
according to the output torque and speed in Fig. 10, the copper
loss of the motor armature windings decreases when the
torque and speed output decrease at 420s, so the temperature
in the armature windings begins to decrease, the change in
temperature rise trend is basically consistent with the change
in torque output. The simulation results of the temperature
rise of the fifteen-phase PMSM during healthy operation and
different fault tolerant operation under operating conditions
are about 5 degrees lower than the experimental test results,

this may be caused by ignoring harmonics during simula-
tion, because the actual operating motor must have harmonic
losses due to control errors or structural asymmetry. Since the
motor does not operate for a long time at the rated load torque
output, the transient temperature does not reach themaximum
temperature of the rated steady-state field. Regardless of the
mode of operation, the temperature rise of the armature wind-
ing of the motor does not exceed the maximum temperature
allowed by the insulation level of the armature winding, and
the F-stage insulation of the motor windings is used, no more
than 155 degrees is considered to be within the allowable
range.

VI. CONCLUSION
In this paper, the vector control model based on the three
dq axes can effectively realize the motor operation. When
fault-tolerant control is applied to the open circuit of one
phase windings, except for the windings current of the open
circuit is zero, the amplitude and phase of the other four-phase
healthywindings current change, and the proposed five-phase
six-bridge arm fault tolerance is a special way of constant
control of the magnetomotive force. In order to maintain
the same torque and speed output as in the healthy mode,
the copper loss of the armature windings increases sharply,
on the contrary, the iron loss of the motor in the stator and
rotor is only slightly increased, the main reason is that the
total magnetomotive force of the air gap before and after fault
tolerance is constant.

The 3D thermal model of the fifteen-phase PMSM has
been built. When the same torque output during normal
operation is maintained, the highest temperature point of
the armature windings has been found. The steady-state and
transient temperature rise of the highest temperature arma-
ture windings in healthy operation and different fault toler-
ant operations are analyzed by finite element analysis and
experimental test. When one phase open circuit fault occurs,
the temperature rise distribution of the armature windings
changes in different fault tolerant modes, but the maximum
temperature does not exceed the windings insulation temper-
ature and can continue to operate.
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