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Abstract Improving fault tolerant performance of permanent magnet synchronous motor has

always been the central issue of the electrically supplied actuator for aerospace application. In this

paper, a novel fault tolerant permanent magnet synchronous motor is proposed, which is character-

ized by two stators and two rotors on the same shaft with a circumferential displacement of

mechanical angle of 4.5�. It helps to reduce the cogging torque. Each segment of the stator and

the rotor can be considered as an 8-pole/10-slot five-phase permanent magnet synchronous motor

with concentrated, single-layer and alternate teeth wound winding, which enhance the fault isola-

tion capacity of the motor. Furthermore, the motor has high phase inductance to restrain the

short-circuit current. In addition, an improved optimal torque control strategy is proposed to make

the motor work well under the open-circuit fault and short-circuit fault conditions. Simulation and

experiment results show that the proposed fault tolerant motor system has excellent fault tolerant

capacity, which is able to operate continuously under the third open-circuit fault and second short-

circuit fault condition without system performance degradation, which was not available earlier.
ª 2015 The Authors. Production and hosting by Elsevier Ltd. on behalf of CSAA & BUAA. This is an

open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

With the development of power-by-wire (PBW) technology,

the electrically supplied actuator has been the trend of servo-
actuation system for aerospace application in the last
decade,1–3 due to the distinct advantage of replacing the cen-
tralized hydraulic system and eliminating all its associated
disadvantages. In the past, the majority of the electrically

supplied actuator can be divided into two categories: electro-
hydrostatic actuator (EHA) and electro-mechanical actuator
(EMA). There have been many successful applications, such

as flight control surface actuators and fuel pumps4 (for a sur-
vey, see, for example). Electrical machine system is the crucial
part of the electrically supplied actuator, which determines the

system performance of the servo-actuation system. Therefore,
the electrical machine system with fault tolerant capacity has
been the fundamental requirement in the aerospace

application.
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Fig. 1 Structure of the proposed FTPMSM.
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Permanent magnet synchronous motor (PMSM) is widely
used in servo-actuation system for aerospace application, due
to the advantages of high power density and high efficiency.5,6

However, the conventional three-phase PMSM has low
armature magnetic field reconfiguration capacity and low fault
isolation capacity, which cannot operate continuously under

the fault condition. In order to meet the fault tolerant require-
ment of the PMSM in aerospace application, extensive
research work has been reported on the fault tolerant

PMSM (FTPMSM) design, which can be divided into two
categories: the multiple sets of three-phase windings approach
and the multiple single-phase windings approach.4 For the
multiple sets of three-phase windings approach, Bianchi et al.7

proposed a dual three-phase PMSM, which is composed of
two motors on the same shaft. Each motor is a three-phase
PMSM. This FTPMSM can operate continuously with the first

open-circuit fault. In Ref.8, a FTPMSM with two sets of three-
phase windings in the same stator is proposed. This FTPMSM
cannot achieve the physical isolation between two sets of three-

phase windings, and it is capable of continuous operation
under the first open-circuit fault and short-circuit fault. In
Ref.9, a FTPMSM with four sets of three-phase windings is

proposed, which consists of two motors on the same shaft.
Each motor is a dual three-phase FTPMSM. This FTPMSM
is able to operate continuously under the second open-circuit
fault without system performance degradation. But this

FTPMSM cannot operate continuously under the short-circuit
fault, and it costs too much volume and weight, which is
intolerable for the aerospace application. For the multiple sin-

gle-phase windings approach, extensive research work has
been reported on the four-phase, five-phase and six-phase
FTPMSM with the fractional slot and concentrated wind-

ings10–12 (for a survey, see, for example). This structure can
improve the fault isolation capacity of the windings, and this
FTPMSM is able to operate continuously under no more than

the second open-circuit fault and short-circuit fault. However,
in the practical engineering, this FTPMSM cannot guarantee
the post-fault performance without system performance degra-
dation under the fault condition. Since the current value of the

remaining healthy phase windings for the FTPMSM under the
fault condition will exceed the rated current value, the high
current value will make the system overheat if the system still

works without system degradation for long time. And the elec-
tromagnetic torque ripple will be larger under the second fault
condition. Therefore, it is important to further explore the

FTPMSM structure design to guarantee the post-fault perfor-
mance without system performance degradation under the
fault condition. Meanwhile, the control strategy for the
FTPMSM is also one of the critical problems to be addressed

urgently. Over the years, many important contributions have
been made for the fault tolerant control of FTPMSM under
the open-circuit fault and short-circuit fault, such as the

optimal torque control in Refs.13–15 and the optimal current
control in Refs.16–18 However, these fault control strategies
cannot be applied for the FTPMSM with more than six-phase

windings.
The scope of this paper falls into the FTPMSM system with

the multiple single-phase windings approach. A novel

FTPMSM, which can guarantee the post-fault performance
under the third open-circuit fault and the second short-circuit
fault without system performance degradation, is proposed in
this paper.
2. FTPMSM design

PMSM is the crucial component of the electrically supplied
actuator, which determines the system performance of the

actuator. Therefore, it is vital to research the PMSM with high
reliability. In this section, a novel FTPMSM is proposed as
shown in Fig. 1. It is able to continually operate under the

third open-circuit fault and the second short-circuit fault
conditions. In addition, finite element analysis (FEA) of the
electromagnetic field is adopted to analyze the characteristics
of the proposed FTPMSM.

2.1. Structure design

In order to improve the fault tolerant capacity, the FTPMSM

is characterized by two stators (stator 1 and stator 2) and two
rotors (rotor 1 and rotor 2) on the same shaft with a circum-
ferential displacement of 4.5� mechanical angle. Each set of

the stator and the rotor can be considered as an 8-pole/10-slot
five-phase PMSM with concentrated, single-layer and alternate
teeth wound winding, as shown in Fig. 2. Here A, B, C, D, E

denote the five-phase windings in each segment of the
FTPMSM, and the subscript 1 denotes that these five-phase
windings are located in stator 1 (similarly, the subscript 2
denotes that these five-phase windings are located in stator

2). This structure is able to guarantee the physical separation,
magnetic isolation and thermal isolation of the windings.
Therefore, when some of the phase windings are under the

fault condition, the normal phase windings can still work well.
This enhances the fault isolation of the windings. Furthermore,
the electrical isolation capacity of the motor can be achieved

via the use of H-bridge power supply. In addition, the two seg-
ments of the stator and the rotor have a difference of 4.5�
mechanical angle, which is used to reduce the cogging

torque of the developed FTPMSM. Since the phase windings’
structure is fixed, the unequal-thickness permanent magnet is
utilized to improve the sinusoidal waveform of back elec-
tromotive force.

To make the FTPMSM work well under the short-circuit
fault condition, a phase inductance design approach is pro-
posed to restrict the short circuit current. Let Ed denotes the

back electromotive force of the FTPMSM, R the phase resis-
tance, L the phase inductance, and x the angular frequency.
When R << xL, the short circuit current Is can be represented

as

Is �
Ed

xL
ð1Þ



Fig. 2 Cross section of one segment of FTPMSM.

Fig. 3 Magnetic flux line of FTPMSM with no load.

Fig. 4 Magnetic flux density of FTPMSM with rated load.
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Since the FTPMSM phase inductance L consists of the
synchronous inductance Ls, the harmonic leakage inductance
Lh, the end-leakage inductance Le and the slot leakage

inductance Lslot,
19 then

Is <
Ed

xLslot

ð2Þ

with

Lslot ¼ l0N
2lef

hs
3Ws

þ h0
b0

� �
ð3Þ

where l0 is the magnetic permeability, N the winding turns, lef
the winding effective axial length, hs the slot height, Ws the slot
width, h0 the slot opening height, and b0 the slot opening

width. Therefore, the short circuit current Is will decrease as
the increase of the slot leakage inductance Lslot. That is, with
the slot shape design, the desired phase inductance can be

obtained easily. In this paper, the magnitude of short circuit
current is restrained at the rated current value.

2.2. Electromagnetic FEA

Previous analysis has shown the structure design of the
proposed FTPMSM. In this section, the electromagnetic
FEA of the FTPMSM is conducted to verify the design

approach. Due to the axial symmetry of the FTPMSM, a
two dimensional (2-D) finite element model is employed in
the FEA. And the FTPMSM design specification is listed in

Table 1. Note that any segment of the FTPMSM is designed
to meet the design specification, which is able to guarantee
the developed FTPMSM to work well under the fault condi-

tion without system performance degradation.
Table 1 Design specification of FTPMSM.

Parameter Value

Supply voltage (V) 28

Rated power (W) 200

Rated speed (r/min) 6000

Rated torque (NÆm) 0.3

Rated current (A) 5

Short-circuit current (A) 5
Fig. 3 shows the magnetic flux line of the FTPMSM with
no load, in which A denotes the magnetic vector potential.
Note that there is almost no magnetic flux line coupling

between the phase windings. Fig. 4 shows the magnetic flux
density of the FTPMSM under rated load condition, in which
B denotes the magnetic flux density. The maximum magnetic

flux density is 1.6 T, located in the stator yoke, which does
not exceed the saturation value of the silicon steel sheet.
Fig. 5 shows the magnetic flux density of the FTPMSM under

the extreme condition that all the phase windings are in short-
circuit fault.

Fig. 6 is the magnification of Fig. 5. The minimum mag-
netic flux density in the magnets is 0.4 T, which means that
Fig. 5 Magnetic flux density of FTPMSM with short-circuit

fault.



Fig. 6 Magnification of Fig. 5.

Fig. 9 Mutual inductance of FTPMSM.
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the magnets are not demagnetized. Fig. 7 shows one-phase
back electromotive force at the rated speed of 6000 r/min.

The waveform of the back electromotive force is almost
sinusoidal. Fig. 8 shows the phase self-inductance of the
FTPMSM. The phase self-inductance is approximately
1.33 mH, which means the short circuit current can be limited

in the desired range. Fig. 9 shows the phase mutual inductance
of the FTPMSM. It equals to almost zero, that is, the
FTPMSM has great magnetic isolation capacity.

According to the design, the proposed FTPMSM has high
fault isolation capacity. To achieve the fault tolerant capacity
of the FTPMSM system, the corresponding control strategy
Fig. 7 One-phase back electromotive force of FTPMSM at

6000 r/min.

Fig. 8 Self-inductance of FTPMSM.
must be involved, which is able to make the system work well

via the use of the rest healthy phase windings when some of the
phase windings are faulted. In next section, we will further
explore the control strategy for the proposed FTPMSM.

3. Control strategy

Only with the proper fault control strategy, the developed

FTPMSM can achieve the post-fault operation after the fault
occurrence. In this section, a cascaded dual closed loop control
structure is adopted, including the speed loop and the current

loop. Moreover, an improved optimal torque control strategy
is proposed to formulate the required current command for the
current loop. And the block diagram of the dual closed-loop

control structure is shown in Fig. 10, where xref denotes the
speed command signal, xback the speed feedback signal, Tref

the electromagnetic torque command signal, hback the rotor
angle signal, Iref the current command signal, Iback the current

feedback signal, and Uref the voltage command signal.

3.1. Improved optimal torque control

To achieve the continuous operation of the FTPMSM under
the conditions of both open-circuit and short-circuit fault,
the improved optimal torque control is proposed by formulat-

ing the calculation of the electromagnetic torque as a con-
strained optimization problem, which can generate a smooth
electromagnetic torque while minimizing the copper losses.
The essence of the improved optimal torque control is to com-

pensate the impact of the fault via the use of the remaining
healthy phase winding.

For the developed FTPMSM, the instantaneous electro-

magnetic torque can be represented as

Te ¼
X10
j¼1

KjIj ð4Þ

where Te is the instantaneous electromagnetic torque; Kj is the

back electromotive force coefficient, which is equal to the
instantaneous ratio of the phase back electromotive force to
the rotor speed; Ij is the instantaneous phase current. Then

the instantaneous electromagnetic torque of the developed
FTPMSM under the fault condition can be represented as

Te ¼
X10
j–ki

KjIj þ Tr ð5Þ



Fig. 10 Dual closed-loop control structure.

Fig. 11 Speed step response of the developed FTPMSM system

with the second short-circuit fault.
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with

Tr ¼
Xn
i¼1

Kki Iki ð6Þ

where Tr is the electromagnetic torque caused by the faulted
phase; ki denotes the faulted kith phase, with ne [0,4] the total
faulted phase. Note that for the open-circuit fault condition,

Tr = 0 as Iki ¼ 0. Then the constrained optimization problem
can be formulated as

minR
X10
j¼1

I2j ð7Þ

which is subject to the constraint of Eq. (5). The optimization

problem can be solved by minimizing the augmented objective
function FðI1; I2; . . . ; I10; kÞ20

F ¼
X10
j¼1

I2j þ k Te � Tr �
X10
j–ki

KjIj

 !
ð8Þ

where k is the Lagrange multiplier. For i= 1, 2,. . .,n and j „ ki,
taking the derivative of F with respect to Ij, we can have

@F

@Ij
¼ 2Ij � kKj ð9Þ

Taking the derivative of F with respect to k yields

@F

@k
¼ Te � Tr �

X10
j–ki

KjIj ð10Þ

For i= 1, 2,. . .,n and j „ ki, let

@F

@Ij
¼ 0 ð11Þ

and

@F

@k
¼ 0 ð12Þ

Then the instantaneous phase current command in the

healthy phase can be given by

Ij ¼ Te � Trð Þ KjP10
j–ki

K2
j

ð13Þ
The optimal torque control is an instantaneous torque con-

trol strategy. In addition, under the fault condition, this
approach will result in significant time harmonics in the
healthy phase current.

3.2. Fault mode analysis

In order to study the fault tolerant performance of the devel-

oped FTPMSM, it is important to analyze the fault mode of
the FTPMSM, which will provide a guideline for engineers
to follow when the FTPMSM is implemented. According to
the structure of the proposed FTPMSM, the fault mode of

the system is summarized as follows:

(1) First fault: there is one-phase winding of the FTPMSM

with fault, including the open-circuit fault and the short-
circuit fault.

(2) Second fault: there are two-phase windings of the

FTPMSM with fault, including the open-circuit fault
and the short-circuit fault.

(3) Third fault: there are three-phase windings of the

FTPMSM with fault, including the open-circuit fault
and the short-circuit fault.



Fig. 12 Speed step response of the developed FTPMSM system

with the third open-circuit fault and the second short-circuit fault.
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(4) Fourth fault: there are four-phase windings of the

FTPMSM with fault, including the open-circuit fault
and the short-circuit fault.

(5) Fifth fault: there is five-phase windings of the FTPMSM

with fault, including the open-circuit fault and the short-
circuit fault.
Fig. 13 Current waveform o
Similarly, we can also obtain the fault modes of the sixth
fault, the seventh fault and the eighth fault.

3.3. System simulation

The computer simulation is conducted to verify the fault con-
trol strategy in this section. We assume that the current root

mean square (RMS) value of the developed FTPMSM under
the fault condition cannot exceed the rated current RMS
value, which can guarantee that the system can operate con-
tinuously under long-time duty without system performance

degradation. Fig. 11 shows the speed step response of the
developed FTPMSM system at rated load under the second
short-circuit fault condition for both with the optimal control

and without the control, in which we take the fault phase wind-
ings (A1, A2) for example. With the improved optimal torque
control, the developed FTPMSM can work well under the sec-

ond short-circuit fault condition, while the speed trajectory of
the FTPMSM fluctuates below the command signal without
the optimal torque control. Fig. 12 shows the speed step

response of the developed FTPMSM with the improved opti-
mal torque control under the third open-circuit fault and the
second short-circuit fault condition. Here the fault phase wind-
ings of third open-circuit fault are (A1, A2, C1), which is the

worst condition for the third open-circuit fault. Similarly, the
f the proposed FTPMSM.
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fault phase windings of second short-circuit fault are (A1, A2).
Note that the settling time of the developed FTPMSM system
is 66.1 ms for the normal condition, 66.8 ms for the open-cir-

cuit fault condition and 67.8 ms for the short-circuit fault con-
dition. After that, the controlled trajectories of the system
under both the open-circuit fault and the short-circuit condi-

tions stay around 6000 r/min. That is, the FTPMSM system
can work well under the third open-circuit fault and second
short-circuit fault. Fig. 13 shows the current of the developed

FTPMSM under normal, the third open-circuit fault and the
second short-circuit fault conditions. For the FTPMSM sys-
tem under the third open-circuit fault and the second short-cir-
cuit fault conditions, the current RMS value is no more than

the rated current RMS value. Therefore, the developed
FTPMSM system is able to operate continuously under the
third open-circuit fault and the second short-circuit fault with-

out system performance degradation.
Fig. 14 shows the speed step response of the developed

FTPMSM at rated load with the fourth open-circuit fault

and the third short-circuit fault. Here the fault windings of
fourth open-circuit fault are (A1, A2, C1, C2), while the fault
windings of third short-circuit fault are (A1, A2, C1). Fig. 15

shows the current of the developed FTPMSM with fourth
open-circuit fault and the third short-circuit fault conditions,
respectively. Although the developed system with both the
Fig. 15 Current waveform o

Fig. 14 Speed step response of the developed FTPMSM system

with the fourth open-circuit fault and the third short-circuit fault.
open-circuit fault and short-circuit fault can keep in good
response, the current RMS values of the system with both
open-circuit fault and short-circuit fault exceed the rated cur-

rent RMS value, which will make the system overheat if the
FTPMSM system still operates under the long-time duty.
That is, the developed FTPMSM system has to operate with

system performance degradation under the fourth open-circuit
fault and the third short-circuit fault condition.

4. Experimental validation

To verify the fault tolerant performance, the developed
FTPMSM is prototyped, and the experimental setup is built,

as shown in Fig. 16. The developed FTPMSM system consists
of microprocessor control unit (MCU), power drive unit
(PDU), signal detection and processing unit (SDPU) and the

FTPMSM. The MCU, based on digital signal processor
(DSP) TMS320F2812 and field programmable gate array
(FPGA) EP2C35F484, is used to receive the control command
and feedback signal and accomplish the control algorithm, and

control the PDU and SDPU. The PDU adopts the H-bridge
converter to supply electric power for the FTPMSM. And
the SDPU is composed of Hall current sensor, analog-to-digi-

tal converter AD7607, and resolver-to-digital converter
AD2S1210. It is used to convert the analog signal (speed, posi-
tion and phase current) into the digital signal for the MCU.

First, the experiments of the developed FTPMSM system
under the normal condition are performed. The sample rates
for the speed loop and the current loop are 100 ls and 25 ls,
respectively. The rated load torque is 0.3 NÆm. Fig. 17 shows

the speed sinusoidal response of the developed FTPMSM sys-
tem at 20 Hz with no load. The phase lag of the speed response
is 74.9�, and there is almost no amplitude attenuation. Fig. 18

shows the speed sinusoidal response of the developed
FTPMSM system at 10 Hz with full load. The phase lag of
the speed response is 51.8�, while the amplitude attenuation

is 0.26 dB.
Next, the experiments of the developed system under the

third open-circuit fault and the second short-circuit fault condi-

tions are conducted. Here we take the fault windings (A1, A2,
C1) for third open-circuit fault, and (A1, A2) for second short-
circuit fault for example. Fig. 19(a) shows theC2-phase current
f the proposed FTPMSM.



Fig. 16 Experimental setup of the developed FTPMSM.
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of the developed FTPMSM under the third open-circuit fault at
rated speed 6000 r/min, which has the maximum phase current
in all the remaining healthy windings. Although the peak value

(7 A) of phase current exceeds the rated value (5 A), the RMS
value of phase current is no more than the rated RMS value.
Fig. 19(b) shows the electromagnetic torque of the developed

FTPMSM with the third open-circuit fault. The electromag-
netic torque of the developed FTPMSMwith third open-circuit
fault is almost the same as that under the normal condition.
Fig. 18 Speed sinusoidal response at 10 Hz with full load.

Fig. 17 Speed sinusoidal response at 20 Hz with no load.
Fig. 20(a) shows the C2-phase current of the developed
FTPMSM with the second short-circuit fault at rated speed
6000 r/min, which has the maximum phase current in all the

remaining healthy windings. Under second short-circuit fault,
the phase current of the FTPMSM does not exceed the rated
value. Fig. 20(b) shows the electromagnetic torque of the

developed FTPMSM with the second short-circuit fault. Note
that the electromagnetic torque with the second short-circuit
fault is as well as that in the normal condition. As a result,
Fig. 19 C2-phase current and electromagnetic torque of the

developed FTPMSM with the third open-circuit fault.



Fig. 20 C2-phase current and electromagnetic torque of the

developed FTPMSM with the second short-circuit fault.

Fig. 21 Speed sinusoidal response at 5 Hz with the third open-

circuit fault and the second short-circuit fault.

Fig. 22 Speed sinusoidal response at 10 Hz with the third open-

circuit fault and the second short-circuit fault.
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the improved optimal torque control can guarantee the ripple-
free torque operation of the proposed FTPMSM with the
open-circuit fault and the short-circuit fault.

Fig. 21(a) shows the speed sinusoidal response of the devel-
oped FTPMSM system at 5 Hz with full load with the third
open-circuit fault. Fig. 21(b) shows the speed sinusoidal

response of the developed FTPMSM system at 5 Hz with full
load under the second short-circuit fault. The results show that
there is almost no system performance degradation after the

fault occurrence, that is, the developed FTPMSM has excellent
fault tolerant capacity.

Fig. 22(a) shows the speed sinusoidal response of the
developed FTPMSM system at 10 Hz with full load with

the third open-circuit fault. Fig. 22(b) shows the speed sinu-
soidal response of the developed FTPMSM system at 10 Hz
with full load with the second short-circuit fault. The phase

lag of the speed response for the developed FTPMSM sys-
tem under the open-circuit fault is 83.5�, while the amplitude
attenuation for the system is 2.5 dB. And the phase lag of

the speed response for the developed FTPMSM system with
the short-circuit fault is 77.7�, while the amplitude attenua-
tion is 2 dB. Therefore, the speed bandwidth of the devel-

oped FTPMSM system with the third open-circuit fault
and the second short-circuit fault is still able to achieve
10 Hz.
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5. Conclusions

(1) A novel FTPMSM is proposed, which is characterized
by two stators and two rotors on the same shaft with
a circumferential displacement of mechanical angle of

4.5�. With the concentrated, single-layer and alternate
teeth wound winding, the motor has outstanding fault
isolation capacity. And the FTPMSM can effectively

restrain the short-circuit current by the high phase
inductance.

(2) The improved optimal torque control strategy is pro-

posed, which is able to make the ten-phase FTPMSM
work well with the open-circuit and short-circuit fault.

(3) The simulation and experiment results show that the

developed FTPMSM system is able to operate continu-
ously under the third open-circuit fault and the second
short-circuit fault without system performance degrada-
tion. Moreover, the speed bandwidth of the system with

the third open-circuit fault and the second short-circuit
fault is still able to achieve 10 Hz.

Future exploration in the transient process after the fault
occurrence of the developed FTPMSM system is also interest-
ing and worth pursuing.
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