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Abstract—To enhance the fault transient performance of 

aerospace multiphase permanent magnet synchronous motor 
(PMSM) system, an adaptive robust speed control is proposed 
regardless of the phase open-circuit (OC) and short-circuit (SC) 
fault in this paper, which can be applied for both the redundant 
motor system and fault tolerant motor system. For aerospace 
multiphase PMSM system, besides external load disturbance and 
system parameter perturbation, there inevitably exists the 
electromagnetic torque ripple in fault transient process, which 
can degrade the system performance and even cause the system 
instability. To cope with this issue, the electromagnet torque 
ripple of the multiphase PMSM system in fault transient process 
is first analyzed. Then, by considering the electromagnet torque 
fluctuation caused by fault transient as a system uncertainty, a 
novel adaptive robust speed control scheme is proposed, while the 
adaptive law is constructed to emulate the total system 
uncertainty bound, which include the load disturbance, the 
parameter variation, and the electromagnetic torque fluctuation 
due to fault transient. The resulting control can ensure the speed 
control performance even in fault transient process regardless of 
the uncertainty, in which no prior estimation of the uncertainty 
bound is required. In addition, the proposed adaptive robust 
speed control is demonstrated by a six-phase PMSM experimental 
platform. The novelty of this research is to explore a novel 
adaptive robust speed control to strengthen the fault tolerance 
performance of multiphase PMSM system even in fault transient 
process, which requires no prior estimation of the uncertainty 
bound. 
 

Index Terms—Multiphase permanent magnet motor, fault 
transient, fault tolerance, adaptive robust control. 
 

I. INTRODUCTION 
ITH the superiority of high fuel efficiency, good 
maintainability and low environmental noise, the more  
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electric aircraft (MEA) has received much attentions in the 
modern commercial and military aerospace industries, such as 
Boeing B787, Airbus A380, and Lockheed F35 fighter [1]–[3].  

The electrical machine system is one of the key components 
of the MEA, which is characterized by high power conversion 
efficiency and accurate torque control performance. Due to its 
outstanding technological advantage, the electrical machine 
system is being widely used for flight surface control, landing 
gear control and fuel pump, by replacing the conventional 
hydraulic actuation system. Therefore, the electrical machine 
system plays more and more important role in the overall 
aerospace applications [4]–[7].  

To meet the reliability requirement of the MEA, considerable 
efforts have been conducted on the high reliability electrical 
machine system, such as switched reluctance motor (SRM), 
flux switching permanent magnet motor (FSPMM), and 
multiphase PMSM. Due to its simple rotor structure with no 
magnets or windings, the SRM has a good fault tolerance 
capacity, which can be applied for high-speed and 
high-temperature application [8]–[10]. But the SRM suffers 
from the relatively low power density, which is not suitable in 
aerospace application. To cope with this issue, by adding the 
permanent magnet in the stator, the FSPMM has the merits of 
high power density and good mechanical integrity, which has 
attracted much attention in the safety-critical applications 
[11]–[13]. In contrast to the FSPMM, the multiphase PMSM 
has the higher power density and efficiency, the lower torque 
ripple and electromagnetic noise, which make it very suitable 
for safety-critical aerospace applications.  

Over the years, considerable efforts have been made on 
multiphase PMSM system, which can be classified into two 
categories: redundant motor system and fault tolerant motor 
system. The redundant motor system makes use of the multiple 
three-phase windings to improve the fault tolerant capacity, 
which has the more simple control structure and less power 
MOSFETs are required. The fault tolerant motor system 
utilizes multiple sets of single-phase winding to enhance fault 
tolerant capacity, which can provide more redundancy for fault 
tolerance. Over the past decade, many important contributions 
have been conducted. For example, in [14], [15], the dual and 
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triple redundant PMSM system are proposed for the 
safety-critical application. In [16]–[19], the four-, five-, and 
six-phase fault tolerant PMSM (FTPMSM) system with 
different slot/pole combinations are proposed. Only by the 
appropriate control strategy, the fault tolerant PMSM system 
can guarantee the post-fault operation performance. In [20], 
[21], the optimal torque control (OTC) is proposed to enable the 
fault tolerant operation performance by minimizing the total 
copper loss. In [22], [23], the optimal current control is 
proposed to strengthen the post-fault performance by adding 
harmonic current in the remaining healthy phase. However, all 
these fault tolerant controls are focused on generating the 
steady output torque in post-fault operation, which can be 
activated only after the determination of the fault type. In 
practice, due to the existence of the fault diagnosis, there 
inevitably exists the fault transient process between fault 
appearance and fault tolerant control in effect, in which the 
torque fluctuation will be emerged for multiphase PMSM 
system [4], [24], [25]. This will deteriorate the control 
performance and stability of the system, which is not permitted 
in some critical aerospace applications (i.e. flight surface 
control system). At present stage, the fault tolerant control with 
guaranteed fault transient performance for multiphase PMSM 
system has not attracted much attentions and remains as a 
challenging issue. 

The motivation of this research is to explore a novel control 
approach to enhance the fault tolerant performance (including 
fault transient performance) for multiphase PMSM system, 
which can be applied both for the redundant motor system and 
fault tolerant motor system. The salient contributions of this 
research are threefold. First, the electromagnetic torque ripple 
in fault transient process is thoroughly analyzed for multiphase 
PMSM system, including redundant motor system and fault 
tolerant motor system. Second, by taking the torque fluctuation 
in fault transient as a system uncertainty, this paper proposes a 
generalized robust control structure for multiphase PMSM 
system regardless of the uncertainty. Third, the adaptive law is 
proposed to emulate the total system uncertainty bound, which 
was not available earlier. The proposed control can ensure the 
speed control performance of multiphase PMSM system in 
presence of various uncertainties, while the fault transient 
performance can be also guaranteed. 

II. THE MULTIPHASE PMSM SYSTEM 

A. The Multiphase Motor 
To enhance the fault tolerant capacity, the six-phase PMSM 

is proposed, as shown in Fig. 1(a), which has twelve stator slots 
and ten poles. To decrease the high harmonics in phase back 
electromotive force (EMF), the permanent magnets with 
eccentricity structure are adopted. In addition, the per-unit 
phase inductance is designed to restrict the phase SC current. 
Table I shows the design specification of the multiphase motor. 

Fig. 1(b) shows the motor magnetic flux line distribution. 
There exists little coupled magnetic flux for the windings. This 
implies the good magnetic isolation performance for the 
proposed motor. Fig. 2 shows the back EMF waveform and the 

phase inductance of the proposed motor. The maximum SC 
current value is 2.45 A, which can solve the issue caused by the 
excessive SC current. 

 
Fig. 1.  The six-phase motor structure. 
 

TABLE I 
THE MOTOR DESIGN SPECIFICATION 

Parameters[Unit] Value 

DC bus voltage [V] 42 
Rated power [W] 50 

Rated speed [rpm] 2400 
Load torque [N·m] 0.2 

 

 
Fig. 2.  The phase back EMF and inductance waveforms at 2400 rpm. 
 

B. The Fault Tolerant Drive Configuration 
The fault tolerant drive is the significant component of the 

multiphase motor system. Over the past decades, many 
important contributions have been conducted for the six-phase 
PMSM, which mainly can be classified as: six-phase fault 
tolerant PMSM system and dual redundant PMSM system. 

The six-phase FTPMSM system utilizes the independent H- 
bridge power inverter to power each phase winding, as shown 
in Fig. 3(a). That is, twenty-four power switches are required. 

As a result, this FTPMSM has the excellent fault isolation. 
Due to the multiple single-phase winding architecture, the 
six-phase FTPMSM system can ensure the continuous 
operation even in two faulted phase by the appropriate fault 
tolerant control strategy. 

The dual redundant PMSM system adopts two sets of 
three-phase full bridge power inverter to power the two sets of 
three-phase windings, as shown in Fig. 3(b), which needs 
twelve power switches. This system can only achieve the 
post-fault continuous operation in one phase fault condition by 
the traditional vector control strategy, regardless of phase OC 
and SC faults. 
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Fig. 3.  The fault tolerant and dual redundant motor systems. 

In contrast to the dual redundant PMSM system, although the 
more power switches are required, the six-phase FTPMSM 
system has the stronger fault tolerant capacity. Moreover, the 
FTPMSM system needs the more complex fault tolerant control 
strategy to ensure the control performance with fault than dual 
redundant PMSM system.  

Note that for both the six-phase fault tolerant motor system 
and the dual redundant motor system, there inevitably exist the 
fault transient process between the fault occurrence and fault 
tolerant control in effect, which will result in the serious system 
performance degradation. To address this issue, this paper 
proposes a generalized adaptive robust speed control to 
enhance the system robustness, especially for the improvement 
of the fault transient performance. 

 

III. TORQUE RIPPLE ANALYSIS IN FAULT TRANSIENT 
For the adaptive robust control design, the fault transient 

electromagnet torque fluctuation is thoroughly analyzed for 
both the six-phase FTPMSM system and the dual redundant 
PMSM system in this section.  

To analyze the fault transient electromagnet torque 
fluctuation, the mathematical model of multiphase motor 
system is required, which consists of a mechanical subsystem 
and an electrical subsystem. The mechanical subsystem is the 
same for both the six-phase FTPMSM system and the dual 
redundant PMSM system, which can be written as 

 

 
θ ω=

d
dt

, (1) 

 
ω ω= − − + eL TTd B

dt J J J
, (2) 

where ,  ,  ,  ,  θ ω LB J T and eT denote mechanical angular 
position, mechanical angular speed, damping coefficient, 
moment of inertia, load torque, and electromagnetic torque, 
respectively. The electrical subsystem is associated with the 
system drive configuration and the operation condition, which 
will be introduced in the following. 

A. Six-phase FTPMSM System 
The electrical subsystem of the six-phase FTPMSM system 

can be in the form o 
 

∈

= ∑e i i
i S

T K I , (3) 

with 

 sin[ ( 1) ]
3
πθ= + −i m eK K i , (4) 

where iK  denotes the thi  phase back EMF coefficient, iI  
denotes the thi  phase current, S denotes the set of all phase 
windings, mK denotes the maximum phase back EMF 
coefficient, and θe  denotes the electrical angular position.  

For the system with phase OC and SC faults, the subsystem 
(3) can be rewritten as 

 
 

∈ ∈

= +∑ ∑
h f

e i i j j
i S i S

T K I K I , (5) 

where hS  and fS denote the set of non-faulted and faulted 
windings, respectively. For the system in fault, the fault tolerant 
control is utilized to produce the steady electromagnetic torque 
by the remaining healthy phase winding. Fig. 4 shows the 
six-phase FTPMSM control scheme. In the past, considerable 
efforts have been conducted on the fault tolerant control, such 
as the OTC and the harmonic current injection based control 
method. Note that for the six-phase FTPMSM system, the fault 
tolerant control can take effect only after the fault mode is 
determined. That is, there inevitably exists the fault transient 
process between fault occurrence and fault tolerant control in 
operation. Next, the electromagnetic torque ripple of the 
FTPMSM system in fault transient process will be analyzed. 

 
Let  mI  denote the phase current maximum value. For phase 

OC fault transient process, since the faulted phase current is 
zero, by (4), the electrical subsystem (5) can be taken as 
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3
πθ

∈
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j S
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For phase SC fault transient process, let SI  denote the 
maximum value of the faulted phase current. The electrical 
subsystem (5) can be rewritten as 

 

Fig. 4.  The six-phase FTPMSM control scheme. 
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Therefore, for six-phase FTPMSM system with fault, by 
(6)-(7), the electrical subsystem can be represented as 
 = + ∆e uf efT T T , (8) 
with 
 3=uf m mT K I , (9) 

where ufT  denotes the smooth electromagnetic torque part and 

efT∆  denotes the torque fluctuation part due to phase fault, 
which is associated with the fault type. Note that after the fault 
tolerant control in effect, the torque ripple part efT∆  can be 
eliminated by appropriately controlling the non-faulted phase. 

B. Dual Redundant Motor System 
For the dual redundant motor system, the dual three-phase 

windings simultaneously operate in normal condition, while 
only the non-faulted three-phase windings operate in fault 
condition. That is, each redundancy of the dual three-phase 
motor operates at half load in normal condition. In phase OC 
fault condition, the normal redundancy operates at full load, 
and the fault redundancy is disconnected. In phase SC fault, the 
normal redundancy operates at full load, while the faulted 
three-phase windings are short connected in the terminal to 
decrease the torque fluctuation due to the SC current. Fig. 5 
shows the control scheme of the dual redundant motor system. 

 
Due to the generality of the electromagnetic torque 

expressions (3) and (5), the electromagnetic torque expressions 
(6) and (7) for fault tolerant motor system in fault transient 
process can also be applied for dual redundant motor system. 
Although the total electromagnetic torque in fault transient 
process is the same for both the fault tolerant and dual 
redundant motor systems, the electromagnetic torque ripple of 

the non-fault redundancy in fault transient process is different 
from the fault tolerant motor system. That is, in fault transient 
process, the electromagnetic torque generated by the non-fault 
redundancy is used for both driving the load and overcoming 
the torque fluctuation due to the faulted redundancy. 

For phase OC fault transient process, by (6), the electrical 
subsystem of dual redundant motor system can be rewritten as 

 23 sin [ ( 1) ]
2 3

πθ
∈ ∈

= − + −∑ ∑
f f

e m m j j m m e
j S i S

T K I K I K I j   

 
 generated by fault redundancy  
 

 
3
2

+ m mK I . (10) 

Therefore, the torque ripple generated by the fault 
redundancy in fault transient process can be considered as a 
load disturbance of the non-fault redundancy. The electrical 
subsystem for the non-faulted redundancy can be expressed in 
the form of 
 
 e ur erT T T= + ∆  (11) 
with 

 
3
2

=ur m mT K I , (12) 
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∈
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i S
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Similarly, for phase SC fault transient process, by (7), the 
electrical subsystem of the non-faulted redundancy can be 
represented in the form of (11) with 

 
3
2

=ur m mT K I , (14) 
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3
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∈
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 sin 2[ ( 1) ]
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Note that after removing the fault redundancy, all load torque 
will be driven by the non-fault redundancy, that is, the smooth 
electromagnetic torque part urT  of the non-fault redundancy 
will increase to 3 m mK I . Furthermore, by (8) and (11), for both 
the six-phase fault tolerant and dual redundant motor systems in 
fault transient process, the electromagnetic torque can be 
considered to be composed of the controlled electromagnetic 
torque part ( ufT  or urT ) and the uncontrolled electromagnetic 

torque part ( efT∆  or erT∆ ), which will provide a guideline for 
the adaptive robust control design. 

IV. ADAPTIVE ROBUST CONTROL DESIGN 
In practical engineering, besides the torque fluctuation due to 

the fault, there inevitably exist load disturbance and parameter 
variation for the six-phase motor system. The influence of the 
load disturbance and parameter variation can be considered as a 
load torque ripple. All these system uncertainties may degrade 

 
Fig. 5.  The control scheme of dual redundant motor system. 
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the system performance and even cause the system instability. 
To enhance the robustness and strengthen the fault transient 
performance, this paper proposes an adaptive robust speed 
control of the six-phase motor system (as shown in Fig. 4-5) by 
creatively considering the uncontrollable electromagnetic 
torque ripple as a system uncertainty. Furthermore, the adaptive 
law is presented for the system uncertainty bound estimation.  

By (8) and (11), the mechanical subsystem (2) of the 
six-phase motor system can be rewritten as 

 1 ( )ω ω= − − + + ∆L
u e

Td B T T
dt J J J

, (16) 

where uT   denotes the controllable electromagnetic torque, and 

eT∆   denotes the uncontrollable electromagnetic torque caused 
by the fault. Define the speed error as 
 -ω ω ω= re , (17) 
where rω  denotes the angular speed command signal. As a 
result, we have 
 ωω ω= + re . (18) 
With (18) in (16), we have 
 

 1( ) ( )ω
ω ω= − + − + + ∆L

r u e
de TB e T T
dt J J J

. (19) 

Note that in practice, the system parameters B and J are both 
positive. Furthermore, the load torque disturbance LT  and the 
torque fluctuation eT∆  caused by the fault are bounded, but the 
bound is unknown. Then the robust control is proposed as 

 
ˆαρ

α ε
= −

+uT  (20) 

with 

 ˆωα ρ=
e
J

, (21) 

and ε  is a strictly positive constant, which will be designed 
based on the system performance requirement and the practical 
engineering experience. Here ρ̂  is the estimation of the total 
system uncertainty, which is determined by the adaptive law as 
follows: 

 1 2ˆ ˆωρ κ κ ρ= −

e
J

. (22) 

where ( )0ˆ 0tρ >  . Here 1 0κ >  and 2 0κ >  are the design 
parameters.  

Note that the adaptive law (22) is of leakage type. 
Furthermore, ( )ˆ 0tρ > for all ( )0ˆ 0tρ >  and  . As a 
result, there is no singularity problem for the proposed adaptive 
robust control (20) and (22). Let 

 
 ρ ω= + + ∆r L eB T T . (23) 

As a result, the adaptive law (22) can be considered as the 
estimation of  ρ  , which is associated with the upper bound of 
the total system uncertainty. Next, the system performance 
under the proposed control will be analyzed. 

Theorem 1. For the system (19), the robust control (20) with 
the adaptive law (22) can guarantee the following performance:  

(i) Uniform boundedness: For any 0r > , there is a 

( )d r < ∞ such that if ( )0t rδ ≤ ,then ( ) ( )t d rδ ≤  for all 

0t t≥ .  
(ii) Uniform ultimate boundedness: For any 0r >  with  

( )0t rδ ≤ , there exists a 0d ≥ such that ( )t dδ ≤  for any 

d d≥   as ( )0 ,t t T d r≥ + , where ( ),T d r < ∞ . 

Proof: Consider the Lyapunov function in the form of 

 ( )22
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Taking the time derivative of (24) yields 
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Substituting (19)-(21) into (25), we have 
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with (22) and (23) in (26), we have 
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Therefore, by [26]–[28], the proposed control (20)-(22) can 
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ensure the system performance (uniform boundedness and 
uniform ultimate boundedness) in the presence of various 
uncertainties, including the electromagnetic torque ripple due 
to the fault and the load torque ripple associated with the load 
disturbance and the parameter variation. 
 The essence of the proposed control is to utilize the 
robustness property of the adaptive robust control to guarantee 
the fault transient performance of the six-phase PMSM system 
by taking the electromagnetic torque ripple in fault transient 
process as a kind of the system uncertainty. 
 

V. EXPERIMENTAL RESULT 
To validate the effectiveness of the proposed control, the 

experimental platform of the six-phase PMSM system is built, 
as shown in Fig. 6, which consists of the six-phase PMSM, the 
DSP (TMS320F28335) and FPGA (EP2C35F484) based 
digital controller, fault tolerant power drive circuit, power 
source, host computer, and hysteresis dynamometer. The fault 
tolerant power drive circuit can be configured into two modes: 
the H-bridge based power drive mode and three-phase full 
bridge based power drive mode. 

 
A. Experiment of Six-phase FTPMSM System 

For six-phase FTPMSM system, the fault tolerant power 
drive circuit is constructed based on Fig. 3 (a) and 4, in which 
the OTC is used to make the FTPMSM output the steady 
electromagnetic torque in fault condition [29], [30]. Note that 
the fault transient time is set as 0.25s only for demonstration 
purpose, which is based on the fault diagnosis strategy in 
practice.  

Fig. 7 shows the fault tolerant performance comparison 
under one phase OC fault with the proposed adaptive robust 
control and the proportion-integration-differentiation (PID) 
control, in which the PID parameters are designed by root locus 
approach and practical engineering experience. During the fault 
transient process, the maximum speed deviation for the 
adaptive robust control is 40rpm and the speed deviation can 
approach to zero in 0.05s, while the maximum speed deviation 
of the PID control is 110rpm and the speed deviation cannot be 
eliminated. Furthermore, when the OTC takes effect, the 
controlled system with the adaptive robust control has the 
smaller speed error and the shorter settling time than the PID 
control. 

Fig. 8 shows the fault tolerant performance comparison 
under one phase SC fault for the proposed control and the PID 
control. After the phase SC fault occurrence, the adaptive 
robust control can the maximum speed deviation no more than  

 

 
Fig. 7.  Fault tolerant performance comparison with OC fault. 

100rpm, while the settling time is less than 0.2s. The maximum 
speed deviation of the PID control is 210rpm, and the 
corresponding settling time is more than 0.4s. Therefore, the 
adaptive robust control has the better fault transient 
performance than the PID control. 

 
Fig. 8.  Fault tolerant performance comparison with SC fault. 

Fig. 9 shows the performance comparison of the rated load 
torque step response for the proposed control and PID control. 
The adaptive robust control can guarantee the maximum speed 
deviation no more than 2% of the speed command, and the 
speed deviation can be eliminated rapidly (less than 0.03s). For 
the rated load torque step of the PID control, the maximum 
speed deviation is 180rpm, and the settling time is 0.25s, which 
is much longer than the adaptive robust control. Therefore, the 
FTPMSM system with the adaptive robust control has the better 
dynamic response performance. 

Note that the proposed adaptive robust control can greatly 
strengthen the speed control performance of the six-phase 
FTPMSM system in the fault transient performance, while the 
maximum values of the current and the torque ripples are 
almost the same with that of the PID control. 

 
Fig. 6.  The experimental platform of the six-phase PMSM system. 
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Fig. 9.  Performance comparison with load torque step response. 
 

B. Experiment of Dual Redundant Motor System 
For dual redundant motor system, the power drive circuit is 

constructed based on Fig. 3(b) and Fig. 5. In phase OC fault, the 
faulted three phase windings are all removed. For phase SC 
fault, the faulted three phase windings are short connected in 
the terminal to eliminate the torque fluctuation associated with 
the SC current.  

Fig. 10 shows the fault tolerant performance comparison 
under one phase OC fault. The maximum speed deviation of the 
adaptive robust control and the PID control are 50rpm and 
100rpm, respectively. This means that the system with the 
adaptive robust control has the smaller speed fluctuation than 
the PID control. In addition, the adaptive robust control has the 
shorter settling time (0.025s) than the PID control (more than 
0.15s). 

Fig. 11 shows the fault tolerant performance comparison 
under one phase SC fault. The maximum speed deviations of 
the adaptive robust control is 100rpm, and the settling time is 
less than 0.05s. The maximum speed deviations of the PID 
control is 250rpm, and the settling time is more than 0.25s. 
Note that for both phase OC and SC faults, the adaptive robust 
control has the better speed control performance. 

Fig. 12 shows the performance comparison with rated load 
torque step. The maximum speed deviation of the adaptive 
robust control is 50rpm, which is far smaller than the PID 
control (190rpm). Furthermore, the settling time of the adaptive 
robust control and the PID control are 0.05s and 0.55s, 
respectively. Therefore, the proposed control has the better 
dynamic performance. 

Note that the proposed adaptive robust control can greatly 
strengthen the speed control performance of the dual redundant 
motor system in the fault transient performance. However, due 
to the fast response performance of the electromagnetic torque, 
the proposed adaptive robust control has a little bigger current 
and the torque ripples than these of the PID control. 

 
Fig. 10.  Fault tolerant performance comparison with OC fault. 

 
Fig. 11.  Fault tolerant performance comparison with SC fault. 

 
Fig. 12.  Performance comparison with load torque step response. 
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VI. CONCLUSION 
This paper proposes an adaptive robust speed control for the 

aerospace multiphase PMSM system with guaranteed fault 
transient performance. The electromagnetic torque ripples in 
fault transient process of the multiphase PMSM system are 
thoroughly analyzed. By taking the torque fluctuation in fault 
transient process as a system uncertainty, an generalized 
adaptive robust speed control scheme is proposed for the 
aerospace multiphase PMSM system, while the adaptive law is 
proposed for the uncertainty bound estimation, involving the 
load disturbance, the parameter variation, and torque 
fluctuation in fault transient process. The proposed control can 
ensure the speed control performance in the presence of various 
uncertainties, which can also ensure the fault transient 
performance of the multiphase PMSM system. 

Compared with the traditional fault tolerant control, this 
paper proposes an active control approach (the adaptive robust 
control) to guarantee the fault transient performance of the 
multiphase PMSM system by innovatively taking the torque 
fluctuation into the control design. Since the fault transient 
performance is guaranteed, the longer fault diagnosis time is 
permitted for the practical multiphase PMSM system, which 
can effectively decrease the difficulty of the online fault 
diagnosis. Further explanation on the adaptive robust control to 
guarantee the fault transient performance by eliminating the 
torque ripple in post-fault operation is also interesting and 
worth pursuing. 

REFERENCES 
[1] B. Sarlioglu and C.T. Morris, “More electric aircraft: review, challenges, 

and opportunities for commercial transport aircraft,” IEEE Trans. 
Transport. Electrific., vol. 1, no. 1, pp. 54-64, Jun. 2015. 

[2] Z. Zhang, Y. Liu, and J. Li, “A HESM-based variable frequency AC 
starter-generator system for aircraft applications,” IEEE Trans. Energy 
Convers., vol. 33, no. 4, pp. 1998-2006, Dec. 2018.  

[3] P. Wheeler and S. Bozhko, “The more electric aircraft: technology and 
challenges,” IEEE Electrific. Mag., vol. 2, no. 4, pp. 6-12, Dec. 2014.  

[4] H. Guo, J.Q. Xu, and Y.H. Chen, “Robust control of fault-tolerant 
permanent-magnet synchronous motor for aerospace application with 
guaranteed fault switch process,” IEEE Trans. Ind. Electron., vol. 62, no. 
12, pp. 7309-7321, Dec. 2015.  

[5] X. Jiang, W. Huang, R. Cao, Z. Hao, and W. Jiang, “Electric drive system 
of dual-winding fault-tolerant permanent-magnet motor for aerospace 
applications,” IEEE Trans. Ind. Electron., vol. 62, no. 12, pp. 7322-7330, 
Dec. 2015. 

[6] D. Barater, F. Immovilli, A. Soldati, G. Buticchi, G. Franceschini, C. 
Gerada, and M. Galea, “Multistress characterization of fault mechanisms 
in aerospace electric actuators,” IEEE Trans. Ind. Appl., vol. 53, no. 2, pp. 
1106-1115, Mar.-Apr. 2017. 

[7] W. Cao, B.C. Mecrow, G.J. Atkinson, J.W. Bennett, and D.J. Atkinson, 
“Overview of electric motor technologies used for more electric aircraft 
(MEA),” IEEE Trans. Ind. Electron., vol. 59, no. 9, pp. 3523-3531, Sep. 
2012.  

[8] P.J. Powell, G.W. Jewell, S.D. Calverley, and D. Howe, “Iron loss in a 
modular rotor switched reluctance machine for the “More-Electric” 
aeroengine,” IEEE Trans. Magn., vol. 41, no. 10, pp. 3934-3936, Oct. 
2005. 

[9] K. Zhang, X. Huang, J. Zhang, L. Wu, Y. Fang, and Q. Lu, “Design and 
analysis of a switched reluctance motor with superconducting windings 
and tapering poles,” IEEE Trans. Appl. Supercond., vol. 26, no. 7, pp. 1-4, 
Oct., 2016.  

[10] W. Hua, H. Hua, N. Dai, G. Zhao, and M. Cheng, “Comparative study of 
switched reluctance machines with half-and full-teeth-wound windings,” 
IEEE Trans. Ind. Electron., vol. 63, no. 3, pp. 1414-1424, Mar. 2016.  

[11] P. Taras, G. Li, Z.Q. Zhu, M.P. Foster, and D.A. Stone, “Combined 
multi-physics model of switched flux PM machines under fault 
operations,” IEEE Trans. Ind. Electron., vol. 66, no. 9, pp. 6737-6745, 
Sept. 2019. 

[12] W. Huang, W. Hua, F. Chen, F. Yin, and J. Qi, “Model predictive current 
control of open-circuit fault-tolerant five-phase flux-switching permanent 
magnet motor drives,” IEEE J. Emerg. Sel. Top. Power Electron., vol. 6, 
no. 4, pp. 1840-1849, Dec. 2018.  

[13] H. Chen, X. Liu, N.A.O. Demerdash, A.M. EL-Refaie, Z. Chen, and J. He, 
“Computationally efficient optimization of a five-phase flux-switching 
PM machine under different operating conditions,” IEEE Trans. Veh. 
Technol., vol. 68, no. 7, pp. 6495-6508, Jul. 2019. 

[14] X. Jiang, D. Xu, L. Gu, Q. Li, B. Xu, and Y. Li, “Short-circuit 
fault-tolerant operation of dual-winding permanent-magnet motor under 
the four-quadrant condition,” IEEE Trans. Ind. Electron., vol. 66, no. 9, 
pp. 6789-6798, Sep. 2019. 

[15] B. Wang, J. Wang, A. Griffo, and B. Sen, “Stator turn fault detection by 
second harmonic in instantaneous power for a triple-redundant 
fault-tolerant PM drive,” IEEE Trans. Ind. Electron., vol. 65, no. 9, pp. 
72797289, Sep. 2018. 

[16]  G. Liu, L. Qu, W. Zhao, Q. Chen, and Y. Xie, “Comparison of two 
SVPWM control strategies of five-phase fault-tolerant permanent-magnet 
motor,” IEEE Trans. Power Electron., vol. 31, no. 9, pp. 6621-6630, Sep. 
2016.  

[17] L. Zhang, Y. Fan, C. Li, A. Nied, and M. Cheng, “Fault-Tolerant 
sensorless control of a five-phase FTFSCW-IPM motor based on a 
wide-speed strong-robustness sliding mode observer,” IEEE Trans. 
Energy Convers., vol. 33, no. 1, pp. 87-95, Mar. 2018.  

[18] J.D. Ede, K. Atallah, J. Wang, and D. Howe, “Effect of optimal torque 
control on rotor loss of fault-tolerant permanent-magnet brushless 
machines,” IEEE Trans. Magn., vol. 38, no. 5, pp. 3291-3293, Sep. 2002. 

[19] B.C. Mecrow, A.G. Jack, D.J. Atkinson, S.R. Green, G.J. Atkinson, A. 
King, and B. Green, “Design and testing of a four-phase fault-tolerant 
permanent-magnet machine for an engine fuel pump,” IEEE Trans. 
Energy Convers., vol. 19, no. 4, pp. 671-678, Dec. 2004. 

[20] Z. Sun, J. Wang, G.W. Jewell, and D. Howe, “Enhanced optimal torque 
control of fault-tolerant PM machine under flux-weakening operation,” 
IEEE Trans. Ind. Electron., vol. 57, no. 1, pp. 344-353, Jan. 2010.  

[21] A. Mohammadpour, S. Sadeghi, and L. Parsa, “A generalized 
fault-tolerant control strategy for five-phase PM motor drives considering 
star, pentagon, and pentacle connections of stator windings,” IEEE Trans. 
Ind. Electron., vol. 61, no. 1, pp. 63-75, 2014.  

[22] N. Bianchi, S. Bolognani, and M.D. Pre, “Strategies for the fault-tolerant 
current control of a five-phase permanent-magnet motor,” IEEE Trans. 
Ind. Appl., vol. 43, no. 4, pp. 960-970, Jul. 2007. 

[23] G. Liu, Z. Lin, W. Zhao, Q. Chen, and G. Xu, “Third harmonic current 
injection in fault-tolerant five-phase permanent-magnet motor drive,” 
IEEE Trans. Power Electron., vol. 33, no. 8, pp. 6970-6979, Aug. 2018.  

[24] Y. Sui, P. Zheng, Z. Yin, M. Wang, and C. Wang, “Open-circuit 
fault-tolerant control of five-phase PM machine based on reconfiguring 
maximum round magnetomotive force,” IEEE Trans. Ind. Electron., vol. 
66, no. 1, pp. 48-59, Jan. 2019.  

[25] Q. Chen, W. Zhao, G. Hai, and Z. Lin, “Extension of 
virtual-signal-injection-based MTPA control for five-phase IPMSM into 
fault-tolerant operation,” IEEE Trans. Ind. Electron., vol. 66, no. 2, pp. 
944-954, Feb. 2019.  

[26] Y.H. Chen, “On the deterministic performance of uncertain dynamical 
systems,” Int. J. Control, vol. 43, no. 5, pp. 1557-1579, 1986.  

[27] J.Q. Xu, Y. Du, Y.H. Chen, and H. Guo, “Guaranteeing uniform ultimate 
boundedness for uncertain systems free of matching condition,” IEEE 
Trans. Fuzzy Syst., vol. 26, no. 6, pp. 3479-3493, Dec. 2018.  

[28] J.X. Xu, Y. Du, Y.H. Chen, and H. Guo, “Optimal robust control design 
for constrained uncertain systems: a fuzzy-set theoretic approach,” IEEE 
Trans. Fuzzy Syst., vol. 26, no. 6, pp. 3494-3505, Dec. 2018.  

[29] J. Wang, K. Atallah, and D. Howe, “Optimal torque control of 
fault-tolerant permanent magnet brushless machines,” IEEE Trans. 
Magn., vol. 39, no. 5, pp. 2962-2964, Sep. 2003.  

[30] H. Guo, J.Q. Xu, and X. Kuang, “A novel fault tolerant permanent magnet 
synchronous motor with the improved optimal torque control for 
aerospace application,” Chin. J. Aeronaut., vol. 28, no. 2, pp. 535-544, 
Apr. 2015. 



122 CES TRANSACTIONS ON ELECTRICAL MACHINES AND SYSTEMS, VOL. 4, NO. 2, JUNE 2020 

Jinquan Xu received the B.S. and Ph.D. 
degrees in electrical engineering from the 
School of Automation Science and 
Electrical Engineering, Beihang University, 
Beijing, China, in 2009 and 2015, 
respectively. From 2012 to 2013, he was a 
visiting scholar with George W. Woodruff 
School of Mechanical Engineering, 
Georgia Institute of Technology, Atlanta, 

USA. 
He is currently an associate professor in School of 

Automation Science and Electrical Engineering, Beihang 
University, Beijing, China. He has authored more than 50 
technical papers published in journals and conference 
proceedings. His research interests include design and control 
for fault tolerant permanent magnet motor system, fault tolerant 
control, sensorless control, fuzzy dynamical systems, and 
robust control. 

Dr. Xu serves as an Associate Editor for International 
Hournal of Fuzzy System an IEEE ACCESS. 

Boyi Zhang received the B.S. degree in 
electrical engineering from Beihang 
University, Beijing, China, in 2019. He is 
currently working toward the M.S. degree in 
electrical engineering from School of 
Automation Science and Electrical 
Engineering, Beihang University, Beijing, 
China. His research interests include motor 
control, robust control and power electronics 

for aerospace applications. 

Hao Fang received the B.S. degree in 
electrical engineering from Beihang 
University, Beijing, China, in 2018. He is 
currently working toward the M.S. degree in 
electrical engineering from School 
of Automation Science and 
Electrical Engineering, Beihang 
University, Beijing, China. His research 
interests include control of fault tolerant 
permanent magnet motor, sensor-less control and robust control. 

Hong Guo received the B.S., M.S. and Ph.D. 
degrees in electrical engineering from Harbin 
Institute of Technology, Heilongjiang, China, 
in 1988, 1991 and 1994, respectively.  

He is currently a professor in School of 
Automation Science and Electrical 
Engineering, Beihang University, Beijing, 
China. He has authored more than 160 
technical papers published in journals and 

conference proceedings. His research interests include design 
and control of permanent magnet motor, robust design theory 
and method of electrical machine, and design theory and 
method of electrical machine with high reliability. 


