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Abstract—In this article, a fault-tolerant control method is
designed for half-centralized open-end winding (HCOW) motor
drive system with open-circuit fault. In the HCOW drive system,
each mover can output fluctuated thrust and the system thrust
should keep constant. This will provide additional degree of thrust
freedom, which may lead to less system copper loss or higher
torque (thrust) output capacity. The proposed fault-tolerant control
method includes two fault current distributors and one voltage dis-
tributor. The fault current distributor I is designed for the common-
leg fault based on the Lagrange loss minimization principle. The
fault current distributor II is designed for the independent-leg
fault based on the fundamental frequency phase loss minimization
principle. The voltage distributor is designed to distribute the
voltage demand into remaining inverter legs. The system copper
losses and the thrust output capacity of the different methods are
analyzed. Compared with the conventional method, the proposed
tolerant method can reduce the system copper loss and increase the
thrust output capacity. Finally, the proposed fault-tolerant control
method has been verified by experimental results.

Index Terms—Fault tolerance, open-circuit fault (OCF), open-
end winding motor drive system.

I. INTRODUCTION

P ERMANENT-MAGNET motors have been applied in
many fields due to the high efficiency and high-power

density [1], [2], [3]. With the merits of wide speed range opera-
tions, excellent fault-tolerant ability, and multilevel modulation,
open-end winding drive systems have been studied by lots of
researchers [4], [5], [6].

Usually, an open-end winding permanent-magnet motor is
supplied by two voltage source inverters (VSIs), which will
bring some drawbacks, such as more expensive hardware cost
and higher failure possibility. The abovementioned drawbacks
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will be more serious for multimotor drive system. In [7],
a half-centralized open-end winding (HCOW) motor drive
system is proposed, which not only retains the advantages of
conventional open-end winding drive system, but also reduces
the number of power switches. In [7], a collaborative control
method is applied to realize the high performance of HCOW
drive system and the voltage distributor can maximize the
dc voltage utilization. In [8], two unified maximum voltage
utilization control methods are proposed and compared to
expand the speed range of HCOW drive system. In [9], two
model predictive voltage control methods are designed from
the perceptive of phase for HCOW drive system.

According to [10], the open-circuit fault (OCF) is one of the
common faults in the drive system and open-circuit accounts
for up to 38%. The control performance and efficiency of drive
system will degrade. Even in some cases, it will result in serious
damage. Up to now, many fault-tolerant control methods have
been proposed to cope with OCFs of motor drive systems [11],
[12], [13], [14], [15], [16], [17], [18], [19], [20], [21], [22].
Conventional drive topology can realize the fault tolerance of
OCF [11], [12], [13]. However, for the fault tolerance of three-
phase motor drive system, special drive topologies should be
applied, such as open-end winding topology [14], [15], [16],
[17] and four-leg topology [18], [19], [20], [21], [22]. For the
open-end winding topology, a new coordinate transformation
matrix is designed to realize the fault tolerance of OCF [14].
This method can decouple the voltage expression and suppress
the torque ripple. In [15], a fault-tolerant predictive controller is
proposed for the open-end winding topology with OCF, which
can be applied in both pre and postfault conditions. In [16], the
second-time OCF is processed by bridge arm sharing strategy
and the reliability of drive system can be further enhanced. In
[17], an optimal real-time fault-tolerant control method is de-
signed to reduce the system copper loss in the open-end winding
topology with OCF. In [18], a novel transformation matrix is
designed to transform the dq-axis demand into remaining phase
demand under OCF condition. In [19], a new reference frame
transformation is proposed for OCF. This method can be applied
in both id = 0 mode and id � 0 mode. In [20], an optimized
fault-tolerant control method is designed with the consideration
of system copper loss minimization and magnetomotive force
constant. In [21], two resonant controllers are applied for the
fault tolerance of OCF. This method can adaptively suppress
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second harmonic in the torque ripple. In [22], the third harmonic
back electromotive force (EMF) is taken into account, and the
second and fourth harmonic torque can be suppressed. In [23],
the fault-tolerant operation of the motor with Δ-connected cir-
cuits is achieved by the constant volts-per-hertz control. In [24],
a fault-tolerant control was proposed for the open-end wind-
ing induction motor drive, in which a multilevel inverter was
employed. These literatures [23] and [24] are mainly designed
for single three-phase motors, while the HCOW drive system
contains several three-phase motors. In addition, multiphase mo-
tors have stronger fault-tolerant capacity [25], [26], [27], [28],
[29]. Based on the redundancy communication and redundancy
bridge arm [25], [26], two fault-tolerant control methods are,
respectively, designed for the dual three-phase motor system
with Y-connected circuit. However, the neutral point is opened
in the HCOW systems. In [27], the current vector fault-tolerant
method was applied for the dual three-phase open-end winding
motor system, and the two sets of three-phase windings must
always remain same phase angles. However, the phase angles
of the motors in the HCOW drive system may be different.
Unfortunately, to the best of authors’ knowledge, no existing
literatures can be directly applied for the fault tolerance of the
HCOW drive system.

To improve the reliability of the HCOW drive system, a
fault-tolerant control method is proposed in this article to cope
with the OCF of the HCOW drive system. The main contribution
of this article is to achieve the fault-tolerant control of the HCOW
drive system, while the copper losses and thrust output capacity
are optimized according to different targets. Compared with the
conventional method, which extends from the open-end winding
fault-tolerant system, the proposed method can reduce system
copper losses and increase the thrust output capacity. The rest
of the article is organized as follows. The studied HCOW drive
system is introduced in Section II. The proposed fault-tolerant
control method is proposed in Section III. The conventional
fault-tolerant control method is shown in Section IV. The perfor-
mance is analyzed in Section V. Some experiments are carried
out to verify the effectiveness of the proposed fault-tolerant
control method in Section VI. Finally, Section VII concludes
this article.

II. HCOW DRIVE SYSTEM DESCRIPTION

The HCOW drive system has been proposed in the previous
articles [7], which consists of three VSIs and two movers. One
side of each mover is connected to an independent VSI and
the other sides of all motors are connected to a common VSI.
Compared with the open-winding drive system, the HCOW drive
system can be applied to reduce the power switches.

The voltage equation of each mover in the HCOW drive
system is the same as the conventional forms, which can be
described as

⎡
⎣uayuby
ucy

⎤
⎦ = Rsy

⎡
⎣iayiby
icy

⎤
⎦+

⎡
⎣L M M
M L M
M M L

⎤
⎦
⎡
⎣iayiby
icy

⎤
⎦+

⎡
⎣eayeby
ecy

⎤
⎦ (1)

where uay, uby, and ucy are phase voltages of mover y, respec-
tively; iay, iby, and icy are current of mover y, respectively; L
and M are the phase self-inductance and mutual inductance,
respectively; Rsy is the phase resistance; e represents back EMF;
and the subscripts y indicates mover y (y = 1 or 2). The HCOW
drive system thrust is superimposed by all movers. The thrust F
can be deduced as

F =
ea1ia1 + eb1ib1 + ec1ic1 + ea2ia2 + eb2ib2 + ec2ic2

v
(2)

where v is the system speed, v = ωeτ s/2π. ωe is the equivalent
electrical angular velocity; and τ s is the double pole pitch. These
EMFs are described as⎧⎪⎨
⎪⎩
ea1=−E sin(θ1), ea2 = −E sin(θ1 +Δθ)

eb1=−E sin(θ1 − 2π/3), eb2=−E sin(θ1 − 2π/3 + Δθ)

ec1=−E sin(θ1 + 2π/3), ec2=−E sin(θ1 + 2π/3 + Δθ)
(3)

where E is the EMF amplitude, E = ωeψf;ψf is the fundamental
amplitudes of the permanent-magnet flux linkage; Δθ is the
primary position difference, Δθ = θ2−θ1; and θ1 and θ2 are
the primary positions of two movers. Specially, the permanent-
magnet flux linkage can be measured offline. The measurement
method can be summarized as follow: 1) use another motor drive
measured motor at a constant speed and measure the EMF at both
ends of the phase winding; 2) extract the amplitude E of the EMF
and calculate ωe = 2πν/τ s; and 3) calculate ψf = E/ωe.

The voltage demands are modulated by three VSIs⎧⎪⎨
⎪⎩
uay = (δay − δap)udc

uby = (δby − δbp)udc

ucy = (δcy − δcp)udc

(4)

where udc is dc voltage; δay, δby, and δcy are leg duty ratio of
independent VSI y. δap is leg duty ratio of common VSI p.

When the OCF occurs in one VSI, the mover connected to
this VSI is named fault mover. The studied HCOW–PPMLM
drive system with OCF is shown in Fig. 1. Two types of OCFs
are taken into account. The first one is the independent-leg fault
as shown in Fig. 1(a), in which the OCF occurs in one leg of the
independent VSI. In the independent-leg fault condition, only
five phase windings can be used. Hence, the fault tolerance of
the independent-leg fault focuses more on improving the thrust
output capability. The second one is the common-leg fault as
shown in Fig. 1(b), in which the OCF occurs in one leg of the
common VSI. In the common-leg fault condition, there are still
six phase windings available for use. Hence, the fault tolerance
of the common-leg fault focuses more on reducing system losses.
In order to simplify the analysis, the independent-leg fault occurs
in leg-a2 and the common-leg fault occurs in leg-aP.

III. PROPOSED FAULT-TOLERANT CONTROL METHOD

In this section, the fault-tolerant control method is proposed
for the HCOW drive system, which includes one healthy current
distributor, one current regulator, two fault current distributors,
and one voltage distributor. The control diagram is shown in
Fig. 2. The fault current distributors and the voltage distributor
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Fig. 1. Studied HCOW drive system with open-circuit fault. (a) Independent-
leg fault. (b) Common-leg fault.

are explained in detail. On the other hand, the healthy current
distributor and the current regulator will not be discussed in this
article since they have been proposed in the previous article [7].

For the common-leg fault, two additional degrees of freedom
can be released as follows:

1) The total thrust of two movers should keep constant. This
means that two movers only need to satisfy one thrust
(power) constraint. In conventional method, two movers
need to output constant thrust separately and satisfy two
thrust (power) constraints.

2) The sum of fault phase currents should be zero. This
means fault phase current only needs to satisfy one current
constraint. In conventional method, two phase currents
both need to be zero and satisfy two current constraints.
For the independent-leg fault, one additional degrees of
freedom can be released, which is same as above point 1.

A. Fault Current Distributor I

The fault current distributor I is designed for the common-leg
fault based on the Lagrange loss minimization principle.

Based on the thrust constraint in HCOW drive system, these
phase currents satisfy (2). The OCF will bring additional current
constraint as

kia1 + ia2 = 0 (5)

where k is the fault type flag (0 represents the independent-leg
fault and 1 represents the common-leg fault).

Based on (2) and (5), the Lagrange function can be established
as

J = i2a1 + i2b1 + i2c1 + i2a2 + i2b2 + i2c2 + λ2[kia1 + ia2]

+ λ1 [ea1ia1 + eb1ib1 + ec1ic1 + ea2ia2

+ eb2ib2 + ec2ic2 − Fv] (6)

where λ1 and λ2 are the Lagrange coefficient.
The partial differential can be obtained as⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

∂J

∂ia1
= 2ia1 + ea1λ1 + kλ2 = 0,

∂J

∂ia2
= 2ia2 + ea2λ1

+ λ2 = 0

∂J

∂ib1
= 2ib1 + eb1λ1 = 0,

∂J

∂ib2
= 2ib2 + eb2λ1 = 0

∂J

∂ic1
= 2ic1 + ec1λ1 = 0,

∂J

∂ic2
= 2ic2 + ec2λ1 = 0

∂J

∂λ1
= ea1ia1 + eb1ib1 + ec1ic1 + ea2ia2

+ eb2ib2 + ec2ic2 − Fv = 0

∂J

∂λ2
= kia1 + ia2 = 0

(7)
The phase current can be calculated by⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

ia1 =
Fv [k sin(θ1 +Δθ)− sin(θ1)]

EQ
,

ia2 = −kFv [k sin (θ1 +Δθ)− sin(θ1)]

EQ

ib1 = −Fv(1 + k2) sin (θ1 − 120)

EQ
,

ib2 = −Fv(1 + k2) sin (θ1 +Δθ − 120)

EQ

ic1 = −Fv(1 + k2) sin (θ1 + 120)

EQ
,

ic2 = −Fv(1 + k2) sin (θ1 +Δθ + 120)

EQ

(8)

where

Q = 3(1 + k2)− [sin(θ +Δθ) + k sin(θ)]2.

For different movers, the dq0-axis synchronous current can
be calculated by Park transformation⎡
⎢⎣
i∗dy
i∗qy
i∗0y

⎤
⎥⎦=

2

3

⎡
⎢⎢⎣

cos(θy) cos(θy − 2π/3) cos(θy + 2π/3)

− sin(θy) − sin(θy − 2π/3) − sin(θy + 2π/3)

1/2
1/2

1/2

⎤
⎥⎥⎦

×

⎡
⎢⎣
i∗ay
i∗by
i∗cy

⎤
⎥⎦ (9)

where i∗ay , i∗by and i∗cy are the reference phase current of mover
y; i∗dy , i∗qy and i∗0y are the reference dq0-axis current of mover y;
and θy is the electrical angle of mover y.
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Fig. 2. Proposed fault-tolerant control method.

For the common-leg fault, the reference dq0-axis currents can
be deduced by bringing k = 1 and (8) into (9). Then, the fault
current I can be described as⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

i∗d1 = (Im/3Q)
[
2 cos(Δθ/2) sin(2θ1+

Δθ/2) + sin(Δθ)
]

i∗q1 = (Im/3Q)
[
5 + 2 cos(Δθ/2) cos(2θ1 +

Δθ/2)

− cos(Δθ)]

i∗01 = (Im/3Q)[sin(θ1 +Δθ) + sin(θ1)]

i∗d2 = (Im/3Q)
[
2 cos(Δθ/2) sin(2θ1+

3Δθ/2)−sin(Δθ)
]

i∗q1 = (Im/3Q)
[
5 + 2 cos(Δθ/2) cos(2θ1 +

3Δθ/2)

− cos(Δθ)]

i∗02 = (Im/3Q) [sin(θ1) + sin(θ1 +Δθ)]

(10)

where Im can be calculated as

Im = τsF/(2πψf ). (11)

B. Fault Current Distributor II

In order to enhance the thrust output capacity for the
independent-leg fault, the remaining phase currents are deduced
according to the fundamental frequency loss minimization prin-
ciple, in which all phase currents are distributed as⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

ia1 = [Xa1 cos(θ1) + Ya1 sin(θ1)] Im

ia2 = [Xa2 cos(θ1 +Δθ) + Ya2 sin(θ1 +Δθ)] Im

ib1 = [Xb1 cos(θ1) + Yb1 sin(θ1)] Im

ib2 = [Xb2 cos(θ1 +Δθ) + Yb2 sin(θ1 +Δθ)] Im

ic1 = [Xc1 cos(θ1) + Yc1 sin(θ1)] Im

ic2 = [Xc2 cos(θ1 +Δθ) + Yc2 sin(θ1 +Δθ)] Im

(12)

where Xx and Yx are unknown coefficient of phase x. The
subscript x indicates different phases (x = a1, a2, …, c2).

Taking (12) into (2) gives the current constraint as

Fv

EIm
= L1 + L2 cos(2θ1) + L3 sin(2θ1) (13)

where⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

L1 = 0.25(−2Ya1 +
√
3Xb1 + Yb1 −

√
3Xc1 + Yc1

−2Ya2 +
√
3Xb2 + Yb2 −

√
3Xc2 + Yc2)

L2 = −Xa1 −Xb1 cos(2π/3) + Yb1 sin(2π/3)

−Xc1 cos(2π/3)− Yc1 sin(2π/3)−Xa2 cos(2Δθ)

−Ya2 sin(2Δθ)−Xb2 cos(2Δθ − 2π/3)

−Yb2 sin(2Δθ − 2π/3)−Xc2 cos(2Δθ + 2π/3)

−Yc2 sin(2Δθ + 2π/3)

L3 = Ya1 +Xb1 sin(2π/3) + Yb1 cos(2π/3)−Xc1 sin(2π/3)

+Yc1 cos(2π/3)−Xa2 sin(2Δθ) + Ya2 cos(2Δθ)

−Xb2 sin(2Δθ − 2π/3) + Yb2 cos(2Δθ − 2π/3)

−Xc2 sin(2Δθ + 2π/3) + Yc2 cos(2Δθ + 2π/3)

In order to eliminate the thrust ripples, L1, L2, and L3 should
satisfy

L1 = 1, L2 = L3 = 0. (14)

Taking (12) into (5) gives the current constraint as{
kXa1 +Xa2 cos(Δθ) + Ya2 sin(Δθ) = 0

kYa1 −Xa2 sin(Δθ) + Ya2 cos(Δθ) = 0.
(15)

The average phase copper loss Px can be calculated by

Px=
1

T

∫ T

0

Rxi
2
xdt =

1

2π

∫ 2π

0

Rxi
2
xdθ (16)

where Rx is the phase resistance. The maximum phase loss Ppm

is defined as

Ppm = max(Pa1, Pb1, Pc1, Pa2, Pb2, Pc2). (17)

In order to simplify the analysis, it is assumed that the refer-
ence thrust is implemented in healthy condition. As a result, the
equivalent thrust current Ih can be calculated by

Ih =
τsF

6πψf
=
Im
3
. (18)
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Fig. 3. Solution process of the optimization equation.

It should be emphasized that the reference thrust may be actu-
ally implemented in the independent-leg fault or the common-leg
fault.

In order to eliminate the effect of current amplitude and thrust
demand, average phase copper loss Px is standardized based on
the loss under healthy condition. 0.5RxI

2
h is set as the base value.

After standardization, (16) and (17) can be represented as

{
Pu
x = 1

2π

∫ 2π

0
Rxi

2
x

0.5RxI2
h
dθ = 9

π

∫ 2π

0 ( ix
Im

)2dθ

Pu
pm = max(Pu

a1, P
u
b1, P

u
c1, P

u
a2, P

u
b2, P

u
c2)

(19)

where the superscript u indicates standardization.
Based on the minimized maximum phase loss principle, the

optimization goal pMPL can be established as

pMPL = min [max (Pu
a1, P

u
b1, P

u
c1, P

u
a2, P

u
b2, P

u
c2)] . (20)

Combing the current constraint with the optimization goal
(20), an optimization equation can be established. Then, the co-
efficients (Xx and Yx) can be deduced offline by the enumeration
method as shown in Fig. 3. These steps can be elaborated as
follows:

1) Initialize g = 0.
2) Calculate Δθ = 2πs/1000.
3) Divide Xx and Yx into 4000 points between [−2, 2] sepa-

rately.
4) Substitute the different combinations of Xx and Yx into

formulas (12) and (19) to calculate Pu
pm.

5) Record the Xx and Yx corresponding to the minimized
Pu

pm.
6) Calculate g = g +1.
7) Judgment: if g is larger than 1000, go to Step 8; else go to

Step 2.
8) Perform data fitting on all Xx and Yx, respectively.

Fig. 4. Optimal standardized maximum phase loss.

Fig. 5. Fitting results. (a) Xa1 and Ya1. (b) Xa2 and Ya2. (c) Xb1 and Yb1. (d)
Xb2 and Yb2. (e) Xc1 and Yc1. (f) Xc2 and Yc2.

By applying above steps, the coefficients (Xx and Yx) can be
deduced by data fitting⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

Xa1 = −0.12 sin(2Δθ), Ya1 = −0.404

Xb1 = 0.35− 0.05 cos(2Δθ)− 0.03 sin(2Δθ)

Yb1 = 0.202 + 0.09 cos(2Δθ) + 0.05 sin(2Δθ)

Xc1 = −0.35 + 0.05 cos(2Δθ)− 0.03 sin(2Δθ)

Yc1 = 0.202 + 0.09 cos(2Δθ)− 0.05 sin(2Δθ)

Xa2 = Yb2 = 0, Xb2 = 0.2795, Yb2 = 0.3039

Xc2 = −0.2795, Yc2 = 0.3039.

(21)

Then, the maximum phase loss can be minimized by applying
(12) and (21) into (19) and the standardized maximum phase loss
can be represented in Fig. 4.

The fitting results are shown in Fig. 5. It can be seen from Fig. 5
that the theoretical value and the fitted value can match well.
Hence, the minimized maximum phase loss can be calculated
by (21). For the independent-leg fault, the reference dq0-axis
currents can be deduced by bringing (12) and (21) into (9). Then,
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the fault current distributor II can be described as⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

i∗d1 = −0.06Im sin (2θ1 + 2Δθ)

i∗q1 =
1

3
Im [1.21− 0.18 cos (2θ1 + 2Δθ)]

i∗01 = 0.06Im sin (θ1 − 2Δθ)

i∗d2 = 0.06Im sin (2θ1 + 2Δθ)

i∗q2 =
1

3
Im [0.79 + 0.18 cos (2θ1 + 2Δθ)]

i∗02 = 0.2026Im sin (θ1 +Δθ)

(22)

The dq0-axis currents in fault mover with the independent-leg
fault satisfy

ia2 = id2 cos(θ1 +Δθ)− iq2 sin(θ1 +Δθ) + i02 = 0. (23)

Hence, the 0-axis current in fault mover with the independent-
leg fault does not need to be controlled if the dq-axis currents
have been controlled. However, the dq0-axis current constraint
(23) does not exist in the common-leg fault. For the common-leg
fault, the dq0-axis currents need to be controlled separately.

C. Voltage Distributor

In this subsection, the voltage demands are distributed into
remaining inverter legs. The voltage distributor mainly includes
three conditions: phase without fault; phase with the common-
leg fault; and phase with the independent-leg fault.

For different conditions, the voltage demands are deduced as

⎧⎨
⎩
uay = unay +Δuy
uby = unby +Δuy
ucy = uncy +Δuy

(24)

where uay, uby, and ucy are the voltage demands of mover y;Δuy
is the voltage offset of mover y; unay , unby , and uncy are calculated
by inverse Park transformation

⎡
⎢⎣
unay

unby

uncy

⎤
⎥⎦ =

⎡
⎢⎣

cos(θy) − sin(θy) 1

cos(θy − 2π/3) − sin(θy − 2π/3) 1

cos(θy + 2π/3) − sin(θy + 2π/3) 1

⎤
⎥⎦
⎡
⎢⎣
udy

uqy

u0y

⎤
⎥⎦

(25)
where udy, uqy, and u0y are the dq0-axis voltage of mover y. The
superscript n represents the voltage calculated by inverse Park
transformation.

For healthy condition and the common-leg fault, the voltage
offsets will be zero.

For the independent-leg fault, the current of the fault phase is
zero. Hence, the voltage of fault phase is always the back EMF.
Then, the fault phase voltage needs to match the inverter voltage.
The voltage offsets can be described as

{
Δu1 = 0

Δu2 = −ωeψf sin(θ2)− una2.
(26)

For the phase without fault, the voltage distribution strategy
can be described as⎧⎪⎨

⎪⎩
δap = (2udc − ua1 − ua2) /(4udc)

δa1 = δap + (ua1/udc)

δa2 = δap + (ua2/udc)

(27)

where ua1 and ua2 are the phase-A voltage.
For the phase with the common-leg fault, the distribution

strategy can be described as

⎧⎪⎨
⎪⎩
δa1 =

ua1 − ua2
2udc

+
1

2

δa2 =
ua2 − ua1

2udc
+

1

2
.

(28)

For the phase with the independent-leg fault, the distribution
strategy can be described as

⎧⎪⎨
⎪⎩
δa1 =

ua1
2udc

+
1

2

δap =
−ua1
2udc

+
1

2
.

(29)

IV. CONVENTIONAL FAULT-TOLERANT CONTROL METHOD

The conventional fault-tolerant control method is designed
from the perspective of single mover, which is similar to the fault
tolerance of open-end winding drive system. The conventional
method also includes two parts: conventional current distribu-
tors and conventional voltage distributor. Other parts of control
system are same with the drive system in Fig. 2.

A. Conventional Current Distributor I

In the conventional current distributor, the current distribution
is similar to that in the conventional open-end winding system
with fault [14]. As a result, each mover can output constant thrust
under postfault condition. In addition, the thrusts of two movers
are distributed in the principle of equal current amplitude. That
is, all remaining phase currents always have same phase current
amplitude. The conventional current distributor I is designed for
the common-leg fault.

For the common-leg fault, all phase currents can be distributed
as⎧⎪⎨
⎪⎩
ia1=0, ia2=0

ib1=−μ1Im sin(θ1 − 5π/6), ib2=−μ1Im sin(θ2 − 5π/6)

ic1=−μ1Im sin(θ1 + 5π/6), ic2=−μ1Im sin(θ2 + 5π/6)
(30)

where μ1 is the amplitude coefficient for the common-leg fault.
Taking (11) and (30) into (2), the value of μ1 is

√
3/3. The

conventional current distributor II can be deduced by bringing
(30) into (9){

i∗d1 = 0, i∗q1 = Im/3, i
∗
01 = (Im/3) sin(θ1)

i∗d2 = 0, i∗q2 = Im/3, i
∗
02 = (Im/3) sin(θ1 +Δθ).

(31)
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B. Conventional Current Distributor II

The conventional current distributor II is designed for the
independent-leg fault. The design is based on the equal current
amplitude principle.

For the independent-leg fault, all phase currents can be dis-
tributed as⎧⎪⎨
⎪⎩
ia1 = μ2Im sin(θ1), ia2 = 0

ib1 = μ2Im sin(θ1 − 2π/3), ib2 = −μ2Im sin(θ2−5π/6)

ic1 = μ2Im sin(θ1 + 2π/3), ic2 = −μ2Im sin(θ2+5π/6)
(32)

where μ2 is the amplitude coefficient for the independent-
leg fault. Taking (11) and (32) into (2), the value of μ2 is
2
√
3/[3(1 +

√
3)]. The conventional current distributor can be

deduced by bringing (32) into (9)⎧⎪⎪⎨
⎪⎪⎩
i∗d1 = 0, i∗q1 =

2
√
3

3(1 +
√
3)
Im, i∗01 = 0

i∗d2 = 0, i∗q2=
2

3(1+
√
3)
Im, i

∗
02=

2

3(1+
√
3)
Im sin(θ1+Δθ)

(33)

C. Conventional Voltage Distributor

The conventional voltage distributor is designed from the
perspective of single mover. The voltage demands of each mover
can be calculated by (24). For healthy mover, Δuy is 0. For fault
mover, Δuy is −ωeψfsin(θy)−unay.

For the phase without fault, the duty ratios are distributed by
(25). For the phase with the independent-leg fault, the duty ratios
are distributed by (26). For the phase with the common-leg fault,
the duty ratios are zero.

V. PERFORMANCE ANALYSIS

In this section, the system copper loss and the thrust output
capacity of different fault-tolerant control methods are compared
and the system stability is analyzed.

A. Comparison of Different Methods

In this subsection, the proposed method is compared with the
conventional method, including the system copper loss and the
thrust output capacity.

The system copper loss Pt can be defined based on the (16)
as {

Pt = Pa1 + Pb1 + Pc1 + Pa2 + Pb2 + Pc2

Pu
t = Pu

a1 + Pu
b1 + Pu

c1 + Pu
a2 + Pu

b2 + Pu
c2.

(34)

To compare with the system copper loss, the system copper
loss coefficient kL is defined as

kL =
Pt

6× 0.5RxI2h
=
Pu
t

6
. (35)

Under healthy condition, when the phase current reach to
the rated current Irated, the maximum thrust capacity is Frated,
which satisfy (18). Under fault condition, the maximum thrust
Ff

max can be deduced when the maximum phase copper loss is

Fig. 6. System copper loss and thrust output capacity of the independent-leg
fault. (a) System copper loss coefficient. (b) Thrust coefficient.

Fig. 7. System copper loss and thrust output capacity of the common-leg fault.
(a) System copper loss coefficient. (b) Thrust coefficient.

0.5RxI
2
rated. Based on the (19), the maximum phase copper loss

satisfies

Pu
pm × 0.5RxI

2
h_max = 0.5RxI

2
rated. (36)

Then, the maximum equivalent thrust current Ih_max can be
calculated as

Ih_max = Irated/
√
Pu

pm. (37)

To compare the thrust output capacity, the thrust coefficient
kT is defined as

kT = F f
max/Frated = Ih_max/Irated = 1/

√
Pu

pm. (38)

The system copper loss and thrust output capacity of the
independent-leg fault are compared in Fig. 6. Compared with
the conventional method, the proposed method can increase the
thrust output capacity by 2.1%–2.5% and decrease the system
copper loss by 4.1%–4.9%. The system copper loss and thrust
output capacity of the common-leg fault are compared in Fig. 7.
Compared with the conventional method, the proposed method
can increase the thrust output capacity by 0%–73.1% and de-
crease the system copper loss by 13.4%–50%. To conclude, the
proposed tolerant method can reduce the system copper loss and
increase the thrust output capacity for both independent-leg fault
and common-leg fault.

B. Stability Analysis

In the proposed method, the proportional–integral (PI) con-
troller is adopted in the current regulator. The VSI modulation
is equivalent to first-order inertial element. After eliminating
decoupling terms, the signal graph of current loop is shown in
Fig. 8.
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Fig. 8. Signal graph of single current loop.

Fig. 9. Signal graph of speed loop.

In Fig. 8, Kpz and Kiz are PI coefficient of current regulator;
Tpwm is the switching period; Ls is synchronous inductance; and
the subscripts z indicates different axis (z = d1, q1, 01, d2, q2,
02). By setting Kpz = Ls/(2Tpwm) and Kiz = Rs/(2Tpwm), the
current loop can be corrected to a typical I-order system. The
closed-loop transfer function Giz can be deduced as

Giz =
1

2T 2
pwms

2 + 2Tpwms+ 1
. (39)

Usually, Tpwm is far less than 1. Hence, Giz can be simplified
as

Giz =
1

2T 2
pwms

2 + 2Tpwms+ 1
≈ 1

2Tpwms+ 1
. (40)

In the system, two movers have the same parameters and
same current loop. For the studied mover, the ratio of the third
harmonic flux linkage to the fundamental flux linkage is 0.5%.
Hence, the influence of zero sequence current on the thrust
can be ignored in traction system. Then, the signal graph of
speed loop is shown in Fig. 9. In Fig. 9, Kpv and Kiv are PI
coefficient of speed regulator; M is the total mass of two movers;
and λ1 and λ2 are the ratio of single mover thrust to system
thrust. By setting Kpv = (3M)/[10(λ1+λ2)Tpwm] and Kiv =
(3M)/[100(λ1+λ2)T2

pwm], the speed loop can be corrected to
a typical II-order system. The closed-loop transfer function of
speed loop Gv can be deduced as

Gv =
3(10Tpwms+ 1)

200T 3
pwms

3 + 100T 2
pwms

2 + 30Tpwms+ 3
. (41)

The pole-zero map of the speed loop transfer function Gv

is shown in Fig. 10. When the switching period Tpwm change
from 0.001 to 0.0005 s, the poles change along three arrows.
According to Fig. 10, the poles are always in negative plane and
the control system will be always stable. For healthy condition,
independent-leg fault condition and common-leg fault condi-
tion, the current distributor only affect the value of λ1 and λ2.
However, λ1 and λ2 do not appear in (41). Hence, the system
will always remain stable when switching from healthy current
distributor to (10) or (22).

Fig. 10. Pole-zero map of the speed loop transfer function.

Fig. 11. Experimental setup.

TABLE I
PARAMETERS OF PPMLM

VI. EXPERIMENTAL VALIDATION

In order to verify the effectiveness of the proposed method, an
HCOW experimental setup is developed, as shown in Fig. 11.
The setup consists of two linear movers, three VSIs, a DSP
control board, a scope, and a dc power source. Two movers have
same parameters as listed in Table I. The switching frequency is
10 kHz. The performances of the proposed method are carried
out in Experiment 1. The proposed method is compared with the
conventional method in Experiment 2.

A. Experiment 1: Verification of the Proposed Method

In this experiment, the proposed method is, respectively,
verified in the independent-leg fault and the common-leg fault.
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Fig. 12. Experimental results of the proposed method for the independent-leg
fault. (a) Phase current. (b) Speed and thrust.

Fig. 13. Experimental results of the proposed method for the common-leg
fault. (a) Phase current. (b) Speed and thrust.

The primary position difference Δθ of two movers is π/2. In
Fig. 12, the studied drive system is switched from the healthy
condition to the independent-leg fault condition. The thrust and
speed have little change before and after fault. In Fig. 13, the
studied drive system is switched from the healthy condition
to the common-leg fault condition. After fault, the currents of
fault phase are completely opposite, which is consistent with the
Lagrange loss minimization principle. The thrust and speed also

Fig. 14. Experimental results of the proposed method for the independent-leg
fault. (a) dq-axis current of proposed method. (b) Thrust of proposed method.
(c) dq-axis current of conventional method. (d) Thrust of conventional method.

Fig. 15. Experimental results of the proposed method for the common-leg
fault. (a) dq-axis current of proposed method. (b) Thrust of proposed method.
(c) dq-axis current of conventional method. (d) Thrust of conventional method.

hardly change. The harmonics in phase current mainly result
from the load disturbances, which consist of the uneven track
friction, the cogging force, and the ending force. To ensure the
stable speed, the thrust should match the load disturbances. This
will bring harmonic component to the phase current.

B. Experiment 2: Comparison

In this experiment, the proposed method is compared with
the conventional method. The experimental results of the
independent-leg fault are shown in Fig. 14. It can be found that
both methods have same thrust ripple, while the dq-axis currents
are different. The experimental results of the independent-leg
fault are shown in Fig. 15.

Similarly, both methods also show same thrust output per-
formance. The system copper loss and thrust capacity of the
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TABLE II
LOSS COMPARISON FOR THE INDEPENDENT-LEG FAULT

TABLE III
LOSS COMPARISON FOR THE COMMON-LEG FAULT

proposed method are compared with that of the conventional
method, as shown in Tables II and III. In Table II, the system cop-
per loss can be decreased and the thrust output capacity can be
increased by applying the proposed method to the independent-
leg fault. Due to the uneven friction, the reduction of kT is a little
less than theoretical analysis. In Table III, the system copper loss
can be decreased and the thrust output capacity can be increased
by applying the proposed method to the common-leg fault. In
general, the experimental results of the proposed method are
consistent with the theoretical analysis.

VII. CONCLUSION

This article proposes a fault-tolerant control method for
HCOW motor drive system with OCF. The proposed method
can be applied to the common-leg fault and the independent-leg
fault. The proposed fault control method includes two fault
current distributors and one voltage distributor. The fault current
distributor I is applied for the common-leg fault and the fault
current distributor II is applied for the independent-leg fault.
The voltage distributor is designed to distribute the voltage
demand into remaining inverter legs. The voltage distributor
includes three conditions: phase without fault; phase with the
common-leg fault; and phase with the independent-leg fault.
The conventional fault-tolerant control method is designed from
the perspective of single mover, which is similar to the fault
tolerance of open-end winding drive system. Compared with the
conventional method, the system copper loss and phase copper
loss of the proposed method can be reduced simultaneously.
For the independent-leg fault, the thrust output capacity is in-
creased by 2.1%–2.5% and the system copper loss is decreased
by 4.1%–4.9%. For the common-leg fault, the thrust output
capacity is increased by 0%–73.1% and the system copper loss
is decreased by 13.4%–50%. Finally, the effectiveness of the
proposed fault-tolerant control method has been verified by
experimental results.
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