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ABSTRACT Multiphasemachines have been attractingmore andmore attentions in high-reliability-required
applications due to their inherent fault-tolerant capability. Postfault control strategies with-standing open-
circuit faults (OCFs) for several multiphase machine types, like five-phase, symmetrical six-phase (S6) and
asymmetrical six-phase (A6) machines, have been widely investigated in recent literatures. However, fault-
tolerant control for symmetrical dual three-phase (D3) machines have rarely been studied so far. To fill
the gap, this paper addresses key issues in postfault decoupling modeling and field orient control (FOC)
for the dual three-phase surface-mounted permanent magnet synchronous machine (SPMSM) with isolated
neutrals under single-phase OCF. To do so, a postfault decoupling model with reduced-order transformation
is established for D3 machines. Postfault current references are reconfigured with two main-stream criteria:
minimum-loss (ML) and maximum-torque (MT). Furthermore, third harmonic flux linkage/back-EMF are
taken into account in modeling and control, since it causes third harmonic currents and hence torque ripples
under single-phase OCF. Proportional-resonant controllers are employed to decrease the third harmonic
currents and torque pulsations. The validity of the postfault control strategies is proved by experiments.

INDEX TERMS Dual three-phase, fault-tolerant control, open-circuit fault, permanent-magnet synchronous
machine (PMSM).

I. INTRODUCTION
Fault-tolerant capability is one of the outstanding advan-
tages of multiphase machines in comparison with conven-
tional three-phase ones. The utilization of redundant degrees
of freedom in multiphase drives provides the possibility
of continuous operation in the event of faults. Owing to
this inherent merit, multiphase drives have been practically
selected as attractive candidates in safety-critical applica-
tions, such as aircrafts, electric vehicles, ship propulsion,
and high-reliability industrial drives, where uninterrupted
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operation under faulty conditions is demanded for security
and economic reasons [1]–[4].

In order to exploit the fault-tolerance of multiphase
drives in presence of faults, recent research studies have
been focus on the machine design [5], postfault model-
ing [6], [7], and control [8]–[10] for various types of multi-
phase machine drives. Although fault-tolerant capability of
five-phase drives has drawn more attention in the recent
literature [7], [9]–[11], the 3k-phase machines, in which
the number of phases is divisible by three, are more attrac-
tive in industrial applications, due to the fact that widely
used three-phase converters are more easy to extended to
3k-phase drives via parallel connection [12]. Among
3k-phase machines, six-phase machines have been widely
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reported in the last decade [3], [4], [8], [13]–[15]. According
to the specific spatial shifted angle of 0, π /6, and π /3 between
two three-phase windings, the generic six-phase machines
can be categorized into three mainstream topologies: dual
three-phase (D3), asymmetrical six-phase (A6), and symmet-
rical six-phase (S6) machines, respectively [3], [13], [14].
Because of better air-gap flux distribution, A6 machines are
favored over D3 and S6 ones. For this reason, A6 machines
are widely investigated in literatures [8], [14], [15]. Though
A6 machines are superior to D3 machines in performance,
the latter ones are still adopted in some low-cost applica-
tions because they can be easily controlled as two individual
three-phase machines with the same control algorithm. In
some D3 machines with symmetrical winding arrangement,
both three-phase winding sets spatially placed in completely
symmetrical parts of the stator, the topology is character-
ized by a high self-inductance and low mutual inductance
which allows to limit current in the case of a short circuit
and weaken the magnetic coupling between the faulty and
healthy phases [16], [17]. Nevertheless, fault-tolerance capa-
bility withstanding electrical faults in D3 drives is barely
investigated in the past literature, which is studied in this
paper.

The main electrical faults in D3 drives are open-circuit
fault (OCF) and short-circuit fault (SCF). OCFs are caused
by numerous reasons, such as mechanical disconnection
between the converter and phase windings, internal winding
rupture, and semiconductor component failures. SCFs can
come into OCFs by isolating the faulty phase from healthy
ones with fast fuses or breakers. For this reason, OCF is the
most common fault discussed in previous studies [15], [18].
The fact that one or more OCFs appear in multiphase drives
may cause large torque ripples, serious mechanical vibration,
and eventual shutdown of the entire drive. Therefore, proper
postfault control strategies are strongly demanded tomaintain
the continuity of operation and acceptable derating perfor-
mance under faulty conditions.

Several postfault control strategies concerning the multi-
phase machines under one or more OCFs have been pro-
posed in previous works [7]–[9], [15], [19]. In these studies,
the common principle of the postfault control strategies was
to maintain the same rotating magnetomotive force (MMF) as
in the prefault situation. The simplest postfault control strat-
egy called as redundant control strategy for 3k-phasemachine
is to disable and isolate the whole three-phase winding con-
taining the open-circuit phase to maintain the continuity of
operation [20], [21]. However, the redundant control naturally
causes significant reduction in output power/torque. In order
to improve the power/torque density under faulty condition,
more suitable postfault control strategies are required. The
commonly used method is to readapt the remaining healthy
phase currents. In order to achieve an optimal performance
in one aspect, the remaining current reference signals are
always regenerated by different optimization criteria, such
as minimum copper loss (ML) and maximum torque (MT)
criteria [15], [22]. Specially, the ML criterion achieves

minimum stator copper losses at given torque but limited
available torque and unbalanced current amplitude. In con-
trast, the MT criterion achieves maximum torque with equal
current amplitude at cost of higher copper losses. Recently,
the full-range ML (FRML) criteria, as a hybrid MLMT com-
bination between the ML and the MT criteria, was presented
in [23] and [24] which ensures the minimum losses in the
whole torque operation range (TOR). Along with these prin-
ciples, hysteresis current controllers were typically used to
track the reference currents [25]. However, these controllers
suffer from drawbacks as high switch loss, large current
ripples, and electromagnetic compatibility problem caused by
unfixed switching frequency.

In order to overcome the disadvantages of hys-
teresis controllers, the postfault decoupled FOC with
proportional-integral (PI) current regulators has been
exploited in advanced drive applications since they demon-
strates excellent steady-state and transient performances.
However, to improve the postfault performance of FOC
under OCFs, the reduced-order model andmodified SVPWM
suitable for faulty condition are required. Different multi-
phase machine types and different OCFs lead to various
reduced-order transformations. Reduced-order models for
five-phase [7], [19] and A6 machines [8], [26] under OCFs
have been well-established. Relevant postfault FOC strate-
gies have also been investigated under a variety of scenarios:
different winding connection patterns [25], different neutral
configurations [8], [22], [27], and the effect of trapezoidal
back EMF on postfault performance [7], [9], [25]. Postfault
operations under single-phase OCF for S6 [6] or conventional
three-phase [28], [29] machines are also discussed. However,
the reduced-order decoupled model and corresponding post-
fault FOC strategy for D3 machines under single-phase OCF
are still missing.

Field experiences have demonstrated that the harmonic
currents and torque ripples appear when single-phase OCF
occurs. Postfault torque ripples are caused by compre-
hensive effects of the third components of back EMF
harmonics and torque-producing component of currents
pulsation [7], [11]. Several approaches to suppress the
postfault torque-producing current harmonics have been
developed, as feed-forward current compensation [10],
sliding mode control (SMC) [7], [11], PI-type cur-
rent control in multiple synchronous frames [30] and
proportional-resonant (PR) current controllers [8], [31].
Among these methods, PR controllers are adopted in this
paper for postfault harmonic current suppression since they
are easy to digitally implement in practice without heavy
computational burden.

To address the above issues, this paper develops
a postfault FOC strategy for the D3 surface-mounted
PMSM (SPMSM) with isolated neutrals under single-phase
OCF. A reduced-order transformation is proposed to obtain
the postfault decoupled model under arbitrary single-phase
OCF. In this decoupled model, the effects of the mutual
inductance between D3 windings and the third back
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FIGURE 1. The geometry of the 24-slot 4-pole dual three-phase SPMSM
and its fault-tolerant inverter topology.

EMF harmonics associated with permanent-magnet (PM)
are comprehensively considered. Based on the decoupled
model, postfault FOC strategies with twomainstream criteria,
i.e., ML FOC and MT FOC, are presented. In order to
suppress the postfault third current harmonics, PR controllers
are employed in rotating frame. Furthermore, a modified
space vector pulse width modulation (SVPWM) is developed
for the faulty three-phase VSI. With the above approaches,
a complete postfault FOC scheme for D3 SPMSM under
single-phase OCF is established.

The rest of this paper is organized as follows. The geom-
etry of the D3 SPMSM and its redundant drive are briefly
introduced in Section II. The postfaul model of D3 SPMSM is
established in Section III. In Section IV, postfault FOC strate-
gies are presented. Experimental steady-state and dynamic
performances are shown in Section V. Conclusions are drawn
in Section VI.

II. MACHINE GEOMETRY AND DRIVE CIRCUIT
The winding configuration and drive circuit of a 24-slot
4-pole D3 SPMSM studied in this paper is depicted in Fig. 1.
This type includes two sets of three-phase windings (1A, 1B,
1C and 2A, 2B, 2C) independently fed by two IGBT-based
2-level VSIs, which are connected in parallel to a single dc
link. Three-phase windings-1 and -2 are individually star-
connected and neutrals 1N and 2N are isolated. 1N and 2N
are respectively connected to the midpoints of two additional
redundant legs via two controllable bidirectional switches
(TRIACs or bidirectional IGBT modules). With this configu-
ration, fault-tolerant capability against arbitrary single-phase
OCF can be achieved. The redundant VSI for the D3 machine
used herein can be regarded as the combination of two redun-
dant VSIs for conventional three-phase drives connected in
parallel [29].

III. D3 SPMSM MODEL UNDER SINGLE-PHASE OCF
A. POSTFAULT MODEL IN STATIONARY FRAME
In this paper, the D3 SPMSM model with arbitrary
one phase open-circuit is given. For the sake of gen-
erality, the case of phase-1A of three-phase winding
set-1 open-circuited is studied. Removing the quanti-
ties related with phase-1A from the healthy voltage

equations, the reduced-order voltage equations of the remain-
ing phases can be expressed as (1). In (1), the mutual
inductance between two three-phase windings and the third
harmonic back-EMF are taken into account.

uF = RF iF + LF
d iF
dt

+ω


λm1



− sin(θ −
2π
3
)

− sin(θ +
2π
3
)

− sin θ

− sin(θ −
2π
3
)

− sin(θ +
2π
3
)


− 3λm3


1
1
1
1
1

 sin 3θ


(1)

where uF = [u1b,u1c, u2a,u2b, u2c]> and iF =

[i1b,i1c, i2a,i2b, i2c]> are phase voltage and current vectors
without phase-1A, respectively; θ is the electrical position of
the rotor; ω is the electrical angular velocity; λm1 and λm3 are
the fundamental and the third harmonic PM flux linkages,
respectively; RF= diag (Rs)5, Rs is the phase resistance; LF
is the remaining submatrix of Labc with the elements of
the row-1A and column-1A removed, Labc is the inductance
matrix. The elements of LF can be expressed as

L1i1j = L2i2j =

{
Lls + Ls, i = j
Ms, i 6= j,

L1i2j = L2i1j =

{
Lm, i = j
Mm, i 6= j

(2)

In (2), Lls is the leakage inductance, Ls is the main self-
inductance,Ms is the mutual inductance in the same winding,
Lm is the mutual inductance between the same phases of
two three-phase windings, and Mm is the mutual inductance
between the different phases of two three-phase windings.

If the magnetic saturation effects are neglected, the electro-
magnetic torque Te can be derived by derivating of the mag-
netic co-energy W ′m with respect to the rotor position θ , i.e.,
(3) and (4), as shown at the bottom of the next page where nP
is the number of pole pairs.

B. REDUCED-ORDER TRANSFORMATIONS AND
DECOUPLED MODEL
Under single-phase OCF, conventional Clarke and Park trans-
formations for D3 machine modeling cannot be used, since
the voltage and torque equations are asymmetry. In order
to obtain the postfault decoupled model in rotating frame,
a set of coordinate transformations listed in (5) is developed.
These transformations map vectors into the d–q frame. The
principle of transformations is to maintain the fundamental
back-EMF under the faulty condition the same as that under
the normal condition.

Q1 =

√
1
2

[
−1 1
−1 −1

]
, Q−11 = Q>1 , D1 =

[√
3 0
0 1

]
,
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D−11 =

√1
3

0

0 1

 , Q2 =

√
2
3


1 0

−
1
2

√
3
2

−
1
2 −

√
3
2

 ,

Q>2 =

√
2
3

 1 −
1
2
−
1
2

0

√
3
2
−

√
3
2

 , R(θi) = [ cos θ sin θ
− sin θ cos θ

]
(5)

Using the transformations in (5), the transformations map-
ping postfault voltage and current vectors from abc frame to
d–q frame can be written as

TU (θ ) =
[
R(θ )D1Q>1 O2,3

O3,2 R(θ )Q>2

]
(6)

TI (θ ) =
[
R(θ )D−11 Q>1 O2,3

O3,2 R(θ )Q>2

]
(7)

where TU (θ ) and TI (θ ) are the transformation matrices for
voltage and current vectors, respectively. O2,3 and O3,2 are
zero matrices with 2× 3 and 3× 2 zeros, respectively.
By substituting (6) and (7) into (1), the voltage equations

in d–q frame can be expressed as

udq = Rdqidq + Ldq
d idq
dt
+ ωJLdqidq

+ω

√
3
2

(
λm1

[
0 1 0 1

]>
+ 3λm3

[
sin 2θ + sin 4θ − cos 2θ+cos 4θ 0 0

]>)
(8)

where udq = [u1d , u1q, u2d , u2q]> and idq =

[i1d , i1q, i2d , i2q]> are respectively phase voltage and current
vectors in d–q reference frame under the condition of phase-
1A open. Rdq = TU (θ)RFT−1I (θ ), Ldq = TU (θ)LFT−1I (θ )

and J =
(
R (θ) dR

−1(θ)
dθ

)
⊕

(
R (θ) dR

−1(θ)
dθi

)
can be calculated

as

Rdq = Rsdiag(3,1,1,1),

J =


0 −1 0 0
1 0 0 0
0 0 0 −1
0 0 1 0

 ,

Ldq =


3Lls + L 0 M 0

0 Lls + L 0 M
M 0 Lls + L 0
0 M 0 Lls + L

 (9)

where L = Ls − Lm andM = Ms −Mm.
From (9) it can be seen that the inductance matrix Ldq is

non-diagonal, which means currents in two d–q frame are
still coupled. To address this, an additional orthogonal trans-
formation T is introduced to make TLdqT−1 approximately
diagonal, that is

T =

√
2
2


1 0 1 0
0 1 0 1
−1 0 1 0
0 −1 0 1

 , T−1 =

√
2
2


1 0 −1 0
0 1 0 −1
1 0 1 0
0 1 0 1

.
(10)

On the other hand, a new reference frame, named as s–e frame
in this paper, has been introduced by the transformation T .
Voltage and current vectors in s–e frame can be expressed as
use = Tudq and ise = Tidq, i.e.,

usd
usq
ued
ueq

 =
√
2
2


u2d + u1d
u2q + u1q
u2d − u1d
u2q − u1q

 ,

isd
isq
ied
ieq

 =
√
2
2


i2d + i1d
i2q + i1q
i2d − i1d
i2q − i1q

 . (11)

It can be seen in (11) that all quantities with the subscript
‘‘s’’ represent the sum of the quantities of d–q frame, whereas
all quantities with the subscript ‘‘e’’ represent the error of the
quantities of d–q frame. Applying transformation (10) to all
quantities in (8), the voltage equations can be expressed in
s–e frame as

use = Rseise + Lse
d ise
dt
+ ωJLseise

+ω
√
3

λm1

0
1
0
0

+ 3
2
λm3


sin 2θ + sin 4θ
− cos 2θ + cos 4θ
− sin 2θ − sin 4θ
cos 2θ − cos 4θ




(12)

W ′m =
1
2
i>F (LF − Llsdiag(1))iF + λm1i

>
F

·

[
cos(θ −

2π
3
) cos(θ +

2π
3
) cos θ cos(θ −

2π
3
) cos(θ +

2π
3
)

]>
+ λm3i>F ·

[
1 1 1 1 1

]> cos 3θ
(3)

Te =
∂W ′m
∂θ
= −nPλm1i>F

·

[
sin(θ −

2π
3
) sin(θ +

2π
3
) sin θ sin(θ −

2π
3
) sin(θ +

2π
3
)

]>
− 3nPλm3i>F ·

[
1 1 1 1 1

]> sin 3θ (4)
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where Rse = TRdqT−1, Lse = TLdqT−1 are given by (13).

Rse=Rs


2 0 −1 0
0 1 0 0
−1 0 2 0
0 0 0 1



Lse=


2Lls+L+M 0 −Lls 0

0 Lls+L+M 0 0
−Lls 0 2Lls+L−M 0
0 0 0 Lls+L−M


(13)

The last term in (12) represents the back-EMF vector in s–e
frame, which can be decomposed into two terms as follows,

Ese = Ese1 + Ese3 = ω(3se1 +3se3)

3se1 = KE1
[
0 1 0 0

]>
,

3se3 = KE3


sin 2θ + sin 4θ
− cos 2θ + cos 4θ
− sin 2θ − sin 4θ
cos 2θ − cos 4θ

 (14)

where KE1 =
√
3λm1, KE3 = 3

2

√
3λm3 are the coefficients of

the fundamental and third harmonic back-EMF, respectively;
KE3
KE1
=

3
2
λm3
λm1

; Ese, Ese1, Ese3 are the total, fundamental and
third harmonic back-EMF vectors in s–e frame, respectively.

From (14) it can be seen that the total back-EMF in
s–e frame can be decoupled into two parts: the fundamental
back-EMF remains the same as that in normal operation. The
pulsating back-EMF, fluctuating at twice and four times of
electrical speed in d–q frame, excites third harmonic phase
currents.

Substituting (7) and (10) into (4), the electromagnetic
torque can be expressed with s–e currents as

Te = Te1 + Te3 = nPi>se ·3se1 + nPi>se ·3se3,

Te1 = KT1isq, Te3 = KT3 ((isd − ied )(sin 2θ + sin 4θ)

+ (isq − ieq)(− cos 2θ + cos 4θ)
)

(15)

where KT1 = nPKE1, KT3 = nPKE3, Te represents the total
electromagnetic torques, Te1 and Te3 are the average torque
and pulsating torque, respectively.

As seen in (15), the postfault average torque, Te1, is kept as
the same as that in normal operation, due to the preservation
of back-EMF. However, torque ripples Te3 appears after fault
due to the interaction between 3se3 and ise. Although both
fundamental and third harmonic currents interact with the
third harmonic back-EMF resulting in torque ripples, the third
harmonic currents bring not only torque ripples but also
additional losses. So they have to be suppressed by proper
compensation strategy.

From the control point of view, as seen in (12), the voltage
equation is nonlinear and can be divided into two parts: the
fundamental part and the third harmonic part. The former can
be considered as the linear time-invariant system and the latter
can be treated as the time-variant disturbances. The voltage

FIGURE 2. Decoupled model in s-e reference frame under single-phase
OCF. C(θ) = − cos2θ + cos4θ , S(θ) = sin2θ + sin4θ .

equation in s–e frame can be approximately decoupled and
expressed as

(L̄se
d
dt
+ R̄se)ise=use − Ese1 − Ese3︸︷︷︸

disturbance

−(ωJL̄se+R̃se)ise︸ ︷︷ ︸
cross-coupling

(16)

where L̄se, R̄se and R̃se are parameters defined in (17).

R̄se , Rsdiag(2, 1, 2, 1) , diag(Rsd ,Rsq,Red ,Req),

R̃se , Rse − R̄se,

L̄se = diag(2Lls + L +M ,Lls + L +M ,

2Lls + L −M ,Lls + L −M )

, diag(Lsd ,Lsq,Led ,Leq) (17)

Here L̄se ddt + R̄se is diagonal which means the model repre-

sented by (16) is decoupled. Ese3 and
(
ωJL̄se + R̃se

)
ise are

treated as disturbance term and cross-coupling term, respec-
tively. It should be noted that the non-diagonal elements,−Lls
in (13), are neglected since the leakage inductance is much
smaller than self-inductance. The block diagram of decoupled
model is shown in Fig. 2.

IV. POSTFAULT FOC CONTROL UNDER SINGLE-PHASE
OCF
A. FOC FOR SINGLE-PHASE OCF OPERATION
In variable speed drives, most postfault FOC control schemes
based on double closed loops use an outer speed controller to
generate the torque reference. According to (15), the postfault
average torque Te1 is only linear to isq. Thus, the current
reference isq can directly inherited from the torque reference.
However, the other current references, i.e., isd , ied and ieq,
have to be determined by additional constraints. The popular
additional constraints in previous literatures can be catego-
rized in two main principles: minimum loss (ML) criteria
and maximum torque (MT) criteria. ML criteria minimizes
stator copper losses resulting in unequal magnitudes of phase
currents. In contrast, MT criteria forces the equal magnitudes
of phase currents.

1) ML FOC
It is well-known that ‘‘id = 0’’ is required for non-salient
machine to achieve maximum torque per ampere (MTPA).
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According to (11) and (15), ‘‘i1q + i2q = constant’’ is
also required to provide the reference torque. Hence, the
minimization problem of instantaneous stator copper losses
under single-phase OCF can be expressed in d–q frame as

min
idq

pcopper = i>jkRjk ijk = i>dqRdqidq

= Rsi>dqdiag(3, 1, 1, 1)idq=Rs(3i
2
1d + i

2
1q + i

2
2d + i

2
2q)

s.t. i1d = i2d = 0, i1q + i2q = constant. (18)

According to the Cauchy-Schwarz inequality, the opti-
mization condition for (18) is ‘‘i1q = i2q’’ in d–q frame,
or ‘‘ieq = 0’’ in s–e frame. The constraints for ML FOC can
be expressed as

isd = ied = ieq = 0, isq = constant. (19)

Substituting constraints (19) into (15), the torque expres-
sion generated by ML FOC can be simplified as

Te = KT isq

(
1+ 1.5

(
λm3

λm1

)
(− cos 2θ + cos 4θ)

)
(20)

2) MT FOC
When MT FOC is employed, the equal current ampli-
tude of the remaining phases is required. Assuming that at
steady-state i1d and i2d are kept zero whereas i1q and i2q are
kept constant, namely I1q and I2q, respectively. The remain-
ing healthy phase currents in abc frame can be obtained by
applying T−1I (θ) in (7), i.e.,[
i1b i1c

]>
=

√
2
3

[
−
√
3I1q sin(θ −

π

6
) −
√
3I1q sin(θ +

π

6
)
]>
,[

i2a i2b i2c
]>

=

√
2
3

[
−I2q sin θ −I2q sin(θ−

2π
3
) −I2q sin(θ+

2π
3
)

]>
(21)

Note that, as seen in (21), ‘‘
√
3 I1q = I2q’’ in steady-

state, or ‘‘
√
3 i1q = i2q’’ in transient, is required for equal

phase current amplitude. Combining these two constraints,
‘‘i1d = i2d = 0’’ which is required for MTPA and ‘‘i1q =
i2q = constant’’ which is for the certain torque generation,
the constraints for MT FOC are

isd = ied = 0, isq = constant, ieq = 0.268isq, (22)

where 0.268 =
√
3−1
√
3+1

.
Substituting constraints (22) into (15), the torque based on

MT FOC can be simplified as

Te = KT isq

(
1+ 1.098

(
λm3

λm1

)
(− cos 2θ + cos 4θ)

)
(23)

where 1.098 = 3
2 (
√
3− 1).

As seen in (20) and (23), even though the condition ‘‘isd =
ied = 0’’ and ‘‘isq = constant’’ are satisfied, the torque
ripples are inevitable with either ML or MT principle, due

to the existence of λm3/λm1. Besides, isd , isq, ied and ieq
are hardly kept constant only with PI controllers due to the
existence of λm3/λm1. In light of this, it is necessary to design
suitable current compensators to suppress the third harmonic
phase currents.

B. THIRD HARMONIC CURRENT COMPENSATION
With the forward compensation to cancel the cross-coupling
terms in (16), four current controllers are required to
regulate the four components of currents in s–e frame.
With these controllers, the general closed-loop transfer
function of the s–e currents can be uniformly written
as

Ix(s) = Grefx(s)Irefx − GE3x(s)E3x(s)

=
Cx(s)GPWM(s)GLRx(s)

1+ Cx(s)GPWM(s)GLRx(s)
Irefx(s)

−
GLRx(s)

1+ Cx(s)GPWM(s)GLRx(s)
E3x(s),

x = sd, sq, ed, or eq (24)

where Grefx(s) is the closed-loop transfer function from ix
to irefx , and GE3x(s) is the transfer function from ix to
E3x . Cx (s) is the transfer function of current controller.
Cx (s)GPWM (s)GLRx(s) is the open-loop transfer function.
In an average s-domainmodel, the PWMconverter model can
be simplified as a delay unit with the delay period 1.5TPWM
and then approximated as

GPWM(s) =
1

1.5TPWM+1
(25)

where TPWM is the sampling period.
According to internal model principle, to completely sup-

press a periodic disturbance, an internal model of the periodic
disturbance must be included in the controller. From (25),
That |Cx(jω0)| → ∞ for the given frequency ω0 implies
that∣∣∣∣ GLRx(jω0)

1+ Cx(jω0)GPWM(jω0)GLRx(jω0)
E3x(jω0)

∣∣∣∣→ 0, (26)

which means that the effect of third harmonic back-EMF
disturbance E3x is completely eliminated.

In this paper, the PIR controllers for suppressing the given
harmonics in s-e current closed-loops is established by con-
necting two ideal resonant terms in parallel with a PI con-
troller. If the steady-state electrical speed is supposed as ω0,
θi = ω0t + θ0 where θ0 is the initial phase. Ese3 can be
expressed as

Ese3 = KE3ω0


sin 2(ω0t + θ0)+ sin 4(ω0t + θ0)
− cos 2(ω0t + θ0)+ cos 4(ω0t + θ0)
− sin 2(ω0t + θ0)− sin 4(ω0t + θ0)
cos 2(ω0t + θ0)− cos 4(ω0t + θ0)


(27)

The components of Ese3(s) in s-domain have different
numerators but a common denominator, which is (s2 +
(2ω0)

2 )(s2 + (4ω0)
2). In order to suppress the disturbance,
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FIGURE 3. The unified block diagram of the x-axis current closed-loop.

FIGURE 4. Bode plots (top) and Nyquist curves (bottom) of the open-loop
transfer functions CPIx (s) + CPR1x (s) + CPR2x (s) with different
adjustment angles. The closed-loop system is unstable when ϕ = π

4 and
5π
8 . ϕ = 3π

8 is selected as a trade-off between stability and dynamics.

the resonant frequencies must be set equal to the frequencies
of periodic disturbance signal. The basic transfer function of
the two resonant terms are

CPR1(s) = KP1 + KR1
s cosϕR1 − 2ω0 sinϕR1

s2 + (2ω0)2
(28)

CPR2(s) = KP1 + KR2
s cosϕR2 − 4ω0 sinϕR2

s2 + (4ω0)2
(29)

where KP1 and KP2 are the proportional gains, respectively;
KR1 and KR2 are the gains of the 2nd- and 4th-order resonant

FIGURE 5. Relationship between the postfault and healthy base voltage
vectors.

terms, respectively; ϕR1 and ϕR2 are the adjustment phases to
improve the stability of resonant controller. Finally, the x-axis
current controller can be expressed as

Cx(s) = CPI (s)+ CPR1x(s)+ CPR2x(s) (30)

Fig. 3(a) depicts the closed-loop block diagram of the
x-axis current. The switches in resonant branches are turn
off during dynamics and turn on at the end of dynam-
ics to avoid the side effect and suppress steady-state
harmonics. In order to determine the suitable parame-
ters of resonant terms, the determination process pro-
posed in [31] is adopted to determine the parameters
in (28) and (29). Fig. 4 shows the bode plots and nyquist
curves of the open-loop transfer functions with different
parameters.

C. POSTFAULT SVPWM
Under single-phase OCF, the conventional three-phase
SVPWM for healthy winding should be modified for the
faulty winding. The output voltage vectors of the healthy
three-phase VSI driving the three-phase winding set-2 are
determined by the switch states (Sa2, Sb2, Sc2). Si = 1
means that the upper switch is on and the lower one is
off while Si = 0 means that the upper switch is off and
the lower one is on, i = a2, b2, c2. The output voltage
vector can be expressed in α–β plane using Q>2 in (5),
i.e., [

uα2
uβ2

]
= Q>2

1
3
Udc

 2 −1 −1
−1 2 −1
−1 −1 2

 Sa2Sb2
Sc2


= Q>2 Udc

 Sa2Sb2
Sc2

 . (31)

The output voltage vectors of three-phase VSI driving
the faulty winding are determined by the switch states
(Sn1, Sb1, Sc1). The output voltage vector can be expressed in
α–β plane using D1Q>1 in (5), i.e.,[

uα1
uβ1

]
= D1Q>1 = Udc

[
−1 1 0
−1 0 1

] Sn1Sb1
Sc1


=

[
3 0
0 1

]
Q>2 Udc

 Sn1Sb1
Sc1

 . (32)

Comparing (31) and (32), the only difference is that
the α-axis component of the faulty three-phase VSI out-
put voltage vector is scaled by 3. The all nonzero base
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FIGURE 6. Overall postfault control scheme and picture of the experimental setup. (a) Overall postfault control scheme. PIR controllers used in (a) are
shown in Fig. 3. (b) Picture of the experimental setup.

voltage vectors for all switch states are shown in Fig. 5.
If the voltage vectors of faulty three-phase VSI is scaled
by 1/3 along α-axis, they are completely coincides with
the voltage vectors of the healthy three-phase VSI. There-
fore, the conventional SVPWM can still to be used if
the modulated voltage vectors is scaled by 1/3 along with
α-axis.
The entire postfault FOC scheme for D3 SPMSM under

single-phase OCF is depicted in Fig. 6 (a).

V. EXPERIMENTAL VERIFICATION
A. EXPERIMENTAL PROTOTYPE
In order to assess the feasibility and validity of the proposed
control scheme under postfault operation, an experimentation
has been conducted on a 350 W dual three-phase PMSM
drive system. Fig. 6 (b) shows the experimental platform.
The test bench is composed of a D3 SPMSM, two dual
three-phase half-bridge VSIs with a single dc link, a PM dc
generator as the load and a dc power supply. Single-phase
OCF is emulated by directly disconnecting one of the motor
phases, phase-1A, in the following results. The neutral point
of the faulty winding (1N) is connected to the midpoint of
the leg originally connected with phase-1A. The D3 PMSM
is mechanically coupled with the torque transducer and the
dc PM generator whose terminal is connected with a sliding
variable resistor for load changing. The terminal voltage of
the dc machine is used to estimate the shaft speed and output
torque. The motor phase currents and rotor speed/position are
measured with Hall-effect sensors and a resolver coaxially
mounted inside the motor, respectively. SKMIKRON’s IGBT
modules SKM75GB128D are utilized as power devices with
a switching frequency 10 kHz. CONCEPT’s 2SD315AI are
employed in IGBT drive circuits. The overall control algo-
rithm is implemented on a digital signal processor (DSP) plat-
form with TI’s TMS320F28335. The control cycle is 100 us
as the same as the sampling period of current, rotor speed
and position angle. The waveforms were measured through
voltage and current probes and recorded by the oscilloscope.

TABLE 1. Parameters of the D3 SPMSM drive.

The main parameters of the tested D3 SPMSM is listed in
Table 1.

B. STEADY-STEADY PERFORMANCE UNDER HEALTHY
AND FAULTY CONDITIONS
In order to verify the validity of proposed postfault FOC
strategy, the steady state experiments have been firstly imple-
mented under healthy and faulty conditions. The machine is
driven in the speed mode and the speed reference is set to
1500 r/min. The load torque is 2 Nm proportional to the rotor
speed.

Fig. 7 refers to the speed torque and current waveforms
under, respectively, the healthy and phase-1A open-circuit
faulty conditions. It can be seen from Fig. 7(a) that the
phase currents under healthy condition are symmetrical and
the maximum amplitude of phase currents is about 5 A.
The conventional Clarke and Park transformations are used
to obtain the d- and q-axis currents. The average value of
q-axis currents are both 1 p.u., which means that the torque
generated by two winding sets are balanced. Besides, the
q-axis current ripples of the set-1 and set-2 are 0.28 and
0.26 p.u., respectively, which are both small under healthy
operation. Fig. 7(a) also shows the current trajectory in
α-β plane, the trajectory is noncircular and slightly distorted
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FIGURE 7. Experimental results at the steady state under healthy and
faulty conditions from top to bottom: Speed, torque and phase currents,
phase currents, currents in d-q frame, and current trajectories in α − β
plane. (a) Healthy condition. (b) Faulty condition with phase-1A
open-circuit.

because of the existence of little fifth harmonic currents. The
fifth harmonic current suppression is out of the scope of this
study.

Fig. 7(b) shows the steady-state performance under phase-
1A open-circuit faulty condition with prefault control strat-
egy. Thought the speed and torque under can be almost
maintained as the same as these under the healthy condition,
the phase currents of two winding sets are asymmetrical and
seriously distorted. The average value of q-axis currents are
0.5 and 1.5 p.u., respectively and this means that the torque
generated by two winding sets are unbalanced. In addition,
the q-axis current ripples of the set-1 and set-2 are 1.19 and
1.21 p.u., respectively, which are much bigger than these
under healthy condition. The d-axis current ripples of two
winding sets are 1.03 and 0.94 p.u., respectively. The cur-
rent trajectory under faulty condition is seriously distorted.

FIGURE 8. Frequency spectra of the phase currents at 1500 rpm.
Figures from top to bottom are: Phase currents of winding set-1 and set-2.
(a) Healthy condition. (b) Faulty condition with phase-1A open-circuit.

As can be seen, the current trajectory of set-1 is line due
to the loss of phase-1A. Because of the closed-loop con-
trol scheme, the current trajectory of set-2 is actively dis-
torted to provide the smooth total torque. Fig. 8 refers to
the frequency spectra of the phase currents under healthy
and faulty conditions. The main components of harmonic
currents and total harmonic distortion (THD) are also
given.

C. STEADY-STATE PERFORMANCE UNDER POSTFAULT
CONTROL CONDITION
In order to investigate the current performance under both
ML FOC and MT FOC after single-phase OCF, Steady-state
experiments have been carried out. The machine is driven in
the speed mode and the speed reference is set to 1500 r/min.
The load torque is 2 Nm proportional to the rotor speed. The
experimental current waveforms for ML/MT FOC schemes
with and without PR controllers are presented in Fig. 9 (a),
(b), (c) and (d). The d- and q-axis currents and current
trajectories in α–β plane in Fig. 9 are obtained with the
transformations in (7).

It can be seen from Fig. 9 that the ML FOC makes
the q-axis component of currents with the equal average
value,, while the MT FOC yields the phase currents with
equal magnitudes. The phase currents of set-1 for the con-
trol schemes without PR controllers are seriously distorted
as nonsinusoidal and the phase currents of set-2 are also
slightly distorted due to the mutual inductance between two
sets. The main component of phase current harmonics is
third harmonic. Compared with the control schemes with-
out PR controllers, the ones with PR controllers can sig-
nificantly suppress the third order harmonics in both sets.
Fig. 8 illustrates the frequency spectrum of the phase cur-
rents. It can be clearly observed that the large amount of
third components of harmonics are noticeable reduced with
PR controllers.
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FIGURE 9. Experimental results at the steady state from top to bottom: Phase currents, currents in d − q frame, and current trajectories in α − β plane.
(a) ML without PR controllers. (b) ML with PR controllers. (c) MT without PR controllers. (d) MT with PR controllers.

It should be mentioned that little fifth harmonic currents
still exist for the both FOC strategies with PR controllers,
which is responsible for the slightly distorted trajectories in
α–β plane from Fig. 9 (b) and (d). They only take over a
minor part of all harmonic components and their suppression
is beyond the scope of this paper. The total harmonic distor-
tion (THD) andmajor low-order current harmonics are shown
in Fig. 10.

D. DYNAMIC RESPONSE
The dynamic response experiment to speed reference change
was carried out. The speed reference is set to 1500 r/min
at the beginning, and is suddenly dropped to 600 r/min at
the instant t = 3 s, and finally rose up to 1200 r/min at
the instant t = 6 s. Fig. 11 shows dynamics of speed,
torque and phase currents under healthy, postfault ML and
postfault MT operations. It can be seen in Fig. 11 that

the smooth transient and accurate tracking are achieved.
Moreover, the speed and torque dynamic response wave-
forms under both postfault conditions have good agreement
with these under healthy condition. This means that the
speed and torque dynamic performances can be achieved
under postfault conditions with the proposed postfault control
strategy.

E. CHARACTERISTIC CURVES
The steady-state experiments were carried out to investigate
the performance under different loads. The load torque is
changed by sliding variable resistor connected with the dc
generator. Fig. 12 shows the characteristic curves under vari-
ous loads which are given in per-unit system. The estimated
torque and copper loss under ML and MT FOC strategies are
given.
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FIGURE 10. Frequency spectra of the phase currents at 1500 rpm. Figures from top to bottom are: Phase currents of winding set-1 and set-2. (a) ML
without PR controllers. (b) ML with PR controllers. (c) MT without PR controllers. (d) MT with PR controllers.

FIGURE 11. Speed and current dynamic response waveforms with healthy, ML and MT FOC strategies. (a)-(c) Healthy FOC; (d)-(f) ML
FOC (g)-(i) MT FOC. (b)(e)(h). Zoom-in plot during rising transient. (c)(f)(i). Zoom-in plot during dropping transient.

VI. CONCLUSION
This paper proposed a postfault FOC strategy for the
D3 SPMSM drive under single-phase OCF. A postfault
decoupled model has been developed. Based on the pro-
posed decoupled model, the entire postfault FOC strategies
with ML and MT criteria were provided. PR controllers are
employed to reduce the harmonic currents after fault occurs.
Furthermore, the postfault SVPWM was also presented. The

proposed postfault control strategies had been experimentally
verified.

APPENDIX
DERIVATION OF POSTFAULT REDUCED-ORDER
TRANSFORMATIONS
The postfault reduce-order transformation can be
derived from base vector transformation. The base vector
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FIGURE 12. Characteristic curves. (a) Phase currents v.s. torque.
(b) Copper loss v.s. torque.

FIGURE 13. Relationship between the three-phase base vectors in abc
frame and those in dq frame. (a) Faulty winding set-1 with phase-1A
open-circuit. (b) Healthy winding set-2.

transformation is used to mapping the base vectors in abc
frame into dq frame. Fig. 13 depicts the relationship between
the base vectors of two three-phase winding, namely faulty
set-1 with phase-1A open-circuit and healthy set-2 in abc
and dq frame, respectively. From Fig. 13(a), the base vector
transformation of faulty winding set-1 can be represented by
the matrix EF as follows,

EF =
[
e1b e1c

]
=

 cos(θ −
2π
3
) cos(θ +

2π
3
)

− sin(θ −
2π
3
) − sin(θ +

2π
3
)


(33)

By using the singular value decomposition (SVD) tech-
nique, EF can be decomposed as

EF = R(θ )DQ> (34)

where

R(θ ) =
[

cos θ sin θ
− sin θ cos θ

]
, D1 =

[√
3 0
0 1

]
,

Q>1 =

√
1
2

[
−1 1
−1 −1

]>
R(θ ) and Q>1 are orthogonal matrices and D1 is the diago-

nal matrix.
According to the relationship between base vector transfor-

mation and coordinate transformation, the current transfor-
mation mapping current vectors from abc frame to dq frame
can be expressed as

T1I (θ ) = (E>F )
−1
= R(θ )D−11 Q>1 (35)

Based on the constant power constraint of the voltage and
current transformations, i.e., T>U (θ)TI (θ) = I, where I is
the unity matrix, the voltage transformation can be derived as

T1U (θ ) = (T>1I (θ ))
−1
= R(θ )D1Q>1 (36)

From Fig. 3(b), the base vector transformation of healthy
winding set-2 can be represented by thematrixEH as follows,

EH =
[
e2a e2b e2c

]
=

 cos(θ) cos(θ −
2π
3
) cos(θ +

2π
3
)

− sin(θ) − sin(θ −
2π
3
) − sin(θ +

2π
3
)

 (37)

By using the singular value decomposition (SVD) tech-
nique,EF can be decomposed as the classical Park and Clarke
transformations, i.e.,

EH = R(θ)Q>2 (38)

where

Q>2 =

√
2
3

 1 1
2

1
2

0

√
3
2

−

√
3
2


Therefore, the voltage and current transformations map-

ping voltage and current vectors from abc frame to dq frame
can be expressed as

T2U (θ ) = T2I (θ ) = (E>H )
−1
= R(θ)Q>2 (39)
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