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Abstract-Fault-tolerant flux-switching permanent magnet (FT-
FSPM) motor is a new class of stator-PM brushless motors, a
potential candidate for many applications where reliability and
power density are of importance. In this paper, a new method is
proposed for torque ripple minimization, in which the key is to
introduce harmonic currents to compensate for non-ideal
sinusoidal back-EMF. Moreover, a fault-tolerant control
strategy is investigated, in which the effect of harmonic back-
EMF is considered. Both simulation and experimental results
confirm that the proposed control algorithms can reduce torque
ripple under open-circuit fault conditions.

L INTRODUCTION

Fault-tolerance of motor drives is extremely important for
some applications. Automotive, aerospace, naval, medical
and military applications now incorporate a number of motor
drives in such a way that the whole system relies heavily
upon them [1]. Therefore, the development of fault-tolerant
motor drives has received a great attention [2].

Previous research by a variety of authors has been carried
out on the concepts, development, building, and testing of
fault-tolerant motor drives for high reliability applications.
The switched reluctance (SR) motors have gained attention
due to their rugged construction and fault-tolerant capability
[3]. In [4] and [5], some intelligent control strategies were
proposed to improve the torque performance of a SR motor
drive under fault conditions. In [6], fault analysis was
performed and remedial strategy was proposed for fault-
tolerant operation of SR motor drives. However, such motors
are not desirable in many applications due to their low power
density. Permanent magnet (PM) brushless motor drives have
gained attention for a wide variety of applications due to their
high power density and high efficiency [7]. A fault-tolerant
brushless machine having PMs in the rotor (the so-called
rotor-PM brushless machines) was proposed in [8]. In [9] and
[10], some compensation techniques for open-circuited fault
were proposed to improve the fault-tolerant performance of
multiphase rotor-PM brushless motor drives. Nevertheless, it
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should be noted that these rotor-PM brushless motor drives
inherently suffer from the problem of poor thermal
dissipation in the rotor [2], which adversely affects the
characteristics of PMs and hence the reliability of motor
drives.

In recent years, a new class of brushless machines with
PMs located in the stator, namely so-called stator-PM
machines, has been proposed, offering high power density
and good mechanical integrity [1],[7],[11]. Doubly-salient
PM (DSPM) and flux-switching PM (FSPM) machines are
both stator-PM machines, and have attracted considerably
attention. It has been identified that a DSPM motor can
inherently offer fault-tolerance [12],[13] and that the torque
capability of a FSPM motor is significantly higher than that
of a DSPM motor [14]-[16]. However, the mutual inductance
of FSPM motors is higher than that of DSPM motors, which
decreases fault-tolerant ability. Hence, how to improve the
fault-tolerance capability of FSPM motors has attracted more
and more attention. Very recently, a new FSPM motor with
alternative wound teeth, termed as FT-FSPM motor, was
proposed, which offers fault-tolerance, high power density
and good mechanical integrity [17]. However, the back-EMF
of FT-FSPM motor is asymmetric, resulting in undesired high
torque ripple. Also, a rotor-skewing method was adopted to
achieve a more sinusoidal back-EMF in [17], resulting in
unfavorable increased manufacturing and reduced efficiency
and power density.

Hence, the purpose of this paper is to propose new control
strategies for normal and fault-tolerant operations of the new
stator-PM fault-tolerant machines for minimizing torque
ripple. In Section II, the FT-FSPM machine and its features
will be briefly described. The harmonic analysis of back-
EMF will be performed. In Section III, the operating principle
by optimum harmonic current injection will be proposed,
considering the influence of second-order harmonic back-
EMF. In Section IV, computer simulations will be carried out
to examine the proposed control strategies for FT-FSPM
motor under normal and open-circuit fault conditions. Then,
in Section V, experimental results will be used to verify the
operations of the proposed method. Finally, conclusions will
be drawn in Section VI.



1L STRUCTURE AND FEATURES

Fig. 1 shows a 3-phase 12-slot/10-pole FT-FSPM motor
having 12 salient poles, e.g., 6 armature-teeth and 6 fault-
tolerant-teeth, in the stator and 10 salient poles in the rotor.
Since there are no PMs, brushes, nor windings in the rotor,
the FT-FSPM motor exhibits the advantages of simple rotor
configuration and mechanical robustness. On the other hand,
due to the location of the magnets in the stator, rather than
rotor as in the conventional rotor-PM motors, the FT-FSPM
motor can eliminate the problem of cooling difficulty and
mechanical instability, and retain the merits of high efficiency
and high power density. Since the phase windings are
essentially isolated by using fault-tolerant-teeth, magnetically,
thermally and physically, fault tolerance of a FSPM motor
has significantly enhanced. Fig. 2 compares the inductance
characteristics of FT-FSPM and conventional FSPM motor,
illustrating that the ratio of the mutual to the self inductances
in the conventional FSPM motor is nearly six times that in
FT-FSPM motor. The predicted back-EMF waveforms are
shown in Fig. 3 and the harmonics analysis of the back-EMF
waveforms are shown in Fig. 4. It can be seen that the back-
EMF of FT-FSPM motor has rich harmonic components.
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Fig. 1. Cross-section of FT-FSPM motor.
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Fig. 4. Harmonics analysis of predicted back-EMF. (a) Normalized

magnitude. (b) Phase angle.

I1I. CONTROL STRATEGY

It confirms that the harmonic components of back-EMF
result in higher torque ripple than the conventional FSPM
motor [16]. For the conventional FSPM motor, the back-EMF
waveform is ideal sinusoidal. When the current controller of
the motor drive system is required to track a set of sinusoidal
current, the resulting torque should be free from ripples.
However, a FT-FSPM motor cannot produce the ideal
sinusoidal back-EMF waveform. So, when the motor operates
in brushless AC (BLAC) mode, the resulting torque is
contaminated with ripples. The characteristics of average
torque and torque ripple versus the peak phase current of the
FT-FSPM motor are calculated by using finite element
method and plotted together as shown in Fig. 5.



12 240
e — Tav - Tr _
€9t 1 180 &
) 2
= =
Sert 1 120 &
% 3
o L i 5
2 3 { 60 2=

0 ! ! 0

1 4 7 10
Peak phase current (A)

Fig. 5. Average torque and torque ripple.

In this work, the proposed torque ripple minimization is to
online shape the armature current waveform. Optimal
amplitude of the injected current to minimize torque ripple is
derived as a function of the injected current.

A. Normal Operation

It can be known from the harmonics analysis of the back-
EMF that the most significant component is the second-order
harmonic, higher order harmonics being relatively low.
Neglecting the influence of the higher order harmonics, the
back-EMFs of the FT-FSPM motor can be expressed as:

e, =e, +e, =E sin(wt)+E, sinot + @)
e, =e¢,+e, =Esin(wt+2r/3)

+E, sin[2(wt + 27 /3)+ ] H
e, =e,+e,=FE ssin(wt—27/3)

+E, sin[2(wt —27/3)+ ¢]

where o is the frequency of the fundamental component, ¢ is
the second-order harmonic angle relative to fundamental
phase, and E; and E, are the amplitude of the fundamental
and the second-order harmonic back-EMF, respectively.

To offset the effect of the second-order harmonic of back-
EMEF, the optimal harmonic currents at normal operation are
assumed as:

i, =1 sin(wt)+ 1, sineot + y)
i, =1 sin(wt +27/3)+ 1, sin[2(wt + 27 /3)+y] (2)
i, =1 sin(wt =27 /3)+1,sin2(wt —27/3)+ 7]

where I; and I, are the maximum value of the fundamental
and the second-order harmonic phase current, respectively.
So, the total electromagnetic torque 7, can be expressed as:

T =(e,-i,+e, i+e i) @
=(3/2w)-[E 1, +E, cos(3at+y) 3)
+E,1, cos(3wt + @)+ E, 1, cos(p—y)]

Since the electromagnetic torque does not vary with rotor
position and keeps constant, the following relations are
selected as:

V=90 4)
El, =-E,I,

It can be known from harmonic analysis of back-EMF shown
in Fig. 3:
o=-2r/5
{E =0.15E ©)
2 = Y 1

Then, by using (2), (4) and (5), the optimal harmonic current
at normal operation is achieved as:

i, = I,[sin(wt)—0.15sin(Qwt — 27/ 5)]
i, =1 [sin(@t +27/3)—0.15sinRwt + 147 /15)] (6)
i, =1 [sin(ewt —27/3)-0.15sin(2ewt + 47 /15)]

B.  Fault-Tolerant Operation

In case the motor drive is under fault, the faulty phase can
be shut off and the remaining phases can continue operation.
Thus, proper fault detectors need to be employed. Detailed
discussions on the fault detectors for motor drives have been
studied in [18] and [19]. This work focuses on how to
develop a remedial control method to improve the torque
performance of FT-FSPM motor drives under the open-circuit
fault.

By substituting (4) into (3), the total electromagnetic torque
under normal condition is calculated as:

T, =148E1, (7)

When phase-A is open-circuited, the current in phase-A
drops to zero and the electromagnetic torque will be the
torque sum of phases-B and -C, i.e.,

T, = (e, i) +e. i)/ o ®)

After this fault occurs, the same torque may be obtained
when (7) is equated to (4), and then the remedial currents of
the healthy phases are assumed to be:

i = 1.48E\1 (e, —¢,,)
’ (elfl + eczl )— (ezfz + eczz)
. 148E (e, —e,)

) 2 2 2
‘ (e, +e,)— (e, te,)

)




Substituting (1) and (4) to (9), the remedial currents are

derived as:

o _ g LA48sin(er +27/3)-021sinQwt +147/15)

" 0.98+0.5c0s(2w1)—0.01cos(4owt — 47/ 5)

o _ LA8sin(or +27/3)-0.21siner +47/15)
0.98+0.5cos(2wt)—0.01cos(4wt —4x/5)

(10)

c 1

By neglecting the fourth-order harmonic current, the
current expression can be simplified as:

2.96sin(wt +27/3)—0.42sin(2et +147/15)
' 1.96 + cos(2at)

2.96sin(wt —27/3)—0.42sin(2wt + 47 /15)
' 1.96 + cos(2at)

(11

V. SIMULATION

To quantitatively evaluate the performances of the FT-
FSPM motor drive at various operations, the average torque
value and the torque ripple level are useful. So, the torque
ripple factor is defined as:

T -T.
KT — maxT min ><100(%)

av

(12)

where T,,,, T,., and T,, are the maximum, the minimum and
the average values of the output torque, respectively.

Under normal condition, the FT-FSPM motor drive
operates in the conventional BLAC mode. The motor current
and torque waveforms are obtained as shown in Fig. 6. It can
be seen the current waveform is sinusoidal and the FT-FSPM
motor suffers from severe torque ripples.

To minimize the torque ripple, second-order harmonic
current is injected. The simulated current and torque
waveforms are shown in Fig. 7. In contrast, when adopting
the harmonic current injection control, the FT-FSPM motor
produces smooth torque. It can be found that the calculated KX,
is significantly reduced from 34.5% to 11.7%.

In the event of the open-circuit fault, the proposed remedial
operation is activated. In order to wverify that the
aforementioned harmonic fault-tolerant operation can
continue the motor operation, the current and torque
waveforms are simulated by using (11). As shown in Fig. 8,
the calculated K, is 28.3%. It should be noted that the torque
ripple is caused by unbalanced operation and the higher order
harmonics of back-EMF. However, it can be seen that there is
no existence of torque dead zone. Thus, the proposed
remedial strategy insures that the performance of faulty

operation has been enhanced, slightly inferior to that of
proposed normal operation.
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Fig. 6. Waveforms at conventional BLAC operation. (a) Current. (b) Torque.
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Fig. 7. Waveforms at proposed normal operation. (a) Current. (b) Torque.
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V.

A 3-phase FT-FSPM motor has been designed and
manufactured for verification, as shown in Fig. 9. Also, an
IPM-based converter and a DSP-based digital controller are
built to drive the experimental motor. A separately excited dc
generator is mechanically coupled to the prototype motor, and
works as variable mechanical load.

Firstly, the FT-FSPM motor drive operates in the normal
mode. The measured back-EMF waveform is shown in Fig.
10, and its harmonics analysis result is shown in Fig. 11. It
can be found that the back-EMF waveform is not ideal
sinusoidal and contains higher-order harmonics, which agrees
with the theoretical one shown in Fig. 3. Meanwhile, the
measured current waveforms are shown in Fig. 11(a). As
expected, these current waveforms are with second-order
harmonic current injection, which agree with the theoretical
one shown in Fig. 7(a). During the open-circuit fault with the
loss of one phase, the FT-FSPM motor drive operates in the
remedial harmonic mode. The measured current waveforms
are shown in Fig. 12(b). It can be seen that the current
waveforms of the two healthy phases are fed by harmonic
currents, which agree with the theoretical ones as shown in
Fig. 8(a).

EXPERIMENTAL RESULTS
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Fig. 10. Measured back-EMF waveform (1 ms/div, 50 V/div).
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Fig. 11. Harmonics analysis of measured back-EMF.
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Fig. 12. Measured current waveforms at proposed operations (5 ms/div, 3
A/div). (a) Normal condition. (b) Fault-tolerant condition.

VI CONCLUSION

This paper has proposed a new control strategy for stator-
PM fault-tolerant motors having asymmetric back-EMFs,
with the aim to minimize torque ripple under normal and
faulty conditions. By using harmonics analysis of the back-
EMF, the second-order harmonics currents are employed to
improve torque smoothness. Both the theoretical and
experimental results have shown that the proposed method
can reduce torque ripple, and it is possible to maintain
balanced operation when the FT-FSPM machine is met with
open-circuited fault. This remedial operation is particularly
important to enable fault tolerance for many practical
applications such as electric vehicle.
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