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Abstract—This paper investigates spatial harmonic magnetic
field coupling effect on torque ripple for multiphase induction
motor under open fault condition. The coupling results in severe
torque ripple generated by ellipse asynchronous magnetomotive
force, and the current space vectors are utilized for coupling phe-
nomenon analysis in the multiple planes. The optimal current space
vector is proposed to achieve the minimum torque ripple, and the
traditional method is used for comparison. Both fundamental and
harmonic current space vectors are derived, when single-phase and
two-phase open fault conditions are analyzed, respectively. Fur-
thermore, the proportional integral resonant controller is used to
realize zero-error tracking, and proper values of parameters in the
transfer function are derived. Finally, a five-phase variable speed
drive system is constructed and the proposed method is validated
by experiments.

Index Terms—Current space vector, open fault, proportional
integral resonant (PIR), space harmonic magnetic field coupling,
torque ripple.

I. INTRODUCTION

IN HIGH-POWER application, the multiphase motor system
is recognized as an alternative solution to obtain high-power

ratings without increasing phase current, and the standard power
devices can be fully adopted without parallel structure [1], [2].
Multiphase induction motor (IM) systems have competitive ad-
vantages for inherent robustness, reliability, high torque density,
and low cost [3], [4]. The pace of research started accelerating
in the 1990s, predominantly due to the developments in the area
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of electric ship propulsion, which remains nowadays one of
the main application areas for multiphase variable-speed drives
[5]. A different solution is however used in conjunction with
high-power synchronous motors for pumps and compressors
[6]. Nowadays, the multiphase motor drive is also used in the
aerospace and electric vehicle (EV) application [7], [8].

Multiphase IM obtains additional degrees of freedom com-
pared to three-phase motor, and it can be exploited in various
ways. According to magnetomotive force (MMF) analysis under
healthy condition, a general n-phase system can be decomposed
into (n–1)/2 independent space vector in different planes, and
the zero-sequence component [9]–[12]. Compared with three-
phase motors, multiphase motor with additional control free-
dom can realize fault-tolerant operation. The remaining phase
current can be also optimized to compensate the fault and con-
tinue torque-ripple free operation [13], [14]. Under open phase
fault, the solution for fault-tolerant currents is not unique due
to additional degrees of freedom. The general fault control for
multiphase motor is solved by reconstructing the residual stator
currents to generate circular rotating MMF as healthy condition
[15], [16]. Another method for fault-tolerant control introduces
the general decoupled model of multiphase motor with up to
(n–3) open phases [17]–[19]. The fault-tolerant control strat-
egy aims to reduce torque ripple under fault condition, when
the minimum stator copper loss or the same stator currents is
realized by additional control freedom [20].

In general, the torque ripple is generated due to the asym-
metry in the stator mutual inductances, rotor currents, and
stator currents. This topic is discussed in [1]–[4] and [15]–[22],
and the several fault tolerant control strategies with different
optimal goals, in terms of minimum stator copper loss, the
same stator current, and minimum torque ripple, are illustrated
in detail. Spatial harmonic magnetic field coupling is a crucial
topic for torque-ripple analysis under fault condition, especially
for multiphase motor with concentrated full-pitch winding.
In ideal case of motors with sinusoidal distributed stator
winding, the fundamental stator current space vectors do not
contribute to spatial harmonic distribution of MMF [21]. On the
contrary, each current space vector can produce ellipse rotating
asynchronous MMFs for concentrated full-pitch winding, and it
affects the motor torque ripple. The distinguished fault-tolerant
control technique for five-phase permanent motor (PM) motor
with trapezoid electromotive force (EMF) with optimized third

See http://www.ieee.org/publications standards/publications/rights/index.html for more information.

https://orcid.org/0000-0001-9377-6884
https://orcid.org/0000-0002-9048-5229
https://orcid.org/0000-0001-6375-0990
https://orcid.org/0000-0001-9986-0577
https://orcid.org/0000-0002-7563-7415


KONG et al.: INVESTIGATION OF SPATIAL HARMONIC MAGNETIC FIELD COUPLING EFFECT ON TORQUE RIPPLE 6061

harmonic current injection, and imbalance third harmonic
current also improves torque density and minimizes the torque
ripple [22]. Based on the analysis of star stator winding config-
uration, pentagon and pentacle stator windings are investigated
to compare torque ripple performance with optimized third
harmonic current injection [23], [24]. Control of seven-phase
motor under open-circuit phase faults is presented and assessed,
and minimum torque pulsation control strategy is analyzed by
considering the first three spatial harmonics of the air-gap MMF
[25]. However, the previous works lack comprehensive analysis
for spatial harmonic magnetic field coupling problem, and
essential principle for torque ripple reduction is not illustrated
properly.

Regarding the type of current control under fault condition,
some initial works proposed the use of hysteresis controllers
with variable frequency [16]. Subsequent works focus on other
approaches such as the synchronous frame current control with
forward compensation, but the method is difficult to extend for
other different phase motor [19]. As an alternative to the dom-
inating trend of filed oriented control with linear proportional
integral (PI) controllers, the predictive control has emerging as a
promising competitor [26]. Many contributions have been made
for three-phase and multiphase in the healthy condition [27],
[28]. The predictive current method is also applied in the speed
control of five-phase IM with integrated open-phase fault op-
eration [29], [30], but this method requires high performance
processor with additional cost. The development of more ad-
vanced control scheme has proved that dual-PI controller can
be very effective in tracking asymmetry currents under fault
condition [31]. Despite the main advantage of the latter method
has been proved for withstanding fault situations, no thorough
improved regulator has been done for fault-tolerant control.

In this paper, a novel fault-tolerant control method is in-
vestigated to achieve minimum torque ripple under open fault
condition, which is based on the analysis of spatial harmonic
magnetic field coupling phenomena. The current space vector
is introduced to represent the degree of coupling, and residual
stator currents are reconstructed for reducing torque pulsation
and satisfying zero-neutral current constraint. According to cur-
rent space vector representation, it can be seen that fundamental
spatial plane is not orthogonal to harmonic spatial planes under
fault condition. The reverse magnetic field in the fundamental
spatial plane results in severe torque pulsation, and the proposed
method is presented to achieve torque ripple free. Furthermore,
the optimal current control for fundamental and harmonic cur-
rent is realized by proportional integral resonant (PIR) regulator,
and the values of proportional and integral time constant in the
transfer function are also derived. Finally, the proposed method
with optimized harmonic current injection is further validated
by experiments.

II. SPACE HARMONIC MAGNETIC FIELD COUPLING PRINCIPLE

ANALYSIS UNDER OPEN FAULT CONDITION

A. Behavior of Five-Phase IM in the Healthy Condition

Multiphase motor with concentrated full-pitch winding
usually utilizes harmonic current injection method to improve

Fig. 1. Five-phase IM drive. (a) Topology of five-phase with single neutral
point. (b) Five-phase stator current with third harmonic current injection.

operation [10]–[12], [15]. The typical isolated neutral, five-
phase inverter in Fig. 1(a) is constructed to drive a star
connected five-phase IM, and five-phase stator currents with
third harmonic component are demonstrated in Fig. 1(b).

The five-phase motor through a set of four dependent
variables divided into two orthogonal planes, namely, α1 − β1
and α3 − β3 , and a zero sequence component [10]–[12], [16].
In the healthy condition, the generalized Clark transformation
is given by [10]

[T5 ] =
2
5

⎡
⎢⎢⎢⎢⎢⎢⎣

1 cos(γ) cos(2γ) cos(3γ) cos(4γ)
0 sin(γ) sin(2γ) sin(3γ) sin(4γ)
1 cos(3γ) cos(6γ) cos(9γ) cos(12γ)
0 sin(3γ) sin(6γ) sin(9γ) sin(12γ)

1/2 1/2 1/2 1/2 1/2

⎤
⎥⎥⎥⎥⎥⎥⎦
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→ β1

→ α3

→ β3

→ 0
(1)

where γ = 2π/5. The orthogonal matrix (1) is used to transform
stator quantities between a–b–c–d–e natural reference and
α1 − β1 − α3 − β3 − 0 stationary reference frame.

Generally, third harmonic current is used for air-gap flux den-
sity optimization for five-phase IM. Under healthy condition, the
five-phase stator currents with third harmonic currents are [16]
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⎥⎥⎥⎥⎦

(2)
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where I1 is amplitude for the fundamental current, I3 is ampli-
tude for the third harmonic current, and ω is angular frequency.

When open fault occurs in the stator phase, the corresponding
stator currents go down to zero. The fundamental current space
vectors are

⎡
⎣ ∑

ρ=1,3

∑
k=1,3

�ikSρ

⎤
⎦ =

[
�i1S1

]
+

[
�i3S1

]
+

[
�i1S3

]
+

[
�i3S3

]

= [T5 ]
[
�iabcde

]
= [T5 ]

[
�ia1b1c1d1e1

]
+ [T5 ]

[
�ia3b3c3d3e3

]
(3)

where k represents the spatial number for plane, and ρ is time
number for current.

B. Coupling Analysis Between Fundamental Plane and Third
Harmonic Plane Under Open Fault

Obviously,�i1S1 is current space vector with fundamental cur-
rent mapped into fundamental plane, and �i3S1 is current space
vector with fundamental current mapped into third spatial har-
monic plane. Similarly,�i1S3 and�i3S3 are the third harmonic cur-
rent mapped into corresponding spatial planes. It can be turned
out that the current �i1S1 , �i3S1 , �i1S3 , and �i3S3 are not independent
any more under open fault condition. Since the reference current
space vector�i1S1 is the main component to generate the torque,
and it should be maintained for the same trajectory. Thus, �i3S1
cannot be satisfied to be null, because the fundamental plane is
coupled with third harmonic plane under fault condition. Un-
fortunately, the third harmonic current is also mapped into fun-
damental spatial plane with larger torque ripple, because�i1S3 is
acted with fundamental plane inductance.

Under healthy condition, the fundamental current space vec-
tor is mapped into d1 − q1 plane only, and it is orthogonal to
d3 − q3 plane. Similarly, third harmonic current space vector
has the same characteristic, and the magnetic fields are dis-
played in Fig. 2(a). However, the fundamental spatial plane is
coupled with third harmonic spatial plane under fault condition,
and the magnetic field distribution is shown in Fig. 2(b). The
fundamental current space vector produces two magnetic fields
simultaneously, and the field rotating speed is ±ω and ±ω/3,
respectively. Meanwhile, the fundamental current in the third
harmonic spatial plane generates torque ripple. Similarly, the
third harmonic current space vector generates ±3ω and ±ω ro-
tating speed MMFs. However, the third harmonic current space
vector produces larger torque ripple, because the value of in-
ductance in the fundamental spatial plane is greater [9]–[11],
[17].

In generation case, it is necessary to keep the first spatial har-
monic undisturbed and to preserve the same�i1S1 as the healthy
condition. The third harmonic current is also designed to remain
the same current space vector �i3S3 , as shown in the Fig. 3(a).
The reverse rotating current space vectors is removed by fault-
tolerant control, while�i3S1 and�i1S3 cannot be minimized to zero,
and current space vector �i3S1 and �i1S3 generate asynchronous
MMF. Reverse-rotating stator MMF generated by current space
vectors should be avoided, because low-frequency torque ripple
is an essential problem in the motor system. �i1S3 is acted with

Fig. 2. Relationship between stator current and magnetic field. (a) Healthy
condition. (b) Open-fault condition.

Fig. 3. Coupling analysis under one-phase open fault condition. (a) Traditional
fault-tolerant method. (b) Proposed fault-tolerant method.

fundamental spatial plane with large inductance, while�i3S1 gen-
erates less torque pulsation in the third harmonic spatial plane
with small inductance. �i3S1 , �i1S3 , and �i3S3 are optimized with
novel stator currents in the proposed method.�i1S3 is designed to
force the MMF mapped into fundamental spatial plane to move
along forward circular trajectory, as shown in the Fig. 3(b).

Similarly, the coupling analysis for two-phase open fault con-
dition is shown in the Fig. 4. There are only three phase remain-
ing, and the control freedom is also reduced. Consequently,
�i3S1 and �i1S3 can be realized circular trajectory simultaneously
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Fig. 4. Coupling analysis under two-phase open fault condition. (a) Tradi-
tional fault-tolerant method. (b) Proposed fault-tolerant method.

shown in Fig. 4(a). The current space vector�i1S3 is optimized for
forward speed to reduce the torque ripple, as shown in Fig. 4(b).

III. TORQUE RIPPLE REDUCTION WITH PROPOSED

FAULT-TOLERANT CONTROL STRATEGY

A. Traditional Method Under Single-Phase Open Condition

Fault-tolerant control strategies have various criterions, the
same stator current control method is adopted to compared with
the proposed method. This result is not new, and it has been
published in previous literature. The residual stator currents for
fundamental component are [22]

⎧
⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

i′a1 = 0
i′b1 = 1.382I1 cos(ωt − π/5)
i′c1 = 1.382I1 cos(ωt − 4π/5)
i′d1 = −1.382I1 cos(ωt − π/5)
i′e1 = −1.382I1 cos(ωt − 4π/5).

(4)

Substituting (4) into (3), the current space vector for funda-
mental current are defined as follows:
⎡
⎢⎢⎢⎢⎢⎢⎣

K1
1α

�i1S1α,ref

K1
1β

�i1S1β ,ref

K3
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0

⎤
⎥⎥⎥⎥⎥⎥⎦

=
2
5

⎡
⎢⎢⎢⎢⎢⎢⎣

1 cos(γ) cos(2γ) cos(3γ) cos(4γ)
0 sin(γ) sin(2γ) sin(3γ) sin(4γ)
1 cos(3γ) cos(6γ) cos(9γ) cos(12γ)
0 sin(3γ) sin(6γ) sin(9γ) sin(12γ)

1/2 1/2 1/2 1/2 1/2

⎤
⎥⎥⎥⎥⎥⎥⎦

×

⎡
⎢⎢⎢⎢⎢⎢⎣

0
0
i′c1

i′d1

i′e1

⎤
⎥⎥⎥⎥⎥⎥⎦

(5)

Fig. 5. Trajectories of current space vector under single-phase fault condition
for the traditional method. (a) Fundamental stator current space vector. (b) Third
harmonic stator current space vector.

where�i1S1α,ref= cos(ωt),�i1S1β ,ref = sin(ωt). The control strat-
egy for same stator current amplitude, the coefficients are

K1
1α = 1.00 K1

1β = 1.00 K3
1α = −0.50 K3

1β = 0.12 . (6)

Similarly, the third harmonic currents can be also derived [16]
as follows: ⎧

⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

i′a3 = 0
i′b3 = 3.618I3 cos(3ωt − 3π/5)
i′c3 = 3.618I3 cos(3ωt − 12π/5)
i′d3 = −3.618I3 cos(3ωt − 3π/5)
i′e3 = −3.618I3 cos(3ωt − 12π/5).

(7)

Similarly, substituting (7) into (3), the current space vector
for third harmonic current are defined as follows:

⎧
⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

�i1S3α = K1
3α

�i1S3α,ref

�i1S3β = K1
3β

�i1S3β ,ref

�i3S3α = K3
3α

�i1S3α,ref

�i3S3α = K3
3β

�i1S3α,ref

(8)

where�i1S3α,ref= cos(3ωt) and�i1S3β ,ref = sin(3ωt). The coeffi-
cients are

K1
3α = −0.50 K1

3β = 0.12 K3
3α = 1.00 K3

3β = 1.00 . (9)

The current space vectors in (5) and (8) are demonstrated in
the pattern of Lissajous trajectory. Fig. 3(a) demonstrates that
�i3S1 is not null, and the trajectory is elliptical, and the reverse
component can produce torque ripple, as shown in Fig. 5(a).
Especially,�i1S3 with elliptical trajectory generates larger torque
pulsation in the fundamental spatial plane in the Fig. 5(b).

B. Proposed Method Under Single-Phase Open Condition

The third harmonic currents above generate the same third
harmonic magnetic field as the healthy condition, but the funda-
mental spatial plane cannot maintain zero simultaneously. The
torque ripple cannot be neglected because of the larger value
for inductance in the fundamental spatial plane. Hence, (4) and
(7) are not proper values for minimum torque ripple. The math-
ematical model of a five-phase IM can be derived in terms of
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multiple space vectors

Rr
�iRk +

d�ϕRk

dt
− jkω�ϕRk = 0, (k = 1, 3) (10)

�ϕRk = Lmk
�iSk + LRk

�iRk , (k = 1, 3) (11)

Te =
5
2
P

∑
ρ=1,3

∑
k=1,3

kLmρ
�iSk · j�iRk (12)

where Lmk and LRk are the stator inductance and rotor in-
ductance, respectively. The motor parameters are shown in the
Table III.

The minimum torque ripple of (9) to the constraint can be
given by the Lagrange multipliers method [31]. The stator cur-
rents are ⎧

⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

i′a1 = 0
i′b1 = 1.902I1 cos(ωt − 0.94)
i′c1 = 1.179I1 cos(ωt − 3.45)
i′d1 = 1.179I1 cos(ωt − 2.83)
i′e1 = 1.902I1 cos(ωt − 5.34).

(13)

The space vector for the fundamental currents can be derived
as follows:

K1
1α = 1.00 K1

1β = 1.00 K3
1α = 0.50 K3

1β = 0.50 . (14)

In this case, third harmonic currents can be calculated as⎧
⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

i′a3 = 0
i′b3 = 1.175I3 cos(3ωt − 2.83)
i′c3 = 1.901I3 cos(3ωt − 0.94)
i′d3 = 1.901I3 cos(3ωt − 5.34)
i′e3 = 1.175I3 cos(3ωt − 3.45).

(15)

The space vector for the third harmonic currents can be de-
rived as follows:

K1
3α = 1.00 K1

3β = 1.00 K3
3α = 0.50 K3

3β = 0.50 . (16)

Reverse rotating MMF should be eliminated in order to re-
duce the torque pulsation under fault condition. As for five-phase
IM drive under single-phase open condition, there are enough
control freedoms to make�i1S1 and�i3S1 move along circular tra-
jectories. The space vector behavior for the proposed method is
depicted in Fig. 6. The space vector for fundamental and third
harmonic currents both generate circular trajectories. Reverse
rotating MMF is removed compared with the one in traditional
method.

C. Two-Phase Open Condition

The maximum number of open phases for five-phase IM drive
is up to two. These fault conditions can be divided into two
groups, and the more serious fault condition for phase A and
B open is analyzed in this section. The currents for open phase
maintain zero, and the remaining stator currents can be derived
for the same MMF distribution as healthy condition. It should
be noted that there is no more control freedom to optimize two
current space vectors simultaneously. There is unique solution
for the fundamental stator currents, when it aims to maintain

Fig. 6. Trajectories of current space vector under single-phase fault condition
for the proposed method. (a) Fundamental stator current space vector. (b) Third
harmonic stator current space vector.

the circular trajectory in the fundamental plane. Hence, the fun-
damental stator current expressions are the same between tradi-
tional method and proposed method. The expression are [16]

⎧
⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

i′′a1 = 0
i′′b1 = 0
i′′c1 = 2.236I1 cos(ωt − 2π/5)
i′′d1 = 3.618I1 cos(ωt + 4π/5)
i′′e1 = 2.236I1 cos(ωt).

(17)

The current space vectors for fundamental currents under two
adjacent phase open fault are

K1
1α = 1.00 K1

1β = 1.00 K3
1α = −0.28 K3

1β = −1.32 .
(18)

The traditional method with third harmonic current injection
is calculated in [16], and it achieves the object of circular cur-
rent space vector in the third harmonic spatial plane. The third
harmonic current expression is

⎧
⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

i′′a3 = 0
i′′b3 = 0
i′′c3 = 2.236I3 cos(3ωt − 6π/5)
i′′d3 = 1.382I3 cos(3ωt + 12π/5)
i′′e3 = 2.236I3 cos(3ωt).

(19)

The current space vectors for third harmonic currents with
traditional method are as follows:

K1
3α = −0.28 K1

3β = −1.32 K3
3α = 1.00 K3

3β = 1.00 .
(20)

The third harmonic currents aim to maintain the circular tra-
jectory in the fundamental spatial plane, while�i3S3 has reverse
MMF trajectory. The inductance in the fundamental plane is
nine-times as large as third harmonic plane, when the current
space vector mapped into the fundamental plane with larger in-
ductance according to the torque equation in (12). Hence, the
trajectory of �i1S3 should be maintained circular. The third har-
monic current is one control freedom, and it can be optimized
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Fig. 7. Trajectories of current space vector under two-phase fault condition
with proposed method. (a) Fundamental stator current space vector. (b) Third
harmonic stator current space vector.

Fig. 8. Block diagram of fault-tolerant control scheme for five-phase IM drive.

to minimize the torque ripple with proper current space vector
⎧
⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

i′′a3 = 0
i′′b3 = 0
i′′c3 = 2.236I3 cos(3ωt − 2π/5)
i′′d3 = 3.618I3 cos(3ωt + 4π/5)
i′′e3 = 2.236I3 cos(3ωt).

(21)

The current space vectors for third harmonic currents with
proposed method are as follows:

K1
3α = 1.00 K1

3β = 1.00 K3
3α = −0.28 K3

3β = −1.32. (22)

The space vector trajectory under two-phase open fault con-
dition is demonstrated in Fig. 7. The trajectories mapped into
fundamental spatial plane are circular, while the vectors in
third harmonic spatial plane are elliptical. Hence, the proposed
method can improve torque density and reduce torque ripple
even under two-phase open fault condition.

IV. FAULT-TOLERANT CURRENT CONTROL USING

RESONANT REGULATOR

A. Fault-Tolerant Control in the Phase Frame

The control scheme for five-phase IM under fault condition
is shown in Fig. 8, and it consists of speed-loop and current-
loop. The reference current i∗sd1 maintains constant, and the
third harmonic d-axis i∗sd3 is defined by coefficient K1 . The
value of K1 and K2 is analyzed in [10]. The reference of i∗sq1 is
determined by PI regulator on the basis of the speed error. Then,
the stator current can be given by reverse park transformation,
as shown in (4), (7), (13), and so on. The current loop can

be realized by PIR current regulator, and the detail analysis is
demonstrated in next section.

B. Proposed Resonant Controller and Parameter Tuning

For higher performance current regulation system, the resid-
ual reference tracking error is unacceptably large using PI reg-
ulator. In this situation, the only remaining alternative is to
increase the gain of the forward controller block at the target
reference frequency, but this would reduce the system phase
stability margin. The forward gain block Gc(s) of a practical
proportional resonant (PR) control is described by the transfer
function [27]

Gc(s) = kp

(
1 +

s

τi(s2 + ω2
e )

)
(23)

where ωe is the target reference frequency. s/(s2 + ω2
e ) is res-

onant component for high gain in the forward loop.
Unfortunately, the ideal PR controller response defined by

(23) can be challenging to physically realize, particularly using
a fix-point calculation as is typically available in current gener-
ation digital signal process (DSP) with PWM capability. Hence,
a more practical resonant controller is

Gc(s) = kp

(
1 +

s

τi(s2 + ωrs + ω2
e )

)
(24)

where ωr is the resonant cutoff frequency.
The PIR controller has better performance for bandwidth

control, and it is suitable for realizing fundamental and third
harmonic current tracking, when only one current regulator is
applied for each phase. Since PIR controller phase reverts back
to the PI controller at higher frequency, the kp and integral gain
τi can be used to optimized through PI controller [27].

As described in [28], the maximum cross frequency can be
derived

ωc (max) =
π/2 − φm

Td
(25)

where φm is phase margin, and the value is usually set to π/4.
The integral time constant τi can be minimized by

tan−1(ωcτi) ≈ π/2, and it can be given in the industrial ap-
plication

τi ≈ 10
ωc(max)

. (26)

Then, the maximum possible magnitude of kp can be derived
by setting the open loop gain to unity

kp ≈ Rsτiωc(max)

√√√√ (1 + ω2
c(max)T

2
p )

(1 + ω2
c(max)τ

2
i )

(27)

where Rs is the stator resistance for five-phase IM, and Tp =
(Los + Lo r Lm

Lo r +Lm
)/Rs . The stator leakage inductance Los and

rotor leakage inductance Lor are shown in the Table III.
Equations (23) and (24) show the mathematical derivation for

the value of kp and τi , which is crucial for the performance of
PIR controller to ensure the system stability shown in the Fig. 8.
According to mathematical analysis and simulation result, the
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Fig. 9. Five-phase IM drive system. (a) Schematic diagram of the experimental
platform. (b) Control system hardware and prototype motor.

controller gain kp = 0.80 and τi = 0.00325 s is applied in the
current controller. Then, the mathematical expression in (24)
can be used in further used in the current regulator in the Fig. 8.

V. EXPERIMENTAL RESULTS AND DISCUSSION

A. System Implementation

The entire experimental setup for five-phase motor drive
is shown in Fig. 9 and the experimental platform consists of
five-phase voltage source inverter and control board. The five-
phase IM with concentrated full pitch stator windings is shown
in Fig. 9(b), whose nominal parameters of five-phase IM are
shown in Appendix. The dc bus voltage is set for 72 V, and the
power device consists of four MOSFET with parallel structure
for each phase. The control algorithm is implemented in a DSP
TMS320F28335 and the switching frequency is 10 kHz. The
torque is tested by JN338 torque-speed sensor, and the response
time of dynamic strain wave for strain gauge is 3.2 × 10−6 s.
The output signal for torque-speed sensor ranges from 5 to
15 kHz, which represents the reverse and forward maximum
torque, respectively. The torque waveform is transformed by
F/V converter, and all the data captured from Yokogawa DL850
multiple-channel oscilloscope.

B. Single Open-Phase Fault

The results for optimized PIR control method with EMF com-
pensation are demonstrated in Fig. 10. The current error is min-
imized distinctively at transient response. Hence, the compara-
tive experimental results verify the effectiveness of PIR control
method in the phase frame, and it achieves excellent current
tracking even at fault occurrence.

Fig. 10. Current tracking performance for PIR control method.

The boundary for fault condition is important, and the rest
of phase currents should not exceed the rated values. The load
should be decreased for long time operation, if thermal limit
of phase winding and power electronic converter is taken into
consideration. Preliminary experimental tests in the healthy con-
dition are carried out at load torque of 16.0 N·m and a reference
rotor speed of 300 r/min. The experimental results contains three
components, including healthy condition, open fault condition,
and fault-tolerant control condition. There is enough time for
each stage, and the steady state and transient performance can
be compared easily. In order to verify the effectiveness of the
proposed method control strategy, four fault-tolerant control
methods are compared, including the same amplitude for the
stator currents without third harmonic current (M1), the same
amplitude for the stator currents with third harmonic current
(M2), minimum torque ripple without third harmonic current
(M3), and minimum torque ripple with third harmonic current
(M4). The M1 and M2 methods are the previous works in [16],
and they are used to compare with the proposed method.

The experimental results for M1 method is shown in Fig. 11.
The torque is smooth in the healthy condition, while the torque
pulsation increases up to 23.1% under open fault condition. The
current space vector �i1S1 generates −ω and ω rotating MMFs.
Thus, the frequency for torque ripple is 2ω, which is twice times
as stator current frequency. The torque ripple is mainly caused
by the reverse rotating MMF in the fault condition. The torque
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Fig. 11. Traditional method without third harmonic current injection
(M1 method). (a) Five-phase stator current. (b) Measured torque ripple.

ripple is reduced significantly with fault-tolerant control strategy
shown in Fig. 11(b).

The experimental results for M2 method is shown in Fig. 12.
Compared with M1 method, third harmonic currents are injected
into five-phase IM. However, the torque ripple still maintains
large amplitude up to 20.2% under fault-tolerant control strat-
egy. According to the analysis in Figs. 2 and 3, the current space
vector �i1S3 generates ±3ω rotating MMF. They are acted with
ω fundamental rotating MMF, and it will generate 2ω and −4ω
angular frequency torque ripple. The torque ripple is mainly
caused by third harmonic currents, which are coupled with the
fundamental spatial plane. Furthermore, the current space vector
for traditional method is shown in the Fig. 13, when the math-
ematical equation is demonstrated in (6) and (9). The current
space vector�i1S3 is elliptical trajectory in the Fig. 13(b), and it
generates the torque ripple in the Fig. 12(b).

The experimental results for M3 method is shown in Fig. 14.
This control strategy aims to the minimum torque ripple un-
der fault condition. The torque waveform in Fig. 14(b) shows
smooth performance, and it is similar with the healthy con-
dition. Compared with M1 method, this method has different
amplitudes for the remaining stator currents.

The experimental results for M4 method is shown in Fig. 15.
Compared with M3 method, the third harmonic currents are in-
jected into five-phase IM. However, the torque ripple is still very
small under fault-tolerant control condition. Hence, the results
prove that the M4 method reduces torque ripple obviously, when
the third harmonic currents are utilized to improve the torque
density. Compare with the M2 method, the third harmonic

Fig. 12. Traditional method with third harmonic current injection
(M2 method). (a) Five-phase stator current. (b) Measured torque ripple.

Fig. 13. Experimental results for the traditional method under single-phase
fault condition. (a) Fundamental stator current space vector. (b) Third harmonic
stator current space vector.

currents are optimized to achieve torque ripple free performance.
The current space vector results are shown in the Fig. 16, and
all of them are maintained the circular trajectory with the pro-
posed method. Hence, the torque ripple is reduced significantly
compared with the traditional method (M2).

To evaluate four fault-tolerant control strategies under single-
phase open condition, two important parameters are presented.
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Fig. 14. Proposed method without third harmonic current injection
(M3 method). (a) Five-phase stator current. (b) Measured torque ripple.

Fig. 15. Proposed method with third harmonic current injection (M4 method).
(a) Five-phase stator current. (b) Measured torque ripple.

Fig. 16. Experimental results for the proposal method under single-phase fault
condition. (a) Fundamental stator current space vector. (b) Third harmonic stator
current space vector.

TABLE I
PERFORMANCE FOR ONE-PHASE OPEN FAULT

Conditions Healthy Fault M1 M2 M3 M4

ρ 1.00 1.82 1.00 1.00 1.61 1.52
ΔTe (%) 2.1 23.1 4.4 20.2 3.5 5.3

The remaining stator currents are unbalanced, and each phase
copper loss is different. Stator current equalization is expressed

ρ =
max(I ′b , I ′c , I ′d , I ′e)
min(I ′b , I ′c , I ′d , I ′e)

. (28)

Torque ripple is a key value for drive system, and the aim of
fault-tolerant control is to reduce the pulsation. The parameter
is defined as

ΔTe =
Te(max) − Te(min)

Te(avg)
. (29)

The performances for one-phase open fault are listed in Ta-
ble I. The stator currents are balanced distributed in the M1 and
M2 method, compared with M3 and M4 method. However, the
torque pulsation is deteriorated in the M2 method, because the
third harmonic generates torque ripple in the fundamental spa-
tial plane. Hence, the M3 and M4 method are proposed to reduce
torque ripple even under harmonic current injection condition.

C. Two-Phase Open Fault

The experimental results under two-phase open fault condi-
tion are shown in Fig. 17, when the stator current are sinusoidal.
The load is reduce for 8 N·m, because the maximum stator
currents are limited under two-phase open condition. The torque
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Fig. 17. Two-phase open fault result without third harmonic current injection
(M5 ). (a) Five-phase stator current. (b) Measured torque ripple.

performance in Fig. 17(b) indicates that the torque ripple re-
mains smooth in the fault-tolerant condition.

The experimental results with third harmonic current injection
for the traditional method are shown in Fig. 18. According to
analysis in Section II, �i3S3 is circular trajectory, while �i1S3 is
elliptical trajectory acted with larger inductance. Consequently,
the torque ripple still remains large under fault-tolerant control
condition shown in Fig. 18(b), and the percentage of pulsation
amplitude is up to 17.2%. The angular frequency for torque
ripple is 4ω, and the rotating direction is reverse resulting in
high rotor loss.

The experimental results with third harmonic current injec-
tion for the proposed method are shown in Fig. 19. It should
be noted that �i3S3 is elliptical trajectory, while �i1S3 is circular
trajectory acted with fundamental inductance. The reverse com-
ponent of current space vector�i1S3 is removed by the proposed
method, and the torque ripple can be reduced obviously com-
pared with the results in Fig. 19(b). The current space vector
under two-phase open condition is shown in the Fig. 20, and
�i1S3 is optimized for the circular trajectory to reduce the torque
ripple. Hence, the fundamental and other harmonic currents
mapped into fundamental spatial plane should remain circular,
and the reverse MMF is required to be avoided.

The performances for two-phase open fault are listed in Ta-
ble II. The torque ripple for the proposed method is reduced
significantly compared with the traditional method. According
to the values in the method M6 and M7 , it is shown that third

Fig. 18. Two-phase open fault result with third harmonic current injection for
the traditional method (M6 ). (a) Five-phase stator current. (b) Measured torque
ripple.

Fig. 19. Two-phase open fault result with third harmonic current injection for
the proposed method (M7 ). (a) Five-phase stator current. (b) Measured torque
ripple.
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Fig. 20. Experimental results for the proposed method under two-phase fault
condition. (a) Fundamental stator current space vector. (b) Third harmonic stator
current space vector.

TABLE II
PERFORMANCE FOR TWO-PHASE OPEN FAULT

Conditions Healthy M5 M6 M7

ρ 1.00 0.62 0.41 0.58
ΔTe (%) 2.1 11.4 30.5 13.6

harmonic current is also can be used to improve the torque
density even under two-phase open fault condition.

VI. CONCLUSION

This paper has investigated spatial harmonic magnetic field
effects on torque ripple for multiphase IM with concentrated
full pitch winding. The analytical formulation utilizes multiple
current space vector representation, and the coupling of current
space vector is presented between fundamental and harmonic
planes. The stator currents are optimized to maintain the circu-
lar trajectory in the fundamental spatial plane, and it aims to
generate high quality torque output. The negative effect caused
by spatial magnetic field coupling can be diminished with suit-
able control method. To assess the effectiveness of the proposed
method, four control strategies are compared under single-phase
open condition. Moreover, it is proved that the proposed method
can realize torque-ripple free under two-phase open condition.
Furthermore, the PIR controller is optimized, and different val-
ues of parameters in the transfer function are derived. The fault-
tolerant strategies demonstrate that multiphase motor can con-
tinue to operate with a rotating as long as no more than (n–3)
phases are faulted. Finally, the proposed method is further vali-
dated by experiments.

APPENDIX

TABLE III
PARAMETERS OF FIVE-PHASE IM

Rated power 5 kW Lm 3 0.18 mH

Current (RMS) 73 A Lor 1 ≈ Lor 3 0.03 mH
Torque 25 N·m Los1 ≈ Los3 0.02 mH
Poles 2 Rs 0.011 Ω
Rated speed 1940 (r/min) Rr 1 0.009 Ω
Lm 1 1.58 mH Rr 3 0.008 Ω
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