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Abstract—In this article, a new fault-tolerant control strategy
for a triple redundant 3 × 3 phase permanent magnet assisted
synchronous reluctance motor under a single-phase open-circuit
fault has been proposed. In order to reduce the cost of the system, a
two-level three-phase inverter is constructed to drive the parallel-
connected motor under normal and fault-tolerant conditions. In
normal operations, the current and torque are equally distributed
to the three modules of the motor, while in a fault-tolerant state,
they should be redistributed according to a specific ratio. The
optimal ratio is obtained by investigating the control strategy of
minimum copper loss and minimum torque ripple. The torque
ripple of the normal module is increased to offset the torque ripple
of the fault module, thereby reducing the total electromagnetic
torque ripple after the failure. It means that no auxiliary switching
devices need to be added even if the failure happened, which can
significantly reduce the complexity and improve the reliability of
the control system. To verify the theoretical analysis, simulations
and experiments have been conducted. The results are in good
agreement with that of theoretical analysis.

Index Terms—Copper loss, fault-tolerant, mono-inverter, torque
ripple.

I. INTRODUCTION

MULTIPHASE permanent magnet (PM) assisted syn-
chronous reluctance motor (PMA-SynRM) has been

widely used in aerospace actuation, transportation areas, owing
to the merits of high efficiency, high power density, less torque
ripple and improved fault-tolerant capability [1]–[4]. However,
with the increase of motor phase numbers, more power elec-
tronic devices need to be added, which will increase the cost
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and the volume of the control system. To reduce the cost and
expand the application, the mono inverter parallel drive system
has been a hot topic in research [5]–[13].

Some researchers focus on using the mono inverter to drive
two motors, which have different drive shafts [5]–[7]. Owing to
the unequal load torque of these two motors, the master-slave
technique is adopted, that is to say, the motor with a higher load
is the master motor, which adopts closed-loop control, while the
slave motor adopts open-loop control. The performance of the
control system is fully dependent on the parameters of the motor
[8]. To reduce the dependence of the control system on motor
parameters, a new variable related to the load can be introduced
[9]. Besides, weight vector control is proposed to improve the
performance of the control system under unbalanced torque [10].
In general, the previous researches on the mono inverter control
system mainly focus on reducing loss [11], ensuring parameter
independence [12], and improving torque performance under
different loads [13]. However, motors in the above studies are all
operated under normal conditions, and the mono-inverter drive
control after the failure has not been considered.

In the fields of aerospace, rail transportation and electric
vehicle [14], the reliability requirements of motors are high.
Since open-circuit faults account for 21%–37% of motor failures
[15], the research on open-circuit fault-tolerant control (FTC)
has a great significance. Open-circuit fault includes inverter
fault and winding fault. For three-phase PMSM, when one
phase of the motor or one leg of the inverter fails, the method
of redundancy bridge arm can be used to realize the FTC to
ensure smooth operation [16]. If a fault occurs in two legs of
the inverter, the motor will stop working. However, the probabil-
ity of an open-circuit fault occurring simultaneously in two legs
of the inverter is low [17]. Compared with the three-phase motor,
the multiphase motor has more control degrees of freedom. After
the winding open-circuit fault occurs, the undisturbed fault-
tolerant operation can be realized without adding additional
hardware circuits.

The research on FTC for winding open-circuit fault can be
mainly divided into three categories, namely optimal torque
control [18], [19], unchanged magnetomotive force (MMF) con-
trol [20], [21], and reduced-order decoupling control [22]–[25].
The control objectives of FTC include minimum copper loss,
smooth output torque and maximum average torque [18]–[20].
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An unchanged MMF method is proposed to reduce torque ripple
when one phase opens [21]. Nevertheless, a hysteresis current
controller is used in this control strategy, which will increase
the switching frequency of the inverter, thus increasing the
loss of the whole control system. In addition, redistribution of
torque after the failure has been introduced in [26]. However,
the above control objects are limited to the surface PMSM,
whose electromagnetic torque can be controlled by the current
in the q-axis, directly, and reluctance torque is ignored. For the
PMA-SynRMs, the cross-coupling effect can be significantly
improved in MMF and the optimal torque has been researched
in [27]. In [28], different kinds of the fault of 3 × 3 phase
PMA-SynRMs have been analyzed. In general, when one phase
is disconnected, the corresponding module will be isolated.
It means that the electromagnetic torque is only provided by
the other two modules. Therefore, the amplitude of the phase
current will be increased significantly to ensure the output
torque. Besides, FTC of five-phase flux switched PMSM, which
has reluctance torque, was considered in [29]. However, the
intellectual algorithm is used to reduce the torque ripple instead
of making full use of reluctance torque. At present, most of the
FTCs of multiphase motor focus on the improvement of control
algorithms driven by multiple inverters [18]–[29]. There are few
studies on FTC driven by mono-inverter, which can significantly
reduce the complexity of the control system [15], [30]. However,
in these mono-inverter drives for fault-tolerant operation, the
reluctance torque is not considered, which is hard to apply into
PMA-SynRMs.

In this article, a new FTC strategy is proposed for a triple
redundant 3× 3 phase PMA-SynRM under a single-phase open-
circuit fault. The contribution of this article comes from the
following.

1) Mono-inverter is constructed to drive the parallel-
connected motor under normal and fault-tolerant condi-
tions. Compared with the traditional three two-level three-
phase inverters driving a 3 × 3-phase motor, the proposed
method eliminates two two-level three-phase inverters and
hardware circuits. In addition, with the decrease of the leg
of the inverter, the possibility of inverter fault will also be
reduced. Therefore, the method can significantly improve
the cost-effectiveness and reliability of the control system.

2) When the motor has an open-circuit fault, not only the
healthy windings provide the output torque, but also the
remaining two phases of the faulty module participate in
the electromechanical energy conversion. By redistribut-
ing the torque of each module after fault, the stator current
can be obtained to minimize copper loss and torque ripple.

This article is organized as follows: the triple redundant 3 ×
3 phase PMA-SynRM and its driving system are introduced in
Section II. In Section III, two operation modes are analyzed.
Based on the current in the static coordinate system, the torque
distribution in normal and fault-tolerant states is analyzed. Be-
sides, the minimum copper loss and minimum torque ripple are
regarded as restrictive conditions to redistribute the reluctance
torque after failure. The controllability and operating capability
of the FTC system are also presented in this section. More-
over, the control system is described in detail in Section IV.

Fig. 1. Cross-section of 3 × 3 phase PMA-SynRM.

TABLE I
SELF AND MUTUAL INDUCTION OF 3 × 3 PHASE PMA-SYNRM

Simulation and experimental results are accomplished in Sec-
tion V to verify the FTC strategy. Finally, the conclusion is drawn
in Section VI.

II. TRIPLE REDUNDANT MODULAR PMA-SYNRM AND DRIVE

The cross-section of triple redundant 3 × 3 phase PMA-
SynRM is shown in Fig. 1. It can be seen that the stator is
composed of three modules. Each module has 12 armature slots.
The armature winding in each module is separated into three
phases. In the rotor, two levels flux barriers are adopted, and
ferrite magnets are inserted in the flux barriers.

Besides, the flux linkage generated by the armature reaction
of the motor is also illustrated in Fig. 1. Due to the design
of the flux gap structure, the flux linkage forms a loop in the
stator module through the rotor, rather than in series with other
modules. Besides, the mutual inductances between a1-phase
winding and the other eight phases are given in Table I. It
can be found that the maximum ratio of self-inductance and
mutual inductance, namely La1a3/La1a1 is just about 1.86%.
Therefore, the influence of the fault module on other normal
modules can be ignored. It means that modular design promotes
the inherent fault-tolerant performance to achieve electrical,
magnetic, thermal, and physical isolation.

It should be noted that the motor is a symmetrical-type motor
with three three-phase windings whose phases are aligned. The
phases of this studied 3 × 3 phase motor can be, respectively,
defined as phase-a1, phase-b1, phase-c1 in module I, phase-
a2, phase-b2, phase-c2 in module II, and phase-a3, phase-b3,
phase-c3 in module III. The three modules can be approximately
equivalent to three three-phase motors. For the sake of simplicity,
assume that the three modules share the same parameters.

In the traditional control method, three two-level three-phase
inverters are adopted to drive the three modules independently,
which will increase the cost of the drive circuit [31]. To reduce
the total volume, weight and cost of the system, a control method
with parallel-connection is proposed, which is depicted in Fig. 2.
As can be observed, voltage is shared among the three modules
and each module has an independent neutral point (n1, n2, n3).
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Fig. 2. Mono-inverter driving 3 × 3 phase PMA-SynRM.

In [32], the electromagnetic torque of the motor is composed
of PM torque and reluctance torque, which can be given by

⎧⎪⎨
⎪⎩
Temi =

3

2
Pψf iqi

Teri =
3

2
P (Ld − Lq)idiiqi

(1)

where Temi and Teri are PM torque and reluctance torque,
respectively, and subscript i = 1, 2, 3 denotes three modules. P
is the number of pole pairs of the motor. ψf is PM flux linkage,
and id, iq, Ld and Lq are currents and inductances in d–q axes,
respectively.

In the stationary reference frame, the winding voltage equa-
tion can be expressed as

[
uαi
uβi

]
= Rs

[
iαi
iβi

]
+ ωrψf

[− sin θ
cos θ

]

+ Ls(θ)

[ diαi

dt
diβi

dt

]
+
dLs(θ)

dt

[
iαi
iβi

]
(2)

where uαi, uβi and iαi, iβi are the voltages and currents in α-
and β- axis, respectively. Rs is the phase winding resistance. ωr

and θ represent electrical angular speed and electrical angle, re-
spectively. Ls(θ) is the inductance matrix, which can be denoted
as

Ls(θ) =

[
L0 +ΔL cos 2θ ΔL sin 2θ

ΔL sin 2θ L0 −ΔL cos 2θ

]
(3)

where L0 = (Ld + Lq)/2, �L = (Ld − Lq)/2.
It should be stressed that since the mutual inductance between

modules can be ignored, the inductance of each module is only
determined by the self-inductance and mutual inductance of the
corresponding module.

III. MODELING UNDER DIFFERENT OPERATION

In this section, the operation conditions of normal and fault of
the motor will be introduced. It is worth noting that the torque
ripple of the motor is mainly generated by the reluctance torque.
The influence of the PM torque ripple can be ignored.

A. Normal Operation

Fig. 3(a) shows the equivalent circuit diagram under normal
conditions. According to Kirchhoff’s voltage law, the phase

Fig. 3. Equivalent circuit diagrams of the motor. (a) Normal condition.
(b) a1-phase open-circuit.

currents in steady-state can be calculated as follows:

⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

iai =
uαi − eai

Rs

ibi =
1

Rs

(
−1

2
uαi +

√
3uβi

2 − ebi

)

ici =
1

Rs

(
−1

2
uαi −

√
3uβi

2 − eci

) (4)

where iai, ibi, and ici are phase currents of a-, b-, c-phase,
respectively. eai, ebi and eci denote back-EMFs of a-, b-, c-phase,
respectively.

Because of the parallel connection of the three modules, in
normal conditions, the voltages inα- and β- axis applied to each
module are the same. In addition, each module shares the same
rotational speed and parameters. Therefore, the backEMFs of
a-, b-, and c-phase in different modules are equal.

According to the transformation matrix (5), phase current in
(4) can be translated into α- and β- axis, as shown in (6)

T =
2

3

⎡
⎢⎣ 1 −1

2
−1

2

0

√
3

2

√
3

2

⎤
⎥⎦ (5)

⎧⎪⎨
⎪⎩
iαi =

uαi − eai
Rs

iβi =

√
3uβi − ebi + eci√

3Rs

.
(6)

In order to produce a circular rotating MMF, the current am-
plitude of iαi should be equal to it of iβi, and the phase difference
is 90°. Therefore, the current equation in the stationary reference
frame can also be expressed as{

iα1 = iα2 = iα3 = I cos(θ + β)
iβ1 = iβ2 = iβ3 = I sin(θ + β)

(7)

where I is the amplitude of phase current and β is the current
angle.

In addition, the Park transformation matrix is needed to trans-
late currents from α–β frame to d–q, which can be written as[

idi
iqi

]
=

[
cos θ − sin θ
sin θ cos θ

] [
iαi
iβi

]
. (8)
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Substituting (7) into (8), the current expression of d-q axes
can be obtained as {

idi = I cosβ
iqi = I sinβ.

(9)

Finally, applying (9) to (1), the reluctance torque of each
module can be given by

Teri =
3

2
P (Ld − Lq)I

2 sinβ cosβ. (10)

Since the three modules share the same parameters, the
distribution of reluctance torque is uniform. It means that the
reluctance torque of each module accounts for 1/3 of the total
torque. The parameter I can be calculated as

I2 =
Teri

3
2P (Ld − Lq) sinβ cosβ

. (11)

It should be noted that the parameter I can be used to calculate
the reference value of the total d–q axes currents to realize the
closed-loop control of the current. The control accuracy can
be affected by different parameters of three modules, but the
previous study has verified that the influence is small and can be
ignored [11].

B. Fault Operation

In the multiphase motor control system, the possibility of
failure will be increased due to the increase in the number of
phases. When a fault occurs, the speed and torque of the motor
will oscillate. In order to adapt to this degradation condition,
the control method should be modified. In this part, a1-phase
open-circuit fault is taken as an example to study. The equiva-
lent circuit diagram of a1-phase open-circuit fault is shown in
Fig. 3(b). Since the neutral point of the motor is not connected
to the midpoint of the dc bus, the zero-sequence current is
null and the sum of currents is always zero. It means that the
current amplitude of the b1- and c1-phase is equal, and the phase
difference is 180°. The phase voltage (ukni, k = a, b, c, ni (i =
1, 2, 3) are neutral points of three modules) is equal to the input
voltage (umo, m = A, B, C, o is the midpoint of the dc bus)
under normal conditions. When an open-circuit fault occurs in
one phase, these two voltages will not be equal to each other
anymore. Assuming the input voltage is sinusoidal, it can be
written as follows:⎧⎨

⎩
uAo = Um sin(θ − δ)
uBo = Um sin(θ − δ − 120◦)
uCo = Um sin(θ − δ + 120◦)

(12)

where Um is the amplitude of input voltage and δ is the phase
difference between current and voltage.

When a1-phase fails, the voltage of this phase is equal to
back-EMF. In addition, the phase voltages of the remaining two
phases can be expressed as [33]

1M :

{
ubn1 = uBn1 = uBo − un1o = (uBo − uCo)/2
ucn1 = uCn1 = uCo − un1o = (−uBo + uCo)/2.

(13)

Applying (12) to (13), phase voltages can be derived as

1M :

⎧⎪⎪⎨
⎪⎪⎩
ubn1 =

−√
3Um cos(θ − δ)

2

ucn1 =

√
3Um cos(θ − δ)

2
.

(14)

Since modules II and III operate in normal conditions, the
phase voltages are the same. Therefore, these two modules can
be regarded as one type. The phase voltages of module II can be
described as

2M :

⎧⎪⎪⎨
⎪⎪⎩
uan2 = uAn2 = Um sin(θ − δ)

ubn2 = uBn2 = Um sin(θ − δ − 120◦)

ucn2 = uCn2 = Um sin(θ − δ + 120◦)

(15)

where 1M and 2M represent modules I and II, respectively.
By transformation matrix given in (5), the phase voltages in

(14) and (15) can be translated into α- and β- axis as

1M : uβ1 = −Um cos(θ − δ) (16)

2M :

{
uα2 = Um sin(θ − δ)

uβ2 = −Um cos(θ − δ).
(17)

According to (12)–(17), it can be concluded that after the
failure of phase a1, the voltages of three modules on the β-axis
are still the same, which can be expressed as uβ1 = uβ2 = uβ3.

After failure, the phase currents in (4) can be updated as

1M :

⎧⎪⎪⎪⎨
⎪⎪⎪⎩
ia1 = 0

ib1 =

√
3uβ1 − eb1 + ec1

2Rs

ic1 = −ib1.
(18)

It should be emphasized that the phase currents in modules II
and III can be obtained through (4) because the fault module has
little effect on the normal modules. According to (5), the phase
currents in fault and normal modules can be changed as

1M :

⎧⎪⎨
⎪⎩
iα1 = 0

iβ1 =

√
3uβ1 − eb1 + ec1√

3Rs

(19)

2M :

⎧⎪⎪⎨
⎪⎪⎩
iα2 =

uα2 − ea2
Rs

iβ2 =

√
3uβ2 − eb2 + ec2√

3Rs

.
(20)

Since theβ-axis voltages and back EMFs of the three modules
are the same, according to (19) and (20), it can be seen that the
β-axis currents of the three modules are equal. Therefore, the
following relationship set up from (12) to (20) can be given by{

iα1 = 0, iα2 = iα3 = Iα cos(θ + β)
iβ1 = iβ2 = iβ3 = Iβ sin(θ + β)

(21)

where Iα and Iβ are the amplitudes of current in α- and β- axis,
respectively.

In order to calculate the reluctance torque of each module, the
currents in d–q axes based on (8) and (21) are acquired and can
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Fig. 4. Reluctance torque of modules I and II under different relationships
between Iα and Iβ . (a) Iα = Iβ . (b) Iα = sqrt(3/2)Iβ .

be expressed as

1M :

{
id1 = Iβ sin θ sin(θ + β)
iq1 = Iβ cos θ sin(θ + β)

2M :

{
id2 = Iα cos θ cos(θ + β) + Iβ sin θ sin(θ + β)
iq2 = −Iα sin θ cos(θ + β) + Iβ cos θ sin(θ + β).

(22)

It can be found that the currents of d1-q1 will oscillate after
the open-circuit fault in a1 when Iβ is not equal to zero. In order
to minimize the total reluctance torque ripple, the currents in
d2-q2 must also be pulsating, which can be verified from Fig. 4.

Substituting (22) into (1), the total reluctance torque can
be given by (23), which is composed of the reluctance torque
generated by normal and fault modules

Ter,sum = Kt[id1iq1 + id2iq2 + id3iq3]

= Kt

[(
3

8
Iβ

2 +
1

2
IαIβ +

1

4
Iα

2

)
sin 2β

+

(
3

4
Iβ

2 − 1

2
Iα

2

)
sin 2θ

+

(
−3

8
Iβ

2 +
1

2
IαIβ − 1

4
Iα

2

)
sin(4θ + 2β)

]
(23)

where Kt = 1.5∗P∗(Ld−Lq).
In (23), the average torque and torque ripple can be expressed

as

Ter_avg = Kt

(
3

8
Iβ

2 +
1

2
IαIβ +

1

4
Iα

2

)
sin 2β (24)

Ter_ripple = Kt

[(
3

4
Iβ

2 − 1

2
Iα

2

)
sin 2θ

+

(
−3

8
Iβ

2 +
1

2
IαIβ − 1

4
Iα

2

)
sin (4θ + 2β)

]
.

(25)

Substituting Iα = Iβ into (23), the total reluctance torque can
be expressed as

Ter,sum
′ = KtIβ

2

[
9

8
sin 2β +

1

4
sin 2θ − 1

8
sin(4θ + 2β)

]
.

(26)
It means that the total reluctance torque contains second and

fourth pulsation components when Iα= Iβ , as shown in Fig. 4(a).
The ripple of reluctance torque will be zero in module II, which
will increase the total ripple of electromagnetic torque. The
ultimate result is that the motor operates in an unstable state.
So as to improve the running performance of the motor under
failure, configuring Iα and Iβ reasonably is very important.

From (24), it can be found that there are one equation and two
variables in the system of linear equations, and there are infinite
solutions. In previous studies, to obtain the optimal solution of
fault-tolerant current, the minimum copper loss is always taken
as a constraint condition to reduce the loss of motor after failure
[26]. Besides, the minimum torque ripple is also required to
ensure the smooth operation of the motor under the fault state.
In this part, these two aspects will be introduced, respectively.

1) Minimum Copper Loss: The copper loss can be denoted
as

Pcu =
3

2
R[iα1

2 + iβ1
2 + iα2

2 + iβ2
2 + iα3

2 + iβ3
2]

=
3

2
R

[(
Iα

2 +
3Iβ

2

2

)
+

(
Iα

2 − 3Iβ
2

2

)
cos 2(θ + β)

]
.

(27)

The currents in the α- and β- axis of different modules can be
acquired by using the method of Lagrange multipliers. Taking
the minimum copper loss as the objective function, and the
average reluctance torque as the constraint condition, the optimal
solution of Iα and Iβ can be obtained from

L(Iα, Iβ , λ) =

(
Iα

2 +
3Iβ

2

2

)

+ λ

[
Kt

(
3

8
Iβ

2 +
1

2
IαIβ +

1

4
Iα

2

)
sin 2β − Ter,avg

]
(28)

where λ is the Lagrange multiplier. The partial derivatives of
(28) give the minimum copper loss condition, which can be
expressed as follows⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

∂L

∂Iα
= 2Iα + λKt

(
1

2
Iβ +

1

2
Iα

)
sin 2β = 0

∂L

∂Iβ
= 3Iβ + λKt

(
3

4
Iβ +

1

2
Iα

)
sin 2β = 0

∂L

∂λ
= Kt

(
3

8
Iβ

2 +
1

2
IαIβ +

1

4
Iα

2

)
sin 2β − Ter,avg = 0.

(29)
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Fig. 5. Contour map of the average copper loss under an a1-phase open-circuit
fault.

As a consequence, the relationship between Iα and Iβ can be
obtained as

Iα =

√
3

2
Iβ . (30)

Based on (1), (22), and (30), the mean values of reluctance
torque of modules I and II can be expressed as

Ter1_avg = KtIβ
2 1

8
sin 2β (31)

Ter2_avg = KtIβ
2

(
5

16
+

√
6

8

)
sin 2β. (32)

Besides, applying (30) into (24) and (25), the average torque
and torque ripple can be updated as

Ter_avg = KtIβ
2

(
3

4
+

√
6

4

)
sin 2β (33)

Ter_ripple = KtIβ
2

(
−3

4
+

√
6

4

)
sin(4θ + 2β). (34)

It means that the reluctance torque contains only the fourth
pulsation component when Iα = sqrt(3/2)Iβ , which can be seen
in Fig. 4(b). According to (31)–(34), it should be noted that Ter1

= 0.092Ter and Ter2 = Ter3 = 0.454Ter. Therefore, the current
amplitude in (11) after the fault can be updated as

Iβ
2 =

Ter1_avg

Kt
1
8 sin 2β

. (35)

Fig. 5 shows the contour map of the average copper loss under
an a1-phase open-circuit fault. The red solid lines show the
torque contour lines under different Iα and Iβ , and the torque
is 0.62 and 5 N·m, respectively. The tangent point of torque and
average copper loss represents the point of maximum torque in
the contour line with the same copper loss. The optimal solution
can be obtained by connecting all the tangent point, which is
shown as the black dotted line in Fig. 5. The relationship between
Iα and Iβ is sqrt(3/2) in the black dotted line. It means that when
Iα = sqrt(3/2)Iβ , the minimum copper loss can be achieved
under the same load, thus improving the efficiency of the control
system.

Fig. 6. Relationship between reluctance torque and γ.

2) Minimum Torque Ripple

Assuming that Iα = γIβ , where γ is the ratio relationship
between Iα and Iβ . To obtain the minimum torque ripple, it is
necessary to minimize the sum of the 2nd and 4th pulsation
components in (25). When γ is greater than 2, the ripple of
reluctance torque increases with γ. On the contrary, when γ is
less than 1, the effect is the opposite. Therefore, the minimum
reluctance torque ripple has appeared when γ between 1 and 2.
Fig. 6 shows the relationship between reluctance torque and γ.
According to the data of Fig. 6, when γ = 1.225, the optimal
solution can be obtained. This value is close to the optimal
solution in the case of minimum copper loss.

In conclusion, when γ = sqrt(3/2), it cannot only realize
the minimum of the reluctance torque ripple but also ensure
the minimum of the copper loss. Therefore, taking an a1-phase
open-circuit fault as an example, the single-phase FTC strategy
has been studied. For other single-phase fault types, it can be
transformed into an a1-phase fault only by rotating the reference
frame.

C. Controllability Analysis

In this article, the control objects in the current loop are id and
iq, those are the sum of the currents in the rotating coordinate
system of the three modules. The reference and actual d–q axes
currents can be depicted as{

id
∗ = 2Iα

∗ cos(θ + β) cos θ + 3Iβ
∗ sin(θ + β) sin θ

iq
∗ = −2Iα

∗ cos(θ + β) sin θ + 3Iβ
∗ sin(θ + β) cos θ

(36){
id = 2Iα cos(θ + β) cos θ + 3Iβ sin(θ + β) sin θ
iq = −2Iα cos(θ + β) sin θ + 3Iβ sin(θ + β) cos θ

(37)

where the superscript ∗ indicates the reference value.
The precondition for the stability of the control system is that

the actual value can track with the reference, that is to say, (38)
needs to be satisfied {

id
∗ − id = 0

iq
∗ − iq = 0.

(38)

According to (36)–(38), the actual Iα can converge to Iα∗. So,
the phase currents can be controlled commendably.
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Fig. 7. Contour map of average output torque under a1-phase open-circuit
fault.

D. Operating Capability

When an open-circuit fault occurs in the motor under the rated
operation condition, the phase current will increase and exceed
its rated value. It is dangerous to operate at the phase current
higher than the rated value for a long time because it may violate
the thermal limits of power electronic converters. Therefore, to
achieve the performance of continuous operation after failure,
the motor should be derated, that is, operating below the rated
value.

Ik ≤ Irat, ∀k ∈ {Healthy phases} (39)

where Ik is the amplitude of phase current, and Irat denotes the
rated phase current of the motor.

According to the transformation of (5), the phase currents in
(21) can be translated into abc natural frame and can be given
by

1M :

{
ib1 =

√
3
2 iβ1 =

√
3
2 Iβ sin(θ + β)

ic1 = −
√
3
2 iβ1 = −

√
3
2 Iβ sin(θ + β)

(40)

2M :

⎧⎪⎪⎨
⎪⎪⎩
ia2 = iα2 = Iα cos(θ + β)

ib2=− 1
2 iα2 +

√
3
2 iβ2=

√
1
4Iα

2 + 3
4Iβ

2 sin(θ + β + ζ1)

ic2=− 1
2 iα2 −

√
3
2 iβ2=

√
1
4Iα

2 + 3
4Iβ

2 sin(θ + β + ζ2)

(41)

where ζ1 and ζ2 are the phase shift angle.
When an open-circuit fault occurs in phase a1, the maximum

value of each phase current of the three modules must satisfy
(39). It means that the maximum value of Iα and Iβ can be
obtained ⎧⎪⎨

⎪⎩
Iβ ≤ Irat � 2√

3

Iα ≤ Irat√
1
4Iα

2 + 3
4Iβ

2 ≤ Irat.

(42)

Fig. 7 shows the contour map of average output torque under
a1-phase open-circuit fault. The blue dotted lines AB, CD and
dark red solid line AE represent the current limit in the mo-
tor, which are all calculated by (42). Therefore, the operation
area of the fault-tolerant state needs to be within the AFDO
region. According to the analysis in Section III-B, when Iα =

Fig. 8. Block diagram of the control system with mono-inverter.

sqrt(3/2)Iβ , the minimum copper loss and torque ripple can
be ensured, which is shown in the black solid line OP. The
intersection of black solid line OP and operation area is point G,
and the output torque is 5.94 N·m. It means that the maximum
output torque is reduced to 66% of the normal state under the
condition of ensuring the minimum copper loss and minimum
torque ripple. However, if a2- and a3-phase can withstand a
certain over-current operation, the maximum output torque can
be increased to 84% of the normal state when the operating point
G moves to the point H.

IV. CONTROL STRATEGY

Fig. 8 illustrates the block diagram of the control system,
which is controlled by the mono-inverter. The controller consists
of normal, tolerant, and current calculation blocks. The fault
detection method can be used to judge the operation signatures
of the motor [34]. During the presence of phase fault, its char-
acteristics will be displayed in the phase current. Therefore, the
method of phase current average values can be used to detect
multiple open-circuit failures. Also, to improve the efficiency of
the control system, the traditional maximum torque per ampere
(MTPA) is used to ensure the minimum copper loss of the motor
[35].

As is shown in Fig. 8, a conventional PI controller is used
to obtain torque reference value, whose input terminal is the
difference between the reference speed and the measured one.
The torque of the three modules, which can be used to calculate
the amplitudes of phase current, is equal when the motor operates
normally. Once an open fault is detected, the program will switch
to the fault-tolerant block. The relationship of torque distribution
among the three modules needs to be modified according to
Section III-B. iA, iB, and iC are the sum of the corresponding
phase current of the three modules. The total currents in d-q
axes are adopted to participate in current closed-loop control.
The reference voltage vector in the rotating coordinate system
is produced by current controllers, which will take part in space
vector pulse width modulation (SVPWM). The voltage signals
from the inverter will be sent to the three modules, as shown in
Fig. 2.

V. SIMULATION AND EXPERIMENTAL RESULTS

In order to verify the effectiveness of the proposed FTC
method, simulations and experiments are accomplished with
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TABLE II
PARAMETERS OF 3 × 3 PHASE PMA-SYNRM

TABLE III
TORQUE RIPPLE COMPARISON

a 3 × 3 phase PMA-SynRM. The parameters of the motor are
given in Table II.

A. Simulation Results

In Fig. 9, the comparisons between the proposed strategy
and the existing strategy in [15] are performed to verify the
availability of the proposed strategy. The reference speed and
load torque are 100 r/min and 4 N·m, respectively. The a1-phase
open-circuit fault occurs at 0.6s, and the FTC strategy is adopted
at 1.2s. It can be observed that when the fault occurs, the speed
starts to fluctuate and the torque ripple is obviously increased.
Besides, the current in the fault phase drops to zero, and the
phase difference between b1- and c1- phase current is 180°. After
1.2s, the motor operates in fault-tolerant condition, the speed
fluctuation and torque ripple are considerably decreased. The
torque ripple results are compared in Table III. Since the existing
method is to suppress the ripple of PM torque, the influence
of reluctance torque ripple is ignored. Therefore, compared to
this method, the proposed strategy can effectively suppress the
reluctance torque ripple. In addition, the output torque is mainly
provided by the reluctance torque in the PMA-SynRM, so the
proposed method can significantly reduce the output torque
ripple. Besides, for the proposed method, the speed is more
stable than the compared method.

Copper losses obtained by these two methods under 4 N·m
at fault-tolerant operation are shown in Fig. 10. As can be
observed in this figure, the average copper loss of the existing
method is 50.17 W, which is 1.1% higher than that of the
proposed strategy. Meanwhile, the maximum value of copper
loss of the existing method is significantly higher than that of
the proposed strategy. Generally, the strategy proposed in this
paper has stronger stability and lower copper loss.

Fig. 11 shows the dynamic performances of the proposed
control strategy under an a1-phase open-circuit condition when
a step variation in load from 5 to 9 N·m and then back to 2
N·m is applied at speed of 100 r/min. It can be noticed that

Fig. 9. Simulation waveforms of speed, torque and current under normal, fault
and fault-tolerant operations. (a) Proposed strategy. (b) Existing strategy in [15].

Fig. 10. Comparison of copper loss between the proposed strategy and the
existing method.
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Fig. 11. Simulation waveforms of dynamic performances with 100 r/min
under fault-tolerant operation.

Fig. 12. Experimental setup.

the electromagnetic torque can quickly track the load, which
demonstrates that the control system has good robustness.

B. Experimental Results

To further verify the theoretical analysis, the experimental
setup of the control system, which consists of a magnetic
powder brake as load, dSPACE1005 controller and a two-level
three-phase inverter, has been established as shown in Fig. 12.
Moreover, the torque is measured by a high precision torque
sensor (T20WN/20N·m). An incremental photoelectric encoder
is applied to obtain the speed and position. Since the reluctance
torque of each module cannot be detected by the torque sensor, in
this section, the reluctance torque is obtained by multiplying the
torque constant by the d–q axes currents, as shown in (1). Three
current sensors (TA25-NP) are used to detect the total phase
current (iA, iB, iC). Furthermore, additional detection circuits
are added to detect phase currents in different modules. Due to
the limitation of the experimental platform, only 4 additional
current sensors are used to detect currents, while the phase cur-
rents in module III are not detected. The phase currents detected
by current sensors are ia1, ib1, ia2, and ib2, respectively. By
detecting the four phase currents, the reluctance torque produced
by each module can be calculated. Therefore, this article only

Fig. 13. Experimental results of current and reluctance torque in normal
condition at ωrpm = 100 r/min. (a) d- and q- axis currents. (b) Sum of phase
currents. (c) Stationaryα- andβ-axis currents. (d) Reluctance torque in modules
I, II, and total.

shows the performance of modules I and II. In the process of the
experiment, the single-phase open-circuit fault of the motor is
simulated by disconnecting one phase deliberately.

The operation performance of the experimental motor driven
by the mono-inverter under normal conditions is shown in
Fig. 13. The reference speed and load torque of the motor are
100 r/min and 4 N·m, respectively. The total currents in the
d–q axes shown in Fig. 13(a) are constant, which means that
the electromagnetic torque is smooth. Since the three modules
are connected in parallel and driven by the mono-inverter, the
input voltages of the three modules are the same. Therefore,
the amplitude of phase current in each module is uniform, and
the phase difference between two adjacent phases is 120°, as
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Fig. 14. Experimental waveforms of d-q axes current in different modules,
without FTC (left) and with the proposed fault-tolerant strategy (right) under
one-phase open-circuit.

seen in Fig. 13(b). The waveforms of currents in the α-β coor-
dinate are shown in Fig. 13(c). It should be emphasized that the
performance of the three modules is the same in theory, but the
difference between the back EMF and the manufacturing process
in the experiment cannot be ignored. This is why there are some
differences in the currents between the different modules in
Fig. 13(c). Besides, the torque ripple of reluctance torque is
little in normal condition, which can be seen in Fig. 13(d).

The current waveforms in the d–q axes of different modules
are shown in Fig. 14. In fault operation (left column), due to
a1-phase failure, the pulsation of currents in the rotating co-
ordinate is increased significantly in module I. However, the
failure of module I has less influence on modules II and III,
so the pulsation of d–q axes currents in module II is smaller
than it in module I. Besides, the total d–q axes currents have
a large pulsation in fault operation. After adding the proposed
fault-tolerant strategy (right column), the current fluctuations of
module II (id2, iq2) are increased to offset a part of the current
fluctuations caused by the fault of module I, thereby reducing
the total d–q axes current fluctuations.

The waveforms of stator current and reluctance torque of the
proposed FTC under a1-phase fault are illustrated in Figs. 15 and
16. From Fig. 15(a), it can be found that, when an open-circuit
fault occurs in a1, iα1 = 0 can be obtained from the Clark
transformation matrix. The phase difference between iα2 and
iβ2 is 90°. In addition, the amplitude of iα2 is higher than it of
iβ2, owing to Iα = sqrt(3/2)Iβ . It can be seen from Fig. 15(b)
that the current amplitude of phase A is lower than it of another
phase because the current in a1-phase is equal to zero. The
reluctance torque waveforms of different modules are shown
in Fig. 16. What calls for special attention is that the reference
torque is allocated to normal and faulty modules at a distribution
ratio of 45.4% and 9.2%, respectively. The reluctance torque
ripple generated by module I mainly contains the second and
fourth ripples of the driving frequency, while module II mainly
contains the second ripple of the driving frequency. Since the
phase difference of the reluctance torque between the modules
is approximately 180°, the torque ripple can be suppressed
significantly. The experimental results are consistent with the
theoretical analysis in Section III.

Fig. 15. Experimental waveforms of stator current in (a) stationary α- and
β- axis currents and (b) the control phase currents.

Fig. 16. Experimental results of reluctance torque with the proposed method
under one-phase open-circuit.

Fig. 17. Experimental waveforms of torque and phase current (ia1, ib1, ic1)
under normal, fault, and fault-tolerant operations. (a) Proposed control strategy.
(b) Existing method in [15]. Te is scaled to 4 N·m/div, phase currents are scaled
to 7 A/div.
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TABLE IV
QUALITATIVE COMPARISON OF CONTROL SYSTEM UNDER THREE DIFFERENT

OPERATION MODES

Fig. 18. Dynamic performance of the proposed FTC under a1-phase open-
circuit fault.

Fig. 17 shows the experimental waveforms of torque and
current under normal, fault, and fault-tolerant operations. The
reference speed and load torque of the motor are the same as the
above analysis. Zoom1 and Zoom2 are the magnified torque and
stator currents in fault and fault-tolerant conditions, respectively.
Due to the limitation of the oscilloscope channel, only the stator
currents in the module I are collected.

As depicted in Fig. 17(a), the torque and current responses can
be used to prove that the motor can run smoothly under normal
conditions. However, when a1-phase open-circuit fault occurs,
the motor cannot meet the operation requirements owing to the
increase of torque ripple. Compared with fault conditions, the
torque ripple can be effectively reduced when the proposed FTC
strategy is adopted. The pulsation of output torque under fault
and fault-tolerant operations is 75% and 43.75%, respectively,
which can be given in Table IV. The remaining b1- and c1-phase
currents are of the same amplitude and opposite sign since each
module has a separated neutral point. Nevertheless, when the
method in [15] is applied to FTC, the torque ripple is increased
by 19.8% compared with the method proposed in this paper,
as shown in Fig. 17(b). As given in Table IV, when the FTC
strategy is adopted, the phase current and voltage total harmonic
distortions (THDs) are reduced to a certain extent, and the motor
efficiency is significantly improved. Therefore, the proposed
FTC algorithm driven by the mono-inverter can effectively
reduce the torque ripple, thereby improving the stability of the
control system.

To evaluate the dynamic performance of the proposed FTC
under a1-phase open-circuit fault, the responses of d–q currents
under speed and torque step are shown in Fig. 18. The reference

speed changes from 100 to 300 r/min and the load is 2 N·m
(left column). It can be observed that the fast response and low
overshoot of speed are realized satisfactorily. In the process of
acceleration transient, the d–q currents are rapidly modified to
provide fast dynamic, while when the speed reaches a steady
state, the current remains constant. Besides, as shown in the
right column of Fig. 18, the load is varied from 2 to 0.5 N·m,
and the reference speed is 100 r/min. The response results show
that the d–q currents can track the given value quickly. Therefore,
the above analysis verifies that the proposed FTC strategy has a
good dynamic performance.

VI. CONCLUSION

This article proposed a simple and effective FTC algorithm
for a triple redundant 3 × 3 phase PMA SynRM driven by
the mono-inverter under a single-phase open-circuit fault. A
two-level three-phase inverter has been constructed to drive
the parallel-connected motor, which can significantly improve
the competitiveness and reduce the complexity of the control
system. According to the equivalent circuit diagram, the current
relationships among the three modules in the α–β coordinate
system after the fault have been analyzed. The Lagrange multi-
plier method is used to obtain the optimal fault-tolerant current
solution in the case of minimum copper loss. In addition, the
optimal solution can also achieve the minimum torque ripple.
Therefore, the torque can be redistributed by changing the
current amplitude of each module to restrain the torque ripple.
Because the amplitude of the phase current will be increased
after fault tolerance, this limits the output capacity of the motor.
However, if a2- and a3- phase can withstand a certain over-
current operation, the maximum output torque can be increased
to 84% of the normal state. The efficiency and reliability of the
FTC strategy have been verified by simulation and experimental
results. Besides, extending the proposed method into different
types of open-circuit faults will be another interesting perspec-
tive for future work.
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