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FCS-MPC-Based Fault-Tolerant Control of
Five-Phase IPMSM for MTPA Operation
Guohai Liu , Senior Member, IEEE, Chengyan Song, and Qian Chen , Member, IEEE

Abstract—This article proposes a new fault-tolerant control
strategy based on finite-control-set model predictive control
(FCS-MPC) for interior permanent-magnet synchronous motor
(IPMSM) drives under open-circuit faults, including single-phase
and double-phase faults. In particular, the double-phase fault will
cause a big disturbance to the performance of the motor, but
there is no research focused on it with FCS-MPC. The key of
this method is that a z subspace orthogonal to the fundamental
space is proposed to reduce the total current harmonic distortions
under the single-phase fault. And the distributions of space voltage
vectors under a double-phase fault are established to realize the
fault-tolerant operation. On the other hand, most of the research
is focused on the fault-tolerant control of id = 0, which is not
suitable for the IPMSM, due to the ignorance of the reluctance
torque. Hence, the proposed strategy is extended into the maximum
torque per ampere operation by virtual signal injection, then the
amplitudes of phase currents can be reduced and the efficiency of
the system can be improved under fault conditions. Compared with
the existing fault-tolerant control schemes, the proposed strategy
can realize the fault-tolerant operation under open-circuit faults
with faster control response and higher operation efficiency, which
has been validated by experimental results.

Index Terms—Fault tolerant, finite control set, maximum torque
per ampere (MPTA), model predictive control, virtual signal
injection control (VSIC).

I. INTRODUCTION

A S AN extended case example of multiphase drives, the
five-phase interior permanent-magnet synchronous motor

(IPMSM) has been widely used in a variety of industrial applica-
tions due to its high power density, high efficiency, high torque
production, and wide speed operating range [1]–[3]. Besides,
with the increased safety and reliability requirements in these
areas, the postfault control strategies for multiphase drives have
attracted more and more attentions.

Regarding the traditional control methods, the field-oriented
control (FOC) [4]–[7] and direct torque control (DTC) [8]–[13]
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have been extended into multiphase motor drives to realize
the fault-tolerant control. Besides, to improve the performance,
proportional-resonant control [14], current references control
[15], [16], sliding mode control [17], [18], and so on, are also
been constructed to the fault-tolerant operation. With the devel-
opment of high-performance control, finite-control-set model
predictive control (FCS-MPC) has become an interesting al-
ternative to the traditional control methods in the multiphase
drives, due to its intuitive control structure, the fast response,
and flexibility [19]–[21]. It takes into account the discrete nature
of power converters, and uses a single cost function to solve
the online optimization problem without an external modulator
[22]. The optimal switching vector that minimizes the cost
function is selected as the output of the controller to fulfill the
current requirements. In addition, the design of a specific cost
function with adjustable weight factors can easily represent the
considered variables and control objectives of the system [23].
As for multiphase motors, the stator current can be severely
distorted due to the multiharmonic subspace. Therefore, the
control algorithm should be designed according to its own
particularity and application requirements. The FCS-MPC was
first developed for multiphase phase systems in [24] and [25],
and then, many contributions have been made in the last decades
[26], [27]. These works proved the capability of the FCS-MPC
strategy to regulate multiphase motors using different number
of switching states and model approaches.

Recently, the FSC-MPC has been introduced into fault-
tolerant control for multiphase drives, e.g., six-phase and five-
phase motors [28]–[35]. In [28]–[32], different control strategies
were proposed to realize the fault-tolerant operation for the
six-phase motor, including the pulsewidth modulation, reme-
dial control without controller structure reconfiguration, virtual
voltage vectors, and so on. In [33] and [34], a fault-tolerant
FSC-MPC was proposed for the five-phase induction motor
system, including single-phase fault and insulated-gate bipo-
lar transistor (IGBT)-gating fault, but the orthogonality of the
reduced-order transformation matrix under the fault condition
is not guaranteed, which will result in coupling currents. In
[35], a fault-tolerant FSC-MPC with duty cycle optimization
was proposed to improve the performance of the five-phase
flux-switching motor drive under a single-phase fault, but no
ideal results were obtained due to the large harmonics in currents.
In general, although the existing methods with the FCS-MPC
are focused on the fault-tolerant operation of the five-phase
motor under a single-phase fault, a series of problems still
exist such as serious current distortion and complex calculation.
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Also, they are not suitable for the double-phase fault due to
the lack of more freedom. However, with the research of the
fault-tolerant multiphase motor, the single-phase fault may not
affect the normal operation of the motor, and the double-phase
fault will still cause a big disturbance to the performance of the
motor. Hence, it is of great significance to study the double-phase
fault for the multiphase motor. Many control methods have been
extended into a double-phase fault of a five-phase motor [15],
[16], [18], but there is no literature about the FCS-MPC.

On the other hand, the most of research is focused on the fault-
tolerant control of id = 0, which is not suitable for the IPMSM,
due to the ignorance of the reluctance torque. To achieve optimal
efficiency, the maximum torque per ampere (MTPA) control is
often used for the IPMSM [36]–[41]. In these MTPA methods, a
new virtual signal injection (VSIC) MTPA control was proposed
in [40]. Compared with the other MTPA approaches, the obvious
advantage of this method is no additional iron loss and copper
loss due to no real signal injection. Then, the MTPA method
was extended into fault-tolerant operation for the IPMSM [41].
Although the amplitudes of phase currents are reduced and the
efficiency is improved, the postfault strategy is only realized
by the FOC, and there is no research focused on the MTPA
fault-tolerant operation with the FCS-MPC, which has a superior
performance compared with the FOC [21].

This article proposes a novel fault-tolerant control strategy
based on the FCS-MPC for five-phase IPMSM drives under
open-circuit faults. A z subspace orthogonal to the fundamental
space is proposed to reduce the current total harmonic distortions
under a single-phase fault. And the postfault space voltage vector
diagrams are reconstructed to realize the fault-tolerant control
under a double-phase fault. Furthermore, the combination of
the VSIC-based MTPA scheme with the FSC-MPC-based fault-
tolerant control can improve the performances of the system
effectively. This article is organized as follows: the five-phase
IPMSM and its drive will be briefly presented in Section II.
In Section III, the reduced-order matrices for fault conditions
will be derived to construct the distributions of space voltage
vectors. The discrete models of a five-phase inverter system
under open-circuit faults will be described, and the basic concept
of the FCS-MPC algorithm will be presented in Section IV.
Section V will introduce the fault-tolerant control for MTPA
operation in the IPMSM. Section VI will verify the algorithm
by experimental results. Finally, conclusions will be summarized
in Section VII.

II. MOTOR DESCRIPTION AND INVERTER MODEL

The five-phase 40-slot and 8-pole IPMSM prototype is shown
in Fig. 1(a), which is designed for electric vehicles with one
or two passengers. The single-layer integral-slot distribution
winding and the shifted asymmetrical rotor poles were em-
ployed to reduce the 9th and 11th harmonics, resulting in a
low torque ripple [42]. Fig. 1(b) shows the corresponding fast
Fourier transform result of back-EMF waveform at rated speed
1500 r/min. The fast Fourier transform result shows that the third
harmonic content of the back-EMF is 3.5%, the fifth harmonic
content is 14.6%, the seventh harmonic content is 4.5%, and the

Fig. 1. Five-phase IPMSM. (a) Prototype. (b) Harmonic order of back-EMF.

Fig. 2. Five-phase IPMSM and its inverter drive.

ninth harmonic content is 1.7%. Although the fifth harmonic
is the main back-EMF harmonic of this motor, it does not
result the torque ripple for the fault-tolerant control of the motor
with star-type connection. Besides, the third harmonic, seventh
harmonic, and ninth harmonic are small and can be ignored.
Hence, only the fundamental component needs to be considered
in the synchronous-frame model of this five-phase IPMSM.

The star-type connection of the half bridge structure is adopted
in the inverter topology of the five-phase IPMSM drive system,
as shown in Fig. 2. Voltages of the inverter at the phase coordinate
are described as (1) under normal condition. Besides, the five-
phase voltages composed to be zero as a general principle is
expressed as (2).

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

Ua = UaN ′ + UN ′N =
Udc

2
(2Sa − 1) + UN ′N

Ub = UbN ′ + UN ′N =
Udc

2
(2Sb − 1) + UN ′N

Uc = UcN ′ + UN ′N =
Udc

2
(2Sc − 1) + UN ′N

Ud = UdN ′ + UN ′N =
Udc

2
(2Sd − 1) + UN ′N

Ue = UeN ′ + UN ′N =
Udc

2
(2Se − 1) + UN ′N

(1)

Ua + Ub + Uc + Ud + Ue = 0 (2)

where Udc is the dc line voltage; Ux(x = a, b, c, d, e) is the
five-phase voltage; UxN ′(x = a, b, c, d, e) is voltage between
the inverter output and the bus central point; UN ′N is the voltage
between bus neutral point and motor neutral point; and Sx(x =
a, b, c, d, e) represents switch status of each bridge arm, where
“1” indicates the upper switch is ON, while “0” indicates the
lower switch is ON.
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III. MODELING UNDER OPEN-CIRCUIT FAULT

For a multiphase motor, the single-phase and double-phase
faults are common phenomenon. In this article, the phase-A
open-circuit fault and phases C and D as well as phases-B and
-E double-phase faults are analyzed.

A. Single-Phase Open-Circuit Fault

Assuming that a single-phase fault happens on the phase A, the
current of the phase A equals zero. In order to maintain a constant
magnetomotive force as same as that in normal operation and
maximize the torque production, the remaining healthy phase
currents have to be regulated by applying the constraint of the
equal magnitudes. The phase currents can be calculated as [5]

Is =

⎡

⎢
⎢
⎢
⎣

Ib

Ic

Id

Ie

⎤

⎥
⎥
⎥
⎦
= 1.382

⎡

⎢
⎢
⎢
⎣

cos(0.5α) sin(0.5α)

cos(2α) sin(2α)

cos(3α) sin(3α)

cos(4.5α) sin(4.5α)

⎤

⎥
⎥
⎥
⎦

[
cos θ − sin θ

sin θ cos θ

][
id

iq

]

(3)

where α = 0.4π; θ is the electrical angle; Ix(x = a, b, c, d, e)
is the phase current; and id and iq are currents in d–q axes.

It can be noted from (3) that the currents under the fault-
tolerant condition are different from that under the normal
condition. Therefore, in order to eliminate the coupling current
and realize the fault-tolerant operation, the transformation ma-
trices have to be redefined. According to [6], the new Clarke
transformation matrix can be derived as (4) shown at the bottom
of this page, and the Park matrix can be expressed as

T 1
Park =

⎡

⎢
⎢
⎢
⎣

cos θ sin θ 0 0

− sin θ cos θ 0 0

0 0 1 0

0 0 0 1

⎤

⎥
⎥
⎥
⎦
. (5)

Although the phase A is open circuit, the induced EMF is still
existed. From Fig. 2, the phase voltages under the fault condition
can be expressed as

⎡

⎢
⎢
⎢
⎣

Ub

Uc

Ud

Ue

⎤

⎥
⎥
⎥
⎦
= Udc

⎡

⎢
⎢
⎢
⎣

1 0 0 0

0 1 0 0

0 0 1 0

0 0 0 1

⎤

⎥
⎥
⎥
⎦

⎡

⎢
⎢
⎢
⎣

Sb

Sc

Sd

Se

⎤

⎥
⎥
⎥
⎦
−
(
Udc

2
+ UNN ′

)

⎡

⎢
⎢
⎢
⎣

1

1

1

1

⎤

⎥
⎥
⎥
⎦
.

(6)

TABLE I
SWITCHING VECTORS UNDER SINGLE-PHASE FAULT IN α–β FRAME

TABLE II
SWITCHING VECTORS UNDER SINGLE-PHASE FAULT IN z FRAME

Substituting (2) into (6), the following equation can be ob-
tained:

(

UNN ′ +
Udc

2

)

=
Udc

4
(Sb + Sc + Sd + Se) +

1

4
Ua. (7)

With the Clarke transformation matrix from the standard
coordinate a–b–c–d–e to the static frame, the voltages in α–β
frame and z frame can be obtained as

⎡

⎢
⎣

uα

uβ

uz

⎤

⎥
⎦ = TA

Clarke

⎡

⎢
⎢
⎢
⎣

Ub

Uc

Ud

Ue

⎤

⎥
⎥
⎥
⎦

=

⎡

⎢
⎣

0.2236Udc(Sb − Sc − Sd + Se)

0.3077Udc(Sb + Sc − Sd − Se)

0.1902Udc(Sb − Sc + Sd − Se)

⎤

⎥
⎦ . (8)

Furthermore, taking the switching function of the inverter into
(8), the distributions of space voltage vectors in the α–β frame
and z frame are depicted in Tables I and II, respectively. Also,
the corresponding distribution diagrams are shown in Fig. 3.
Although the amplitudes of the switching vectors U5 and U10

are zero, they are not really zero switching vectors due to the
switch sign of two vectors. Hence, they are abandoned in the
selection of switching vectors. On the other hand, considering
the switching vectors U8 and U13, U4 and U14, U2 and U7, and
U1 and U11 have the same effect, respectively. In order to reduce
the inverter switching frequency and amount of computation,
U8, U4, U2, U1, U9, U12, U6, and U3 are chosen as effective
vectors.

TA
Clarke =

⎡

⎢
⎢
⎢
⎣

cos 0.5α/3.618 cos 2α/3.618 cos 3α/3.618 cos 4.5α/3.618

sin 0.5α/1.91 sin 2α/1.91 sin 3α/1.91 sin 4.5α/1.91

sinα/5 sin 4α/5 sin 6α/5 sin 9α/5

1 1 1 1

⎤

⎥
⎥
⎥
⎦

(4)
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Fig. 3. Space voltage vectors diagrams (single-phase fault). (a) α–β space
voltage vectors. (b) z space voltage vectors.

B. Double-Phase Open-Circuit Fault

For the five-phase motor, two kinds of double-phase faults
may occur, i.e., adjacent phase and nonadjacent phase. The mod-
eling principles under the aforementioned two fault conditions
are similar.

1) Adjacent-Phase Open-Circuit Fault: Assuming open-
circuit fault happens on phases C and D, in order to maintain
constant magnetomotive force as same as that in normal opera-
tion and maximize the torque production, the phase currents can
be calculated as [5]

Is =

⎡

⎢
⎣

Ia

Ib

Ie

⎤

⎥
⎦ =

⎡

⎢
⎣

3.618 0

2.236 cosα1 2.236 sinα1

2.236 cosα1 −2.236 sinα1

⎤

⎥
⎦

[
cos θ − sin θ

sin θ cos θ

][
id

iq

]

(9)

where α1 = 0.8 π.
And the new Clarke and Park transformation matrices can be

derived as

TCD
Clarke =

2

5

⎡

⎢
⎢
⎢
⎣

1 +
2

3
cos 2α cosα+

2

3
cos 2α cos 4α+

2

3
cos 2α

0 sinα sin 4α

1 1 1

⎤

⎥
⎥
⎥
⎦

(10)

T 2
Park =

⎡

⎢
⎣

cos θ sin θ 0

− sin θ cos θ 0

0 0 1

⎤

⎥
⎦ . (11)

The phase voltages under the fault condition can be expressed
as
⎡

⎢
⎣

Ua

Ub

Ue

⎤

⎥
⎦ = Udc

⎡

⎢
⎣

1 0 0

0 1 0

0 0 1

⎤

⎥
⎦

⎡

⎢
⎣

Sa

Sb

Se

⎤

⎥
⎦−

(
Udc

2
+ UNN ′

)
⎡

⎢
⎣

1

1

1

⎤

⎥
⎦ .

(12)
Substituting (2) into (12), the following equation can be

obtained:
(

UNN ′ +
Udc

2

)

=
Udc

3
(Sa + Sb + Se) +

1

3
(Uc + Ud).

(13)

TABLE III
SWITCHING VECTORS UNDER ADJACENT-PHASE FAULT

Fig. 4. Space voltage vectors diagram (adjacent-phase fault).

With the Clarke transformation matrix from the standard
coordinate a–b–c–d–e to the static frame, the voltages in α–β
frame can be obtained as

[
Uα

Uβ

]

= TCD
Clarke

⎡

⎢
⎣

Ua

Ub

Ue

⎤

⎥
⎦ =

[
0.0920Udc(2Sa − Sb − Se)

0.3805Udc(Sb − Se)

]

.

(14)
Furthermore, taking the switching function of the inverter into

(8), the distribution of space voltage vectors in the α–β frame
is depicted in Table III. Also, the corresponding distribution
diagram in the α–β frame is shown in Fig. 4.

2) Nonadjacent-Phase Open-Circuit Fault: Similarly, as-
suming open-circuit fault happens on the phases B and E, the
phase currents can be calculated as [5]

Is =

⎡

⎢
⎣

Ia

Ic

Id

⎤

⎥
⎦ =

⎡

⎢
⎣

1.382 0

2.236 cosα2 2.236 sinα2

2.236 cosα2 −2.236 sinα2

⎤

⎥
⎦

[
cos θ − sin θ

sin θ cos θ

][
iq

id

]

(15)

where α2 = 0.6 π.
And the new Clarke and Park transformation matrices can be

derived as

TBE
Clarke =

2

5

⎡

⎢
⎢
⎢
⎣

1+
2

3
cosα cos 2α+

2

3
cosα cos 3α+

2

3
cosα

0 sin 2α sin 3α

1 1 1

⎤

⎥
⎥
⎥
⎦

(16)

T 2
Park =

⎡

⎢
⎣

cos θ sin θ 0

− sin θ cos θ 0

0 0 1

⎤

⎥
⎦ . (17)
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TABLE IV
SWITCHING VECTORS UNDER NONADJACENT-PHASE FAULT

Fig. 5. Space voltage vectors diagram (nonadjacent-phase fault).

The phase voltages under the fault condition can be expressed
⎡

⎢
⎣

Ua

Uc

Ud

⎤

⎥
⎦ = Udc

⎡

⎢
⎣

1 0 0

0 1 0

0 0 1

⎤

⎥
⎦

⎡

⎢
⎣

Sa

Sc

Sd

⎤

⎥
⎦−

(
Udc

2
+ UNN ′

)
⎡

⎢
⎣

1

1

1

⎤

⎥
⎦ .

(18)
Substituting (2) into (18), the following equation can be

obtained:
(

UNN ′ +
Udc

2

)

=
Udc

3
(Sa + Sc + Sd) +

1

3
(Ub + Ue).

(19)
With the Clarke transformation matrix from the standard

coordinate a–b–c–d–e to the static frame, the voltages in α–β
frame can be obtained as
[
Uα

Uβ

]

= TBE
Clarke

⎡

⎢
⎣

Ua

Uc

Ud

⎤

⎥
⎦

[
0.2411Udc(2Sa − Sc − Sd)

0.2352Udc(Sc − Sd)

]

.

(20)
Furthermore, taking the switching function of the inverter into

(8), the distribution of space voltage vectors in the α–β frame
is depicted in Table IV. Also, the corresponding distribution
diagram in the α–β frame is shown in Fig. 5.

IV. FCS-MPC-BASED FAULT-TOLERANT CONTROL

A. Prediction Model Under Single-Phase Open-Circuit Fault

The stator voltage equation under the phase-A open-circuit
fault can be calculated as

Us1 = RsIs1 +
d

dt

(
LsIs1 + ϕA

s1

)
(21)

where

ϕA
s1 =

⎡

⎢
⎢
⎢
⎣

ϕb

ϕc

ϕd

ϕe

⎤

⎥
⎥
⎥
⎦
= ϕm

⎡

⎢
⎢
⎢
⎣

cos (θ − α)

cos (θ − 2α)

cos (θ − 3α)

cos (θ − 4α)

⎤

⎥
⎥
⎥
⎦
. (22)

The motor voltage equation on the synchronous frame can be
expressed by

[
ud uq uz u0

]
= T 1

ParkT
A
Clarke

[
Ub Uc Ud Ue

]T
.
(23)

Substituting (4) and (5) into (23), the following equation can
be obtained:

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

ud = idRs + Ld
did
dt

− ωeLqiq + ed

uq = iqRs + Lq
diq
dt

+ ωeLdid + eq

uz = izRs + Lls
diz
dt

+ ez

u0 = −eA

(24)

where ed and eq are the fundamental d–q axes back-EMF, and
their calculations are detailed in Appendix A; ud and uq are the
fundamental d–q axes stator voltage; uz and u0 are third space
and zero-sequence component of stator voltage, respectively;
Rs is the stator resistance; Ld, Lq are the fundamental d–q axes
inductances; Lls is the leakage inductance; ωe is the electrical
rotating speed; ϕm is the fundamental permanent-magnet flux
linkage; and eA is the back-EMF of the phase A.

Applying the Euler formula to discretize the voltage equation
in (24) and transforming the result into a single time step, the
predictive current model can be obtained as

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

id(k + 1) = id(k) +
Ts

Ld
(ud(k)−Rsid(k)

+ωeLqiq(k)− ed(k))

iq(k + 1) = iq(k) +
Ts

Lq
(uq(k)−Rsiq(k)

−ωeLdid(k)− eq(k))

iz(k + 1) = iz(k) +
Ts

Lls
(uz(k)−Rsiz(k)− ez(k))

(25)
where Ts is control period; id(k), iq(k), and iz(k) are the cur-
rents in d–q–z axes at the current moment; id(k + 1), iq(k + 1),
and iz(k + 1) are the predicted current at (k+1)th instant; and
ud(k), uq(k), uz(k) and ed(k), eq(k), ez(k) are stator voltage
and back-EMF at the current moment, respectively.

From (25), three current error terms should be considered in
the cost function, and defined as the following:

g1 = |idref − id(k + 1)|2 + |iqref − iq(k + 1)|2

+ |izref − iz(k + 1)|2 (26)

where idref , iqref , and izref represent the desired value of the
corresponding currents in d-, q-, and z-axes, respectively.

B. Prediction Model Under Double-Phase Open-Circuit Fault

1) Adjacent-Phase Open-Circuit Fault: The stator voltage
equation under the phases-C and -D open-circuit fault can be
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calculated as

Us2 = RsIs2 +
d

dt

(
LsIs2 + ϕCD

s2

)
(27)

where

ϕCD
s2 =

⎡

⎢
⎣

ϕa

ϕb

ϕe

⎤

⎥
⎦ = ϕm

⎡

⎢
⎣

cos (θ)

cos (θ − α)

cos (θ − 4α)

⎤

⎥
⎦ . (28)

The motor voltage equation on the synchronous frame can be
expressed by

[
ud uq u0

]
= T 2

ParkT
CD
Clarke

[
Ua Ub Ue

]T
. (29)

Substituting (10) and (11) into (29), the following equation
can be obtained:

⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

ud = idRs + Ld
did
dt

− ωeLqiq + ed

uq = iqRs + Lq
diq
dt

+ ωeLdid + eq

u0 = −0.4(eC + eD)

(30)

where eC and eD are the back-EMF of the phases C and D, and
the calculations of ed and eq are detailed in Appendix B-1.

Applying the Euler formula to discretize the voltage equation
in (30) and transforming the result into a single time step, the
predictive current model can be obtained as

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

id(k + 1) = id(k) +
Ts

Ld
(ud(k)−Rsid(k)

+ωeLqiq(k)− ed(k))

iq(k + 1) = iq(k) +
Ts

Lq
(uq(k)−Rsiq(k)

−ωeLdid(k)− eq(k)).

(31)

From the aforementioned equation, two current error terms
should be considered in the cost function, and defined as the
following:

g2 = |idref − id(k + 1)|2 + |iqref − iq(k + 1)|2 (32)

2) Nonadjacent-Phase Open-Circuit Fault: The stator volt-
age equation under the phases-B and -E open-circuit fault can
be calculated as

Us2 = RsIs2 +
d

dt

(
LsIs2 + ϕBE

s2

)
(33)

where

ϕBE
s2 =

⎡

⎢
⎣

ϕa

ϕc

ϕd

⎤

⎥
⎦ = ϕm

⎡

⎢
⎣

cos (θ)

cos (θ − 2α)

cos (θ − 3α)

⎤

⎥
⎦ . (34)

The motor voltage equation on the synchronous frame can be
expressed by

[
ud uq u0

]
= T 2

ParkT
BE
Clarke

[
Ua Uc Ud

]T
. (35)

Substituting (16) and (17) into (35), the following equation
can be obtained

⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

ud = idRs + Ld
did
dt

− ωeLqiq + ed

uq = iqRs + Lq
diq
dt

+ ωeLdid + eq

u0 = −0.4(eB + eE)

(36)

where eB and eE are the back-EMF of the phases B and E, and
the calculations of ed, eq are detailed in Appendix B-2.

Applying the Euler formula to discretize the voltage equation
in (36) and transforming the result into a single time step, the
predictive current model can be obtained as

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

id(k + 1) = id(k) +
Ts

Ld
(ud(k)−Rsid(k)

+ωeLqiq(k)− ed(k))

iq(k + 1) = iq(k) +
Ts

Lq
(uq(k)−Rsiq(k)

−ωeLdid(k)− eq(k)).

(37)

From the aforementioned equation, two current error terms
should be considered in the cost function, and defined as the
following:

g2 = |idref − id(k + 1)|2 + |iqref − iq(k + 1)|2. (38)

C. Digital Delay Compensation

In real-time implementation, the optimal switching vector that
minimizes the cost function is selected, and applied during the
next sampling period. The one-step delay between the desired
vector and the actual vector caused by digital processing will
deteriorate the performance of the system. In this article, a digital
delay compensation scheme is employed to compensate this
delay [23].

Taking the condition of a single-phase fault as an example,
the measured currents and the applied switching state at the
kth sampling instant are used in (26) to estimate the current
values at the (k+1)th sampling instant. Then, these estimated
currents are used as the initial prediction values for all available
vectors in the defined control set during (k+2)th control interval.
The prediction can be realized through one step forward shift of
the model, and the improved cost function with the predicted
currents during (k+2)th control interval are shown as

g1 = |idref − id(k + 2)|2 + |iqref − iq(k + 2)|2

+ |izref − iz(k + 2)|2 (39)

g2 = |idref − id(k + 2)|2 + |iqref − iq(k + 2)|2. (40)

V. FAULT-TOLERANT CONTROL FOR MTPA OPERATION

A. VSIC-MTPA

As a high-performance control method, the VSIC-MTPA has
been widely used in the IPMSM drives. In this section, the
accuracy of the algorithm [41] will be improved, and the control
strategy will be applied to the fault-tolerant operation.
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Under the premise of ignoring the iron loss of the motor, the
mechanical power of the motor can be expressed as

Pm =
5

2
[(ud −Rsid)id + (uq −Rsiq)iq]

=
5

2

[

(uq −Rsiq) +
(ud −Rsid)

iq
id

]

iq.

(41)

And the output torque can be obtained from

Te =
Pm

ωm
=

5

2
[pϕm + p(Ld − Lq)id] iq (42)

where p is the number of pole pairs, and ωm is the rotor
mechanical speed.

The output torque can be denoted as follows:

Te =
5

2

[
(uq −Rsiq)

ωm
+

(ud −Rsid)

iqωm
id

]

iq. (43)

Comparison of (43) with (42) leads to
⎧
⎪⎪⎨

⎪⎪⎩

(uq −Rsiq)

ωm
= pϕm

(ud −Rsid)

iqωm
= p(Ld − Lq).

(44)

In [41], a small virtual high-frequency sinusoidal signal Δβ
is utilized as the injection angle variation, and the Δβ can be
expressed as

Δβ = Asin(ωht) (45)

where A is the amplitude of the injection signal, and ωh is the
frequency of the injection signal. The electromagnetic torque
after high-frequency signal injection can be expressed as

Th
e (β +A sin(ωht) =

5

2

[
(uq −Rsiq)

ωm
+

(ud −Rsid)

iqωm
ihd

]

ihq

(46)
where β is the current angle.

According to the voltage equation of the IPMSM in d–q
coordinates, the current is constant in steady state. Hence, the
differential term is zero and the equation can be expressed as
⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

ud = Ld
did
dt

− pωmLqiq +Rsid = −pωmLqiq +Rsid

uq = Lq
diq
dt

+ pωmϕm + pωmLdid +Rsiq = pωmϕm

+ pωmLdid +Rsiq.
(47)

From (47), the following relationship can be obtained:
⎧
⎪⎪⎨

⎪⎪⎩

(ud −Rsid)

iqωm
= −pLq

(uq −Rsiq)

ωm
= pLdid + pϕm.

(48)

Substituting (48) into (46), the following equation can be
obtained:

Th
e =

5

2

[
pϕm + pLdid − pLqi

h
d

]
ihq . (49)

Fig. 6. Schematic of virtual signal injection block.

In (49), the high-frequency signal is not fully injected, and the
correct expression of the torque containing the high frequency
signal should be written as follows:

Th
e =

5

2

[
pϕm + pLdi

h
d − pLqi

h
d

]
ihq . (50)

Substituting (44) into (50), the following equation can be
obtained:

Th
e =

5

2

[
(uq −Rsiq)

ωm
− pLdid+

(ud −Rsid)

iqωm
ihd+pLdi

h
d

]

ihq .

(51)
Assuming that (51) is a function of Δβ and it can be trans-

formed by Taylor’s series expansion as follows:

Th
e (β +A sin(ωht) = Te(β) +

∂Te

∂β
A sin(ωht)

+
∂

∂β

(
∂Te

∂β

)

A2sin2(ωht) + · · ·
(52)

�Te/�β can be extracted from the torque signal Th
e with the

signal processing technique shown in Fig. 6.
A bandpass filter whose center frequency is equal to the

frequency of virtually injected signal is utilized to eliminate the
higher order term in (52). Its output is multiplied by sin(ωht),
and the result is given as follows:

k
∂Te

∂β
Asin2(ωht) =

1

2
kA

∂Te

∂β
− ∂Te

∂β
kA cos(2ωht) (53)

where k is the gain of the bandpass filter at ωh. The right-hand
side of (53) will be filtered by a first-order low-pass filter whose
cutoff frequency is below the virtually injected signal frequency
ωh and the filter output is proportional to �Te/�β.

B. MTPA Fault-Tolerant Control

From (51), the speed, the d–q axes voltages, and d–q axes
currents can be achieved easily for the MTPA operation accord-
ing to Sections III and IV. The healthy phase currents under the
phase-A open-circuit fault can be expressed as

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

Ib = 1.382I cos(θ − 0.2π + β)

Ic = 1.382I cos(θ − 0.8π + β)

Id = 1.382I cos(θ + 0.8π + β)

Ie = 1.382I cos(θ + 0.2π + β)

(54)

where I is the amplitude of the fundamental current under normal
condition; and β is the current angle. The currents in d–q axes
(id, iq) will be controlled to realize the fault-tolerant control for
the MTPA operation. iz has to be controlled to zero to ensure
harmonic-free current and ripple-free torque operation when the
open-circuit fault occurs [6].



LIU et al.: FCS-MPC-BASED FAULT-TOLERANT CONTROL OF FIVE-PHASE IPMSM FOR MTPA OPERATION 2889

Fig. 7. FCS-MPC-based fault-tolerant control scheme for the five-phase
IPMSM. (a) Phase-A open-circuit fault. (b) Phases-C and -D open-circuit fault.

Fig. 8. Experimental platform.

Similarly, the healthy phase currents under the phases-CD and
-BE open circuit can also be expressed, respectively, as follows:

⎧
⎪⎨

⎪⎩

Ia = 3.618I cos(θ + β)

Ib = 2.236I cos(θ − 0.8π + β)

Ie = 2.236I cos(θ + 0.8π + β)

(55)

⎧
⎪⎨

⎪⎩

Ia = 1.382I cos(θ + β)

Ic = 2.236I cos(θ − 0.6π + β)

Id = 2.236I cos(θ + 0.6π + β).

(56)

Fig. 7 shows the FCS-MPC-based fault-tolerant control
schematic of the five-phase IPMSM under open-circuit faults.
The diagram of the VSIC block has been given in Fig. 6.

VI. EXPERIMENTAL RESULTS

In order to validate the proposed fault-tolerant control strat-
egy, an experimental platform has been conducted as shown in
Fig. 8. The test platform is based on a 2-kW five-phase IPMSM,
The motor with the parameters given in Table V has been

TABLE V
PRACTICAL PARAMETERS OF PROTOTYPE MOTOR

Fig. 9. Torque and currents waveforms under a single-phase fault. (a) Pre- and
postfault-tolerant operation with FCS-MPC. (b) Id = 0 to MTPA fault-tolerant
operation. Te is scaled to 10 Nm/div, phase currents are scaled to 5 A/div.

designed and built for testing as shown in Fig. 1(a). The proposed
fault-tolerant algorithm of the five-phase motor is developed and
implemented in the dSPACE1005 controller, and motor torque is
measured by a high precision torque sensor (T20WN/20 Nm).
The five-phase half-bridge inverter is also shown in Fig. 8. It
is important to mention that during the following experimental
tests, the frequency of IGBTs is fixed at 10 kHz and the sample
rate of the current sensor is 10 kHz. In the experiment, the fault
occurrence is emulated by manually disconnecting the cable.

A. Fault-Tolerant Operation Test

The behavior of the proposed fault-tolerant control algorithm
during the single-phase fault is first analyzed. The motor is
operated at a constant speed of 300 r/min and the load torque is
4.4 Nm. Fig. 9 shows the phase currents and torque waveforms
around the fault occurrence. Fig. 9(a) is the process from normal
operation to fault and fault-tolerant operation under the FCS-
MPC, in which the id = 0 fault-tolerant control is implemented.
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Fig. 10. Waveforms of d–q–z currents from id = 0 to the MTPA fault-tolerant
operation under a single-phase fault.

Fig. 11. Torque and currents waveforms from id = 0 to MTPA fault-tolerant
operation under a single-phase fault at the speed of 1500 r/min.

The Zoom1 and Zoom2 shows that the measured torque and cur-
rents waveforms under healthy and fault tolerant control. Taking
phase B as example, its amplitudes are 4 and 5.6 A in Zoom1 and
Zoom2, respectively, which match the theoretical waveforms
mentioned previously in Section V-B. Fig. 9(b) shows the torque
and currents waveforms from id = 0 to MTPA operation under
the phase-A open-circuit fault. From the Zoom1 and Zoom2, it
can be seen that the current amplitudes of the phase B decrease
from 5.6 to 5 A.

Fig. 10 shows the corresponding waveforms of d–q–z currents
from id = 0 to MTPA operation under the phase-A open-circuit
fault in Fig. 9(b). In id = 0 control, the iq can be calculated to
be 4 A, and the torque is about 4.4 Nm. In the MTPA operation,
the MTPA point is about 30°, the id and iq are –1.9 and 3.2 A,
respectively. In this case, the calculated torque is 4.3 Nm. Thus,
it can be concluded that the MTPA fault-tolerant control can
obtain the same torque with less stator phase currents. Besides,
the system has a good steady state before and after the algorithm
switching.

Fig. 11 shows the experimental result under the rated speed of
1500 r/min, taking phase B as reference, its amplitude decrease
from 5.6 to 5 A, which shows that the proposed method can
achieve an ideal results at a high speed.

To verify the control accuracy of the proposed control strat-
egy, Fig. 12 shows a contrastive tracking experimental result
of MTPA points with the control method in [41] under the
fault-tolerant condition. For a given torque command, tests are
performed by varying the current angle while the magnitude of
the current keeps constant. The MTPA point shown in Fig. 12

Fig. 12. FOC-MTPA and MPC-MTPA tracking experimental results under a
single-phase fault.

Fig. 13. Waveforms of current using (a) VSIC-MTPA and (b) SVIC -MTPA.

Fig. 14. Efficiency maps under the phase-A open-circuit fault using (a) id = 0
fault-tolerant control method with MPC, (b) MTPA fault-tolerant method with
MPC, and (c) MTPA fault-tolerant method with FOC.

represents the actual MTPA points under different current am-
plitudes. The FOC result represents the MTPA point found by
the FOC-MTPA control [41], the MPC result represents the
MTPA point found by the proposed control method. As shown
in Fig. 12, two control methods can realize highly accurate
tracking of MTPA points under the fault-tolerant condition, and
the accuracy of the proposed control method is relatively high.

Fig. 13 shows a comparison between the proposed MTPA
method and a space vector signal injection (SVSI) MTPA in
[38], which injects a real signal into motor. It is obvious that the
current under the latter method contains harmonics caused by the
real signal. Fig. 14 shows the efficiency map under the phase-A
open-circuit fault-tolerant operation, which is measured by the
YOKOGAWA WT1800 power analyzer and torque transducer.
The power analyzer is chosen as the 1P2W wiring setting to
measure the electrical input power of the healthy phases sep-
arately, and then, the total input power is obtained by adding
them together. The output power is calculated by the measured
torque and the measured speed. The maximum output torques
are limited by the amplitude of the phase current (10.8 A).
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Fig. 15. Torque and currents waveforms from id = 0 to MTPA fault-tolerant
operation under a double-phase fault. (a) Phases-C and -D open circuit.
(b) Phases-B and -E open circuit. Te is scaled to 10 Nm/div, phase currents
are scaled to 5 A/div.

The speed range is from 100 to 900 r/min, and the maximum
speed is limited by the dc voltage. Fig. 14(a) and (b) are effi-
ciency maps using the proposed FCS-MPC method, which show
that the output torque capability and operation efficiency with the
same current limitation is higher under the MTPA fault-tolerant
operation. Fig. 14(c) shows the efficiency map using the FOC
fault-tolerant control method in [41]. It can be seen that the
proposed method offers higher efficiency under the same load
limitation.

Fig. 15 exhibits the torque and currents waveforms from id =
0 to the MTPA fault-tolerant operation under the double-phase
fault. The experimental results under adjacent-phase (phases C
and D) fault have been shown in Fig. 15(a). The reference speed
is set as 300 r/min and the load torque is set as 2.5 Nm. Taking
phase A as reference, its amplitudes are 9.2 and 7.4 A under
id = 0 and MTPA operation, respectively. Fig. 15(b) shows the
experimental results under nonadjacent-phase (phases B and E)
fault. The reference speed is set as 300 r/min and the load torque
is set as 3.7 Nm. Taking phase C as reference, its amplitudes
are 9.4 and 6.6 A under two control algorithms, respectively.
Also, the magnified healthy phase currents in Zooms show that
the measured healthy currents waveforms match the theoretical
waveforms mentioned previously in Section V-B.

B. Dynamic Performances of Fault-Tolerant Operation

To evaluate the dynamic response of the proposed fault-
tolerant control, several tests have been performed and compared
with FOC-based fault-tolerant control for MTPA operation [41]
under different fault conditions.

Fig. 16. Speed step under the phase-A open-circuit fault using MPC-MTPA
(left) and FOC-MTPA (right). (a) Speed response. (b) d–q–z currents response.

Fig. 17. Speed step tests under phases-C and -D open-circuit fault using
MPC-MTPA (left) and FOC-MTPA (right). (a) Speed response. (b) d–q currents
response.

Fig. 16 shows the experimental speed and d–q–z currents
response under a speed step. The reference speed is varied from
200 to 400 r/min. It can be observed that the responses of the
speed and d–q–z currents under the phase-A open-circuit fault
are almost same. The speed tracking is satisfactorily achieved
with a fast response and low overshoot. The d–q–z currents
reference is quickly modified during the acceleration transients
in order to provide fast dynamics, whereas the d–q–z currents are
kept constant during the test confirming the control decoupling.
Although the two control strategies drive the motor in a similar
way during the tests, the overshoot of the speed in the case
of MPC-MTPA control is about 5%, and the settling time is
about 0.8 s; the overshoot of the speed with the FOC-MTPA is
about 12.5%, and the settling time is about 1 s. Consequently,
the proposed method provides faster dynamic response and
lower overshoot than FOC-MTPA at the expense of a higher
current ripple. The fact also holds true in the double-phase fault
condition, as shown in Fig. 17. As expected, the z current is kept
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Fig. 18. Load step tests under phase-A open-circuit fault using MPC-MTPA
(left) and FOC-MTPA (right). (a) Torque response. (b) d–q–z currents response.

Fig. 19. Load step tests under phases-C and -D open-circuit fault using MPC-
MTPA (left) and FOC-MTPA (right). (a) Torque response. (b) d–q currents
response.

close to zero all throughout the test, thus, proving to remain
unaffected in dynamic conditions.

Fig. 18 shows a test to further verify that the proposed strategy
maintains a high performance and robustness in terms of load
step. The motor is driven in steady state with constant speed of
300 r/min. The transient states consist in applying to the motor
one-step transitions of the load from 4.5 to 2.5 Nm. Obtained
results show that both control methods offer nearly the same
performance, the d–q currents always keep a corresponding
relationship and the z current is kept close to zero in the process of
torque change. Also they can track the given reference value with
a small overshoot. Compared with [41], the proposed method
provides faster control response and superior performance. It
also holds true in the double-phase fault condition, as shown in
Fig. 19.

A qualitative comparative analysis is summarized in Ta-
ble VI. The experimental results show that both control

TABLE VI
QUALITATIVE COMPARISON BETWEEN THE MPC-MTPA AND FOC-MTPA

METHODS UNDER THE OPEN-CIRCUIT FAULT OPERATION

methods can maintain the safe operation under the fault con-
dition, but the proposed method provides a higher MTPA point
tracking accuracy and operation efficiency, also, the speed and
torque response are faster than the method in [41] at the expense
of a higher current ripple.

VII. CONCLUSION

This article proposes a novel fault-tolerant control strategy
based on the FCS-MPC for the IPMSM drives under different
fault conditions. The reduced-order transformation matrices for
fault conditions have been derived first to construct the distribu-
tions of space voltage vectors, and the fundamental decoupled
models of the five-phase IPMSM under the open-circuit fault
are obtained. Then, the FCS-MPC-based fault-tolerant method
has been proposed, which can enhance the torque waveform
quality, reduce the harmonic components of phase currents, and
keep low amount of computation for the driving system. Based
on the decoupled models and computing method, the VSIC has
been applied to realize the MTPA fault-tolerant operation by
postfault FCS-MPC under open-circuit faults, which can reduce
the amplitudes of the phase currents and improve the efficiency
of the system. The experimental results have been offered to
verify the validity of the proposed method in postfault tolerant
operation, which provide the satisfactory steady and dynamic
performances.

APPENDIX

A. Single-Phase Open-Circuit Fault

⎡

⎢
⎢
⎢
⎣

ed

eq

ez

e0

⎤

⎥
⎥
⎥
⎦
= T 1

ParkT
A
Clarke

dϕA
s1

dt
= T 1

ParkT
A
Clarke

· ωeϕm

⎡

⎢
⎢
⎢
⎣

− sin(θ − α)

− sin(θ − 2α)

− sin(θ − 3α)

− sin(θ − 4α)

⎤

⎥
⎥
⎥
⎦

(1)
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where

T 1
ParkT

A
Clarke

⎡

⎢
⎢
⎢
⎣

− sin(θ − α)

− sin(θ − 2α)

− sin(θ − 3α)

− sin(θ − 4α)

⎤

⎥
⎥
⎥
⎦
= T 1

Park

⎡

⎢
⎢
⎢
⎣

−0.5 sin(θ)

0.9471 cos(θ)

0.1382 cos(θ)

sin(θ)

⎤

⎥
⎥
⎥
⎦

=

⎡

⎢
⎢
⎢
⎣

0.4471 sin(θ) cos(θ)

0.4471 cos2(θ) + 0.5

0.1382 cos(θ)

sin(θ)

⎤

⎥
⎥
⎥
⎦
.

B. Double-Phase Open-Circuit Fault

1) Adjacent-Phase Open-Circuit Fault:

⎡

⎢
⎣

ed

eq

e0

⎤

⎥
⎦ = T 2

ParkT
CD
Clarke

dϕCD
s2

dt
= T 2

ParkT
CD
Clarke

· ωeϕm

⎡

⎢
⎣

− sin(θ)

− sin(θ − α)

− sin(θ − 4α)

⎤

⎥
⎦ (2)

where

T 2
ParkT

CD
Clarke

⎡

⎢
⎣

− sin(θ)

− sin(θ − α)

− sin(θ − 4α)

⎤

⎥
⎦

= 0.4T 2
Park

⎡

⎢
⎣

−0.3183 sin(θ)

1.809 cos(θ)

−1.618 sin(θ)

⎤

⎥
⎦

= 0.4

⎡

⎢
⎣

1.4907 sin(θ) cos(θ)

1.4907 cos2(θ) + 0.3183

−1.618 sin(θ)

⎤

⎥
⎦ .

2) Nonadjacent-Phase Open-Circuit Fault:

⎡

⎢
⎣

ed

eq

e0

⎤

⎥
⎦ = T 2

ParkT
BE
Clarke

dϕBE
s2

dt
= T 2

ParkT
BE
Clarke

· ωeϕm

⎡

⎢
⎣

− sin(θ)

− sin(θ − 2α)

− sin(θ − 3α)

⎤

⎥
⎦ (3)

where

T 2
ParkT

BE
Clarke

⎡

⎢
⎣

− sin(θ)

− sin(θ − 2α)

− sin(θ − 3α)

⎤

⎥
⎦

= 0.4T 2
Park

⎡

⎢
⎣

−2.1817 sin(θ)

0.691 cos(θ)

0.618 sin(θ)

⎤

⎥
⎦

= 0.4

⎡

⎢
⎣

−1.4907 sin(θ) cos(θ)

−1.4907 cos2(θ) + 2.1817

0.618 sin(θ)

⎤

⎥
⎦ .
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