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Abstract—Open-winding dual three-phase permanent-magnet
synchronous motor (DTP-PMSM) has high fault-tolerant capa-
bility because of its sufficient control degrees of freedom. This
article proposes an optimization control scheme to explore the fault-
tolerant capability of open-winding DTP-PMSM drives with open-
phase fault in full operation range. First, the relationships between
the operation states and minimum-copper-loss (ML) fault-tolerant
mode and maximum-torque (MT) fault-tolerant mode are analyzed
in detail. Three optimization problems are then formulated based
on the objectives for each operation state, which can be effectively
solved by utilizing the interior point method. Compared to the
existing MT and ML schemes, the proposed scheme can achieve
the theoretical highest torque output capability and lowest copper
loss in full operation range. Comprehensive experimental results
are presented to substantiate the effectiveness and superiority of
the proposed fault-tolerant optimization control scheme.

Index Terms—Fault-tolerant control, full operation range, open-
phase fault, open-winding dual three-phase permanent-magnet
synchronous motor (DTP-PMSM).

I. INTRODUCTION

THE reliability of motor drives is critical in many ap-
plications such as electric vehicles and aerospace. The

dual three-phase permanent-magnet synchronous motor (DTP-
PMSM) is characterized by its excellent fault-tolerant perfor-
mance, which can continue to operate after faults due to its
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multiple windings [1], [2], [3]. Thus, the research on fault-
tolerant control of DTP-PMSM drives is a hot topic. Besides,
additional degrees of freedom can be exploited by changing the
winding configurations. Open-winding PMSM breaks the neu-
tral points and is fed by two inverters at both ends. This configu-
ration has higher control dimensions [4], [5]. By combining the
advantages of multiple phase and open winding, open-winding
DTP-PMSM can obtain better fault-tolerant performance.

Among different types of faults in motor drives, the open-
phase fault is common [6], [7]. Under the open-phase fault, the
current in the faulty phase of DTP-PMSM drive will be forced
to zero. As a result, the faulty currents can hardly follow their
references effectively and obvious current distortion will occur,
leading to torque ripple or even unstable operation [3], [8], [9],
[10], [11]. The simplest fault-tolerant solution for open-phase
fault in DTP-PMSM drive is to remove the whole faulty winding
set. Although this strategy can suppress the torque ripple, the
advantages of multiple windings can hardly be fully utilized.
Thus, optimizing the fault-tolerant currents for open-phase faults
has been widely studied.

The basic goal of fault-tolerant control in open-phase fault
for dual three-phase PMSM drives is to reduce torque ripple.
The minimum copper loss and the maximum torque output
are two major optimization objectives of fault-tolerant control
[12]. The minimum-copper-loss (ML) strategy aims to mini-
mize the total copper loss, while the maximum-torque (MT)
strategy minimizes the maximum phase copper loss for the
given torque [13], [14]. In terms of ML strategies, Che et al.
[15] considers the sinusoidal phase currents and derives the
current references for six-phase induction motor drives with
both isolated and connected neutral points, respectively. On
this basis, Wang et al. [16] remove unnecessary constraints and
obtains the theoretical ML current references for DTP-PMSM
drives.

As for MT strategies for DTP-PMSM drives under open-phase
faults, Wang et al. [17] injected the second harmonics into the
current references to improve the MT optimization objective.
Feng et al. [18] derived a computation-efficient fault-tolerant MT
scheme for interior PMSM by injecting harmonic components
according to the changing machine parameters. In [19], the
torque output capability is further improved by optimizing the
current references without using the constraint of sinusoidal
phase currents.

Previous studies on ML and MT schemes are mostly applied
in a single operation state. To achieve the full potential of motor
drive system, the characteristics of different operation states
should be considered. In [20], a minimum-loss fault-tolerant
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strategy using global search algorithm is proposed with maxi-
mum efficiency for multiphase PMSM drives in whole torque
operation range. Sun et al. [21] proposed an online optimization
scheme using ML redistribution that can calculate the current
references for different faulty phases of symmetrical multiphase
machines in full torque operation range. Hu et al. [22] analyze
and relate the ML, MT and single three-phase mode control
through a coefficient that can switch different modes smoothly
for DTP-PMSM drives.

In the above research, ML and MT strategies for multiphase
machines with isolated neutral points and connected neutral
points have been deeply studied. However, these fault-tolerant
schemes are limited by the constraints of zero-sequence sub-
space or sinusoidal current patterns, which restricts the opti-
mization solution space and hinders the full optimization of
copper loss and torque output capability. In addition, the existing
researches usually ignore the critical impact of operating fre-
quency on the temperature swing in low-frequency and static op-
erations (LFSOs). To solve these problems, this article proposes
a fault-tolerant control scheme that fully utilizes the original
optimization solution space of open-winding DTP-PMSM drive
in full operation range. By removing the unnecessary constraints
of zero-sequence currents (ZSCs) and current patterns, the pro-
posed scheme can optimize the current references from the
complete solution space, contributing to reduced copper loss
and enhanced torque output capability. To ensure comprehensive
optimization in full operation range, the proposed fault-tolerant
control scheme considers different operation states, including
high-torque operations (HTO), medium-torque and low-torque
operations (MLTOs), medium-frequency and high-frequency
operations (MHFOs), LFSO.

This rest of this article is organized as follows. Section II
describes the machine model and control framework for open-
winding DTP-PMSM drives. In Section III, the analysis of
fault-tolerant control in full operation range is carried out,
and the corresponding optimization objectives are proposed
to adapt the different operation states. In Section IV, the ML
optimization problem is formulated and solved to obtain the
optimal current references, and its performance is compared
with other ML schemes. In Section V, the MT optimization
problems for MHFO and LFSO are formulated and solved, and
their performances are compared with other MT schemes. In
Section VI, experiments are carried out to verify the effective-
ness and superiority of the proposed control scheme. Finally,
Section VII conclude this article.

II. MACHINE MODEL AND CONTROL

A. Modeling of DTP-PMSM

The open-winding DTP-PMSM drive is shown in Fig. 1. DTP-
PMSM has two sets of three-phase windings, phase-ABC and
Phase-DEF, which have a π/6 phase shift. The open-winding
topology breaks the neutral point connection and both winding
ends are powered by inverters with common dc bus, respectively.
INV-1 and INV-2 are two voltage source inverters on both sides
of the open-winding DTP-PMSM.

Open-winding DTP-PMSM is a complex nonlinear high-
order system. The vector space decomposition (VSD) method
is commonly used to transform the machine model into three
two-dimensional orthogonal subspaces: α–β; x–y; and o1–o2
[23]. The decomposition matrix for open-winding DTP-PMSM

Fig. 1. Open-winding DTP-PMSM drives.

is expressed as
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The model can be further simplified by transforming the α–β
subspace to d–q subspace, in which the rotating transformation
is expressed as

[
T s/r

]
=

[
cos θe sin θe 04

− sin θe cos θe 04

04 04 I4×4

]
(2)

where θe is the electric angle. According to the VSD matrix in (1)
and the rotation matrix in (2), the voltage and torque equations
of open-winding DTP-PMSM can be obtained as⎧⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

ud = Rsid + Lddid/dt− ωrLqiq
uq = Rsiq + Lqdiq/dt+ ωrLdid + ωrψf

ux = Rsix + Llsdix/dt
uy = Rsiy + Llsdiy/dt
uo1 = Rsio1 + Llsdio1/dt
uo2 = Rsio2 + Llsdio2/dt

(3)

Te = 3np (ψf iq + (Ld − Lq)idiq) (4)

where Rs is the stator resistance. Ld, Lq, and Lls are the d-axis,
q-axis, and leakage inductances. ωr is the rotor angular velocity.
ψf is the amplitude of rotor flux and np is the pole pair number.

B. Control Framework

Open-winding DTP-PMSM can share the same control frame-
work with DTP-PMSM using isolated or connected neutral
points. The difference lies in the control of ZSCs. There are
two zero-sequence paths in the open-winding DTP-PMSM drive
supplied by the common dc bus, where the two ZSCs are inde-
pendent. The ZSCs should be suppressed to zero in healthy op-
eration and track their fault-tolerant references in fault-tolerant
operation. According to the voltage equations of open-winding
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Fig. 2. Control diagram of open-winding DTP-PMSM. (a) Control framework.
(b) Modulation framework.

DTP-PMSM in (3), the ZSCs are positively related to their
respective zero-sequence voltages (ZSVs). Therefore, the ZSCs
can be controlled by introducing the closed-loop current con-
trollers on o1–o2 subspace like other subspaces. Fig. 2(a) shows
the designed unified vector control framework which is suitable
for both normal and fault-tolerant operations. Different oper-
ation states can be switched by simply changing the current
references. For q-axis, the typical PI control is adopted to achieve
the precise closed-loop control for torque. For d-axis, x–y sub-
space and o1–o2 subspace, the repetitive controller is used to
track the current references containing ac components precisely.
Fig. 2(b) illustrates the modulation framework of open-winding
DTP-PMSM drive. The voltage references are divided equally
for the inverters at both winding ends. Four identical space vector
modulations (SVMs) are utilized to calculate the high-level
duration time tX for each inverter leg. To modulate the ZSVs
generated by SVMs as zero, the duration times of zero vector
Δt11 and Δt21 are calculated for phase-ABC and phase-DEF,
respectively. On this basis, the duration times of high-level zero
vectorsΔt12 andΔt22 should be adjusted to fulfill the tracking of
ZSV references from the current controllers on o1–o2 subspace.
After updating the duration times of zero vectors through the
above two steps, the new high-level duration times of each phase
tX′′ can be obtained, enabling precise ZSC tracking.

III. ANALYSIS OF FAULT-TOLERANT CONTROL IN FULL

OPERATION RANGE

The motor drives should possess the ability to work in full
torque and frequency operation ranges, especially in the cir-
cumstance of faulty operations. Phase currents will be increased

Fig. 3. Junction temperature swing at different frequencies.

and unequal under open-phase faults, which will degrade the
performance of motor drives. Thus, it is necessary to analyze the
characteristics of different operating frequencies and operating
torques to achieve better fault-tolerant performance.

A. Analysis of Different Operating Torque

The torque operation range can be divided into MLTO and
HTO. Different control strategies should be adopted for different
operating torque.

In MLTO, all phase currents are below the current limitation
and no overheating problem exists. The total copper loss, one
of the fundamental indexes for efficiency, should be considered.
Therefore, the ML strategy should be adopted in MLTO, and its
objective is to minimize the total copper loss.

In HTO, the torque output is highly required, and large
phase currents may exceed their rated value. In this situation,
overheating problems should be prevented from motor damage.
Therefore, the MT strategy should be adopted under this cir-
cumstance, and its objective is to minimize the maximum phase
current amplitude under constant torque.

B. Analysis of Different Operating Frequency

Different operating frequencies can affect the magnitude of
temperature swing both in windings and inverters. Taking the
temperature swing in inverters as an example, the real-time
junction temperatures of power devices can be estimated with the
thermal resistances and power losses according to the thermal
model [24]. To intuitively show the effect of operating frequency
on the temperature swing, the junction temperature swing of
inverters at different frequencies is shown in Fig. 3. It can be
concluded from Fig. 3 that the temperature swing increases
significantly as the frequency decreases, reducing the reliability
of motor drives. Thus, the small temperature swing in MHFO
can be ignored and the large one in LFSO should be suppressed.

C. Mode Selection of Different Operation States

To ensure the fault-tolerant performance in different operation
states, this article proposes the minimum-copper-loss optimiza-
tion control (MLOC) for MLTO and the maximum-torque opti-
mization control (MTOC) for MHFO and LFSO. The switching
rules between these control modes are determined by the operat-
ing torque and frequency, as shown in Fig. 4. The switching rule
between MTOC and MLOC is established based on the operating
torque which is related to the phase currents. Specifically, when
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Fig. 4. Mode selection of different torque and frequency operation ranges.

the phase currents are below their rated values, MLOC will
be used to improve the operating efficiency by minimizing the
total copper loss. Otherwise, MTOC will be adopted to prevent
overheating by optimizing the maximum phase copper loss.
MTOC is further divided into two modes, and the switching
rule between them depends on the temperature swing which
is affected by the operating frequency. Since the temperature
swing can be negligible in MHFO, the MTOC for MHFO will
be applied to reduce the maximum average phase copper loss.
Considering the obvious temperature swing in LFSO, MTOC for
LFSO will be employed to optimize the maximum instantaneous
phase copper loss to suppress the temperature swing.

IV. MINIMUM-COPPER-LOSS OPTIMIZATION

CONTROL SCHEME

A. Optimization of Current References

MLOC aims to minimize the total copper loss. The instanta-
neous total copper loss can be calculated in (5) using the power
formula with phase currents and stator resistance

PCu =
(
i2A + i2B + i2C + i2D + i2E + i2F

)
Rs. (5)

The average total copper loss can be expressed as the integral
of instantaneous copper loss in a fundamental period of DTP-
PMSM, as shown in

PCu =
1

2π

∫ 2π

0

(
i2A + i2B + i2C + i2D + i2E + i2F

)
Rsdθe. (6)

By minimizing the instantaneous copper loss at each electric
angle, the average total copper loss over a fundamental period is
also minimized. Therefore, the instantaneous copper loss in (5) is
selected as the objective function for ease of optimization. Since
the copper losses are inherently calculated with phase currents,
the natural coordinate system is employed to intuitively analyze
and formulate the optimization problem.

Apart from the ML objective, the current constraint should
also be considered to ensure equivalent torque output before and
after fault. According to the torque equation in (4), the torque
output is proportional to the q-axis current for surface-mounted
PMSMs, while it depends on the d-axis and q-axis currents
simultaneously for interior PMSMs. By combining the VSD and
rotating transformation, the constraint of phase currents under
constant q-axis current can be expressed in (7) for surfaced-
mounted PMSMs. For interior PMSMs, the torque constraint
should be restructured to meet the corresponding relationship

Fig. 5. Current references of the proposed minimum-copper-loss optimization
control scheme of open-winding DTP-PMSM drives. (a) Six-phase currents.
(b) Currents on d–q, x–y, and o1–o2 subspaces.

between torque and currents

g (iA, iB , iC , iD, iE , iF )

= − 1

3

(
sin (θe) iA + sin

(
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+sin

(
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6
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(
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)
iF

)

= iq. (7)

Taking phase-A open-circuit fault as an example, Phase-A
current is zero in function g. By combining the objective function
of copper loss in (5) and the current constraint in (7), the MLOC
optimization problem is formulated in (8), where the phase
currents serve as the optimization variables

minPCu

s.t. g (0, iB , iC , iD, iE , iF ) = iq. (8)

The optimization problem in (8) is a convex quadratic problem
with linear equality constraints and it can be solved with interior
point method [25]. To obtain the current references in the whole
fundamental period, the optimization problem is solved with
interior point method at each electric angle that is discretized into
200 points. Then, the phase and decoupled current references can
be plotted in Fig. 5(a) and (b).
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TABLE I
COMPARISON OF COPPER LOSS AND TORQUE OUTPUT CAPABILITY

Adopting sinusoidal functions, the currents on d–q, x–y, and
o1–o2 subspaces can be fitted to expressions as⎧⎪⎪⎪⎨
⎪⎪⎪⎩

id
∗=[0.202 sin(2θe)− 0.02 sin(4θe) + 0.002 sin(6θe)]iq

∗
ix

∗ = [0.45 sin(θe)− 0.045 sin(3θe) + 0.005 sin(5θe)]iq
∗

iy
∗ = 0

io1
∗ = ix

∗
io2

∗ = 0

.

(9)
Finally, the open-phase fault is tolerated by updating the

optimized current references on d–q, x–y, and o1–o2 subspaces
in Fig. 2(a). It should be noted that the proposed fault-tolerant
control scheme is also applicable to open-switch faults which
can be considered the special open-phase fault occurring only in
half one fundamental period. Therefore, the open-switch faults
can be tolerated by directly applying the proposed fault-tolerant
control scheme either in the entire fundamental period or only
in the faulty half-fundamental period [16], [26].

B. Performance Comparison

To show the superiority of the proposed MLOC scheme,
a theoretical comparison is implemented in Table I. For bet-
ter comparison and understanding, the phase currents and
copper losses are given in the form of per unit (p.u.). The
torque output capability in MHFO and LFSO can be defined
as [19], [27]

ηTe_MHFO =
IN_RMS

IMax_RMS
(10)

ηTe_LFSO =
IN_RMS

IMax_peak
(11)

where IN_RMS is the root-mean-square (RMS) phase currents
in healthy operation. IMax_RMS is the maximum value of six-
phase RMS currents in fault-tolerant operation. IMax_peak is the
maximum peak phase currents.

Gonzalez-Prieto et al. [28] assume the sinusoidal phase cur-
rents and maintains the y-axis current zero, which can reduce
the total copper loss to 1.5 p.u. Wang et al. [17] can reduce
copper loss to 1.429 p.u. by injecting the second harmonics
and limiting d2-axis current to zero. Wang et al. [16] further
optimize the current references by removing any unessential
constraints, and the copper loss is reduced to 1.291 p.u. As
for the proposed MLOC scheme, the fault-tolerant capability
in open-winding PMSM is fully utilized by optimizing the
proposed quadratic programming problem. Using the obtained

optimal current references, the copper loss can be reduced to
the theoretical lowest copper loss of 1.224 p.u. In addition,
the torque output capabilities in both MHFO and LSFO are
improved compared with the above ML schemes, as given in
Table I.

V. MAXIMUM-TORQUE OPTIMIZATION CONTROL SCHEME

A. Medium-Frequency and High-Frequency Operations

At medium and high frequencies, the average phase copper
loss during the entire fundamental period should be optimized,
and it can be expressed as

PCu_X =
1

2π

∫ 2π

0

i2XRsdθe. (12)

Assuming that Phase-A is in open-circuit fault, the maximum
average phase copper loss is regarded as the objective function
which can be expressed as

PCu_Max = max
(
PCu_B , PCu_C , PCu_D, PCu_E , PCu_F

)
. (13)

Since the average phase copper losses in (13) are directly cal-
culated using phase currents, the six-phase currents are adopted
as optimization variables to avoid unnecessary coordinate trans-
formation and reduce the optimization complexity. Combining
the objective function of maximum average phase copper loss
in (13) and the current constraint in (7), the MTOC problem for
MHFO can be formulated in (14), and phase currents serve as
optimization variables

minPCu_Max

s.t. g (0, iB, iC, iD, iE, iF) = 0. (14)

Considering the complexity of handling the two-level opti-
mization problem using the traditional single-objective methods,
the inequality constraints are introduced to simplify the opti-
mization process. By constraining each average phase copper
loss PCu_X no larger than the maximum average copper loss
PCu_Max, the two-level optimization problem in (14) is trans-
formed to a standard convex quadratic optimization problem in
(15) to minimize the value of maximum average copper loss

min PCu_Max.

s.t.

{
PCu_X ≤ PCu_Max
g(0, iB, iC, iD, iE, iF) = 0

(15)

The electric angle θe is discretized by 200 points from 0 to
2π for easy solving, and the average phase copper losses are
transformed to the summation of discretized points. Besides,
the equality constraint g should be satisfied at all the discretized
θe in the MTOC problem for MHFO. By applying the interior
point method, the optimized phase current references can be
plotted in Fig. 6(a), and the corresponding decoupled current
references are shown in Fig. 6(b).

Adopting sinusoidal functions, the currents on d–q, x–y, and
o1–o2 subspaces can be fitted to expressions as⎧⎪⎪⎪⎨
⎪⎪⎪⎩

id
∗ = [0.25 sin(2θe)− 0.031 sin(4θe) + 0.004 sin(6θe)]iq

∗
ix

∗ = [0.4 sin(θe)− 0.05 sin(3θe) + 0.006 sin(5θe)]iq
∗

iy
∗ = 0

io1
∗ = [0.479 sin(θe)− 0.06 sin(3θe) + 0.007 sin(5θe)]iq

∗
io2

∗ = [−0.71 cos(θe) + 0.009 cos(3θe)− 0.001 cos(5θe)]iq
∗

.

(16)
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Fig. 6. Current references of the proposed maximum-torque optimization
control scheme of open-winding DTP-PMSM drives in MHFO. (a) Six-phase
currents. (b) Currents on d–q, x–y , and o1–o2 subspaces.

B. Low-Frequency and Static Operations

The temperature swing is influenced by frequency and mag-
nitude of phase currents. The large instantaneous phase currents
in LFSO and HTO increase the temperature swing, which can
be solved by minimizing instantaneous phase copper loss at
any electric angles. Thus, the MTOC optimization problem for
LFSO should be formulated using real-time phase currents and
copper losses.

To achieve the objective of minimizing the maximum in-
stantaneous phase copper loss, the phase currents should be
constrained within an allowable range at any electric angles. At
any electric angles, if one phase current is reduced, the rest phase
currents should be increased to maintain the current constraint
of constant torque output in (7). When all instantaneous phase
currents converge to the same value, this value can be adopted
as the current limitation Im at this electric angle. Assuming that
phase-A is in open-circuit fault, the function of current limitation
is expressed in (17) with the electric angle θe as the independent
variable.

Im(θe) =

3iq(∣∣sin(θe − 2
3π)

∣∣+ ∣∣sin(θe + 2
3π)

∣∣+ ∣∣sin(θe − 1
6π)

∣∣
+
∣∣sin(θe − 5

6π)
∣∣+ ∣∣sin(θe + 1

2π)
∣∣

) .
(17)

To limit each phase current in the allowable range at any
electric angles, the maximum value of the current limitation
Im should be adopted as the current constraint. The current
limitation function in (17) can be plotted in the form of per
unit related to iq, as shown in Fig. 7.

Fig. 7. Current limitation for open-winding DTP-PMSM drives in LSFO.

Fig. 8. Current references of the proposed maximum-torque optimization
control scheme of open-winding DTP-PMSM drives in LSFO. (a) Six-phase
currents. (b) Currents on d–q, x–y, and o1–o2 subspaces.

It can be seen from Fig. 7 that the current limit will reach
the maximum value of 1.098 at the electric angle of π/2 and
3π/2. Thus, each phase current must remain within the range
denoted by the inequality constraint−1.098≤ iX≤1.098, where
iX represents the phase-X current. Taking phase-A open-circuit
fault as an example, the optimization problem of MTOC problem
for LFSO can be expressed in (18) by combining the objective
function of copper loss in (5) and the current constraint in (7)

min PCu.

s.t.

{
g(0, iB , iC , iD, iE , iF ) = 0
−1.098 ≤ iX ≤ 1.098

(18)

By employing the interior point method at all the discretized
electric angles, the phase currents can be plotted in Fig. 8(a),
and currents can be transformed into the decoupled current
references, as shown in Fig. 8(b). All phase currents satisfy
the constraints of calculated limitation, and currents can be
expressed by using the same fitting method in Section V-A.
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TABLE II
COMPARISON OF COPPER LOSS AND TORQUE OUTPUT CAPABILITY IN MHFO

TABLE III
COMPARISON OF COPPER LOSS AND TORQUE OUTPUT CAPABILITY IN LFSO

Fig. 9. Experimental platform.

C. Performance Comparison

A comparison is conducted to show the superiority of the
proposed MTOC schemes, as given in Tables II and III. Three
existing MT fault-tolerant control schemes are compared with
the proposed MTOC for MHFO and LFSO, respectively.

Table II gives the comparison of torque output capability and
total copper loss in MHFO. Munim et al. [29] utilizes four
healthy phases with sinusoidal currents and the torque output
capability in MHFO can reach 57.7% with the total copper loss of
2 p.u. By injecting the second harmonics, all five healthy phases
are utilized in the shape of nonsinusoidal current waveforms in
[21], where the torque output capability is increased to 66.1%
and the total copper loss is decreased to 1.588 p.u. Jin et al. [19]
optimize the fault-tolerant currents through PSO method with a
newly defined objective function. In this way, the torque output

Fig. 10. Proposed MLOC scheme for phase-A open-phase fault of open-
winding DTP-PMSM drive, (a) d-axis and q-axis currents, (b) x-axis and y-axis
currents. (c) o1-axis and o2-axis currents. (d) Speed and torque; (e) Phase-ABCD
currents. (f) Phase-CDEF currents.

loss of 1,524 p.u. The theoretical optimal current references of
the proposed MTOC for MHFO are achieved by establishing
and solving the quadratic programming problem, and the torque
output capability reaches the highest value of 82.3% with a total
copper loss of 1.23 p.u.

Table III gives the comparison of torque output capability
and total copper loss in LFSO. According to (11), the torque
output capability in LFSO is determined by maximum peak
value of phase currents which is 1.414 p.u. in healthy operation.
Therefore, the torque output capability in LFSO is 70.7%, lower
than that in MHFO. Since LFSO is not considered in the existing
MT schemes, the proposed MT scheme in LFSO is compared
with the three MT schemes in Table II. The torque output
capabilities in LSFO of MT schemes in [29], [21], and [19] are
40.8%, 38.6%, 37.9%, respectively. The proposed MTOC for
LSFO can improve the torque output capability to the theoretical
highest of 64.4% and decrease the total copper loss to 1.267 p.u.

VI. EXPERIMENTAL VERIFICATION

The proposed fault-tolerant optimization control scheme in
full operation range is verified on a laboratory prototype of
the open-winding DTP-PMSM drive, as shown in Fig. 9. The
DSP (TMS320F28337) is adopted to acquire sampling data,
execute control strategies, and generate 24 pulsewidth mod-
ulation signals. Four sets of three-phase insulated gate bipo-
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Fig. 11. Proposed MTOC scheme for MHFO with phase-A open-phase fault
of open-winding DTP-PMSM drive. (a) d-axis and q-axis currents. (b) x-axis
and y-axis currents. (c) o1-axis and o2-axis currents. (d) Speed and torque.
(e) Phase-ABCD currents. (f) Phase-CDEF currents.

TABLE IV
PARAMETERS OF MOTOR DRIVE

DTP-PMSM. In the experiment, the load torque can be ad-
justed by changing the load resistance. The open-phase fault
is performed by opening the breaker in the faulty phase. The
key parameters of the open-winding DTP-PMSM are given
in Table IV. To prove the effectiveness of the proposed fault-
tolerant control scheme, all the experiments are carried out under
phase-A open-phase fault, as shown in Figs. 10 –13.

Fig. 10 shows the experimental fault-tolerant performance
of the proposed MLOC scheme with phase-A open-phase fault
of open-winding DTP-PMSM drive at the frequency of 25 Hz
and the load torque of 8.8N. Fig. 10(a)–(c) depict the tracking

Fig. 12. Proposed MTOC scheme for LFSO with Phase-A open-phase fault
of open-winding DTP-PMSM drive. (a) d-axis and q-axis currents. (b) x-axis
and y-axis currents. (c) o1-axis and o2-axis currents. (d) speed and torque.
(e) Phase-ABCD currents. (f) Phase-CDEF currents.

performance of decoupled currents which can all track the given
corresponding current references. x-axis and o1-axis currents
coincide. Meanwhile, y-axis and o2-axis currents also coincide.
The torque Te and its distribution of the two three-phase wind-
ings Te1, Te2 are shown in Fig. 10(d), and the two components
jointly produce a steady torque output. Fig. 10(e) and (f) shows
the six-phase currents which matched well with the calculated
theoretical waveforms in Fig. 5(a).

Fig. 11 shows the experimental fault-tolerant performance of
the proposed MTOC scheme for MHFO with Phase-A open-
phase fault of open-winding DTP-PMSM drive at the frequency
of 25 Hz and the load torque of 8.8 N. Fig. 11(a)–(c) depicts the
tracking performance of decoupled currents which can all track
the given corresponding current references. The torque Te and its
distribution of the two three-phase windings Te1, Te2 are shown
in Fig. 11(d), and the two components together produce a steady
torque output. Fig. 11(e) and (f) shows the six-phase currents
which matched well with the calculated theoretical waveforms
in Fig. 6(a). The current of phase-D and phase-E are relatively
smaller than that in Fig. 10(e) and (f). This occurs because
the objective function of MTOC for MHFO is to minimize
the maximum phase copper loss whereas that of MLOC is to
minimize the total copper loss.

Fig. 12 shows the experimental fault-tolerant performance of
the proposed MTOC scheme for LFSO with phase-A open-phase
fault of open-winding DTP-PMSM drive at the frequency of
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Fig. 13. Performance comparison of different control schemes with phase-A
open-phase fault in full operation range. (a) ML schemes. (b) MT schemes for
MHFO. (c) MT schemes for LFSO.

1 Hz. To optimally present the experimental effect in LFSO,
the motor is replaced with resistance-inductance loads in ex-
perimental platform. The resistance and inductance are set to
0.55 Ω and 2 mH, respectively. Fig. 12(a)–(c) depicts the track-
ing performance of decoupled currents which can all track the
given corresponding current references. The torque Te and its
distribution of the two three-phase windings Te1, Te2 are shown
in Fig. 12(d), and the two components together produce a steady
torque output. Due to constraints of phase currents in (17), the
torque output of healthy three-phase windings will be reduced
on its peak. Fig. 12(e) and (f) shows the six-phase currents
which matched well with the calculated theoretical waveforms
in Fig. 8(a). The phase currents can be limited within the given
amplitude to maximize the torque output capability in LFSO,
which validates the effectiveness of the proposed MTOC for
LFSO scheme.

Fig. 13 presents the experimental comparisons of copper
losses and torque output capabilities among different fault-
tolerant schemes in full operation range. In Fig. 13(a), the aver-
age copper losses and torque output capabilities are compared
among four ML fault-tolerant schemes in Table I at the frequency
of 25 Hz. It can be found that the proposed MLOC scheme
outperforms other three ML schemes with reduced copper loss
and enhanced torque output capability. In Fig. 13(b), the average
copper loss and torque output capability are compared among
four MT fault-tolerant schemes in Table II at the frequency
of 25 Hz. It can be found that the proposed MTOC scheme

for MHFO has the highest torque output capability and lowest
average total copper loss. In Fig. 13(c), the real-time copper
loss and torque output capability in LFSO are compared among
four MT fault-tolerant schemes in Table III at the frequency of
1 Hz. It can be observed that the maximum instantaneous phase
copper loss PCu_Max in the conventional MT schemes will be
increased, thereby decreasing the torque output capability in
LFSO. By comparison, the proposed MTOC scheme for LFSO
possesses the highest torque output capability with the lowest
copper loss.

VII. CONCLUSION

This article proposed a fault-tolerant optimization control
scheme considering the full operation range for open-winding
DTP-PMSM drives under open-phase fault. The characteristics
of operation states including torque and frequency are analyzed.
MLOC and MTOC problems are established for objectives
of minimum copper loss and maximum torque, respectively.
The proposed MLOC scheme can be applied in full frequency
operation range, while the proposed MTOC scheme considers
different operating frequencies separately. Theoretically, the
proposed fault-tolerant control scheme can reduce copper loss by
5.2% compared to existing optimal ML schemes, and improve
the torque output capability by 9%, 23.6% compared to existing
optimal MT schemes in MHFO and LFSO, respectively.
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