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Abstract—Fault-tolerant ability of dual three-phase permanent
magnet synchronous motors (PMSMs) is crucial for safety-critical
applications. When a single open-phase fault occurs, the current
references in conventional methods must be adjusted for avoiding
the generation of torque ripple. Meanwhile, their design should
balance the tradeoff between the torque operation range (TOR)
and the copper loss. However, these postfault current references
still need to be retailored under different open-phase fault loca-
tions; otherwise, more severe system damage may occur. Aiming
to improve the robustness of the control algorithm, this article
has proposed an online postfault strategy that can achieve mini-
mum copper loss while maximizing the TOR for dual three-phase
PMSMs with sinusoidal back-EMF. Unlike existing literature, the
current reference in the harmonic subspace can be uniformly deter-
mined by the intermediate variable of phase shift and amplitude
ratio, independent of fault scenarios. Additionally, the required
fault identification is reduced from locating a specific phase to iden-
tifying one set of three-phase windings. The postfault performance
of minimum copper loss can be achieved during the full TOR.
Furthermore, the implementation of proposed algorithm does not
require any optimization iterative process or look-up tables. Com-
prehensive experimental results have verified the effectiveness of
the proposed method.

Index Terms—Dual three-phase permanent magnet synchronous
motors (PMSMs), minimum copper loss, online postfault strategy,
open-phase fault, torque operation range.

NOMENCLATURE
a Derating factor, a = || g4|/||]|-
f Fault phase such as A, B, C,D, E, F.
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k, Ognitt Amplitude ratio and phase shift of the positive-
sequence components between two sets of
three-phase windings.

ML, MT Components of the ML and the MT control
strategy.

rt Rated values of healthy machine.

Matrix!

I, Iy Column vector of six-phase currents under

healthy condition and under faulty condition.

1, Column vector of six-phase rated currents.

Tvsp Transformation matrix of vector space

decomposition (VSD).

Ty, Postfault current coefficients matrix.

I. INTRODUCTION

AULT-TOLERANT ability of multiphase permanent mag-
F net synchronous motors (PMSMs) drive system, in addition
to other features of high power density and lower torque ripple, is
receiving more and more attention in safety-critical applications
such as aircraft systems, ship propulsion, and wind turbines [1],
[21, [3], [4]. As one type of multiphase motors, dual three-phase
PMSM drives has recently gained significant attraction owing
to the good compatibility for mature three-phase drives. Com-
pared to three-phase PMSM drive system, the dual three-phase
PMSM drive system can achieve the control torque-ripple-free
performance just by the software reconfiguration under the open-
circuit fault [5], [6], which is the most representative among
various types such as open-circuit switch faults, high-resistance
connections, and current-sensor faults [7].

In order to tackle the coupled relationship between six phase
currents, the control scheme of dual three-phase PMSM has
widely employed the vector space decomposition (VSD) model
[8], [9], where the phase current in the natural stationary ref-
erence frame can be mapped into different decoupled two-
dimensional (2-D) subspaces such torque subspace and har-
monic subspace. During the healthy operation, the currents of
torque subspace are determined by the torque generation and
air-gap magnetic field adjustment, while the currents in other
harmonic subspace can be independently regulated and are
typically set to zero for the lowest copper loss [9]. After the oc-
currence of open-circuit fault, the current references in these har-
monic subspaces need to be modified from zero to some specific
value for regulating the remained healthy phase current, thereby
maintaining the same rotating airgap magnetomotive force [10].
That is to say, the currents between different subspaces are
no longer independent for dual three-phase PMSM under the
faulty condition. In order to guarantee the torque-ripple-free
performance, the current references in harmonic subspace need
to be rewritten as the linear combination of the currents in
torque space, where these current coefficients must comply the
constraint imposed by the single-phase open-circuit fault [11].

'Tt should be noted that other boldface italic symbols represent complex
vectors unless otherwise specified.
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After the single open-phase fault, in addition to the two
control degrees of freedom used for the torque-ripple-free per-
formance, the remaining one can be utilized for choosing the
current coefficients, which has an impact on the system postfault
performance. In term of the copper loss and the achievable
torque range, there are mainly three types of postfault con-
trol strategies, namely, minimum losses (ML) [12], maximum
torque (MT) [13], and full-range minimum losses (FRML) [14].
In ML strategy, these current coefficients are optimized for
the lowest copper loss under a given torque [12]. However,
it would result in the unbalanced amplitude of phase current,
which further brings another challenge of the power derating
under the amplitude limit of phase current. For expanding the
torque operation range (TOR), the maximum amplitude of phase
currents is minimized in the MT strategy [13], which causes the
greater copper loss than that of ML strategy. In order to achieve
the lowest copper loss and the entire TOR simultaneously, the
FRML strategy has been investigated for the optimization of
these current coefficients [14]. Yet, these coefficients in [14],
which vary with the variation of torque current, are complex
to online solve and are, therefore, numerically calculated by
the offline FRML. Hence, many look-up tables are used for
coefficient prestorage in the digital controller, which, in turn,
increases the usage of computational resources. In addition, as
reportedin [15], [16], [17], and [18], injecting current harmonics
into the harmonic subspace (nontorque-producing subspace) can
further extend the torque range while keeping phase current
within its limits. However, this approach leads to nonsinusoidal
postfault current references, which is beyond the scope of this
study.

To reduce the computational burden, the online calculation
strategies [19], [20], [21], [22] has been proposed for pursuing
the same performance as FRML strategy. As reported in [20],
the novel online iteration process has been employed from
the extrapolation from single-phase faults to multiphase faults.
Meanwhile, many researchers have founded that the FRML can
be interpreted as a mixture between the ML strategy and the
MT strategy [21], [22]. These online postfault control strategies
determine the optimal mixing ratio of current coefficients—
derived from the ML and MT strategies—either approximately,
using linear closed-form expressions [21], or more accurately,
by evaluating the maximum current amplitude [22]. It should be
pointed out that those above postfault optimization strategies are
designed within the control framework of active fault-tolerant
control method, where fault diagnosis and location are necessary
for the implementation. In addition, these current coefficients of
postfault control strategies need to be tailored under different
open-phase fault scenarios. What is worse, the misleading result
of fault diagnosis would lead to the torque ripples, even the
breakdown of drive system.

Aiming to reduce dependency on fault-diagnosis, the control
schemes with natural fault-tolerant performance (also referred
to passive or diagnosis-free self-healing) [23], [24], [25], [26]
have been investigated as a promising alternative. Although
torque-ripple-free performance can be achieved without the need
for fault diagnosis, they also introduce another challenge: the
inability to regulate postfault performance [7] due to the absence
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neutrals

Fig. 1. Stator winding configuration of dual three-phase PMSM drives.

of optimization variables or an uncontrolled self-adaptation
process.

As reported in another universal control scheme [27], the
negative-sequence components of harmonic subspace are elim-
inated by the notch filter in the universal control scheme while
the positive-sequence ones are employed for realizing the adjust-
ment of postfault performance. By introducing new optimization
variables—amplitude ratio and phase shift—the ML strategy
was first developed in [27] for natural fault-tolerant control. Sub-
sequently, the settings for amplitude ratio and phase shift were
derived in [28] for the MT strategy. Additionally, an approximate
FRML strategy can be achieved through the linear combination
of the two aforementioned settings [29]. To the best knowledge
of the authors, there are little studies about the combination
between the universal control scheme and the FRML strategy.

Although several online postfault control strategies have been
developed to approximate the behavior of offline FRML method,
some differences in copper loss performance still remain. Fur-
thermore, these postfault current references still need to be
retailored under different open-phase fault locations. Aiming to
fill this gap, this article develops an online postfault strategy of
minimum copper loss in full TOR for dual three-phase PMSM
with isolated neutral points under single open-phase fault. It
should be noted that the effects of space harmonics in the back-
EMF are not considered in this study, as they can be effectively
minimized through appropriate stator winding design. The rest
of this article is organized as follows. First, the model and
existing postfault strategies of dual three-phase PMSM have
been briefly introduced in Section II. Then, the detailed settings
of the amplitude ratio and the phase shift have been derived for
proposed online postfault control strategy in Section III. At last,
the experiments verification presents in Sections IV. Finally,
Section V concludes this article.

II. BACKGROUND
A. Modeling of Dual Three-Phase PMSM

As shown in Fig. 1, the stator winding of dual three-phase
PMSM can be split into two sets of three-phase windings, one
of which is denoted as Phase A, Phase B, and Phase C, while
the second set is represented by Phase D, Phase E, and Phase F,
respectively. In this article, the neutral points of two sets of three-
phase windings are isolated from each other for avoiding the
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zero-sequence current, thereby simplifying the control method
of the motor system.

Aiming to solve the coupled relationship between phase vari-
ables, the phase variables in the natural stationary reference
frame can be mapped into a series of 2-D orthogonal subspaces
by the transformation matrix Tysp [8], as given by

I, 2 -1 -1 V3 —V3 07 [ia
lg 0 V3 -3 1 1 =2| |l
L|_112 -1 -1 =3 V3 0] |l
ly1| 6|0 —v3 V3 1 1 —2| |l
lo1 2 2 2 0 0 01| |le
lo2 0 0 0 2 2 2 | lr
Tvsp
(1)

where the symbol / denotes machine variables. It can be observed
that, due to the isolated neutral points, the sum of the three-phase
currents in each set of three-phase windings is zero according
to Kirchhoff’s current law. Consequently, the zero-sequence
subspace currents are inherently zero through the VSD trans-
formation and will not be considered in the subsequent analysis.
Like three-phase motor drive, the components of torque sub-
space and harmonic subspaces can be further transformed into
synchronous rotating reference frame [27], as given by

Fy, = F,pe 7%
{Fz]ZQ = Fzy@jee ’ (2)

Assuming that the space harmonics of the back-EMF are
negligible, the dynamic model of dual three-phase PMSM in
the synchronous rotating coordinate frame can be obtained by
VSD as follows [27]:

ug = Rgig + LD% — weLQiq
Uqg = Rslq + LQ% +_we(LD7fd + 7/)m) )

. di . 3
Uzl = RsZzl + Lzl dztl + weLz27fz2

. di, .
Uz2 = RSZZQ + LzZ ;tz - weLzlzzl

It should be pointed out that the mutual inductance is incor-
porated into the inductance of the harmonic subspace and the
torque subspace in the VSD model [9] as illustrated by

Lp = Ld-i-Md,LQ = Lq—l—Mq
Lzl = Ld - Md7L22 = Lq - Mq (4)

where the self-inductance and mutual inductance of three-phase
stator windings can be further separated into leakage and mutual
components, expressed as Ly = L,+Mg, L, = Ls+M ;. There-
fore, the inductance of harmonic subspace can be simplified as
L,1 = L,» = L, in most cases.

On the other hand, the current vectors of different subspaces
in VSD model can be also calculated by two sets of three-phase
units in double dg model in [27] as

{ Fy, = 0.5(Fg1q1 + Fa2q2)

. 5
F.1.0=05(Fgq — Faq2) 5

It can be inferred from the position of rotor flux linkage in
(3) that the electromechanical energy conversion is determined
by the components of torque subspace due to the interaction
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between the back-electromotive force and the currents of torque
subspace. More specifically, the torque of dual three-phase
PMSM can be calculated as

Te = 3np[tom + (Lp — Lq)idliq- (6)

Hence, the current components of harmonic subspace should
be controlled to zero for reducing the copper loss.

B. Current References Under Fault-Tolerant Operation

Under a healthy condition, the phase currents of the dual three-
phase machine can be expressed as I}, = [ia ip ic ip ig ir].
From the perspective view of the VSD model, the currents can
be mapped into different subspaces as given by

TVSDIh:[ia iﬁ i Z'y lo1 /1:02}

[Icos@ Isin 00 0 0"
= — N —— )
Torquesubspace Harmonicsubspace Zero—sequence

where I and 6 are the amplitude and phase angle of the current
vector (ing = i + jig) in torque subspace, respectively. The
currents in harmonic subspace i, are set to zero for reducing
the copper loss. The currents in o102 subspace are always zero
owing to the motor configuration of isolated neutral points.

Without the loss of the generality, it is assumed that open-
circuit fault occurs in phase A. As reported in [11], the torque
equation of (6) is suitable for both the healthy condition and
the faulty condition. That is to say, the torque-ripple-free per-
formance can be achieved if the currents of torque subspace
remain unchanged during postfault condition as

. . . Y
Tyspl; = Tvysp[0 igs icy ipy igf irf]
= [Icos Isin® iy; i,y 0 0]7. (8

Taking the orthogonal current of torque subspace like i, ig as
the basis, the harmonic subspace current of conventional active
fault-tolerant control method can be expressed as their linear
combination [11] under any postfault condition

sz _ hl h2 ioz
)=l s) <9>
——

Th

It should be noted that these four coefficients, such as A1,
hs, hs, and hy in the matrix of Ty, must also satisfy the current
constraints imposed by the fault phase. In other words, these
coefficients must be constrained within the feasible region.
Furthermore, the feasible region for these coefficients varies
depending on the fault location, as detailed in the Appendix.

C. Postfault Strategy of Universal Control Scheme

Different from the active fault-tolerant control method, the
universal control scheme shown in Fig. 2 has been developed for
the perspective of the frequency domain. Notch filters are em-
ployed in the control loop of harmonic subspace of the universal
control scheme to separate the negative-sequence components
of the harmonic subspace, while retaining the positive-sequence
components for postfault performance adjustment. In order to
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Fig.2.  Universal control scheme for dual three-phase PMSM drive with single
phase open-circuit fault [27].

enhance robustness against parameter variations, proportional-
integral controllers have been employed to ensure strong track-
ing performance in the control loop of the harmonic subspace.
More details of the frequency components are introduced in the
following section.

It can be summarized that the negative-sequence current
components of the harmonic subspace represent the constraints
introduced by a single-phase open-circuit fault. Therefore, by
employing a notch filter to eliminate these components, the
universal control scheme can achieve torque-ripple-free perfor-
mance without the need of fault diagnosis. The transfer function
of a notch filter can be expressed as

s 4 (2we)?

H(s) = .
(s) 52 4 2wes + (2we)?

(10)

w. s the cut-off frequency associated with the bandwidth of
attenuation. As reported in [24], the range of cut-off frequency
is usually 2-5 rad/s, which can achieve a good balance between
the suppression capability and dynamic performance. The notch
frequency is specifically designed to be twice of the fundamental
frequency (2w.) in order to eliminate the negative-sequence
components.

Therefore, the current reference of harmonic subspace deter-
mined by the intermediate variable of phase shift and amplitude
ratio can be expressed under any fault locations [27]

fee—d0smine _ 1

ke—30min 4 1 an

IzleJ"ef - qu)*

where the amplitude ratio (k) and the phase shift (fgpis) of
the positive-sequence components in two sets of three-phase
windings are defined as

k= Ipll /[ Lp2ll ; Osnite = Op1 — Opo.

It can be inferred from the variable definitions that the am-
plitude ratio k ranges from 0 to oo, while the phase shift Ogp;s
spans from 0O to 27. Compared to these coefficients of T, the
feasible regions of optimization variable like k and ;¢ are not
restricted by fault location. These advantages of optimization
variable in universal control scheme makes it more suitable for
implementing the postfault optimization control strategy.

12)
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At first, the ML strategy of the universal control scheme has
been investigated for the dual three-phase PMSM in [27]. And
the set of the amplitude ratio and the phase shift (k, Ogpift) in the
ML strategy can be rewritten as

(K, Oshite) [y, = {(l(é%()))

fe{AB,C}

reEF - 1

The maximum amplitude of torque current of ML strategy is
referred to as ||, slvr, With a normalized value of 2/+/13.

In addition, in order to extend the operation torque range, the
set of the amplitude ratio and the phase shift (k, Ogpif) in the MT
strategy [28] can be rewritten as

(kaeShift)‘MT = (LO)'

The maximum amplitude of torque current of MT strategy is
referred to as ||, s|lvT, with a normalized value of 1/+/3.

In the semi-FRML strategy [29], the linear interpolation of
current amplitude ratio k between the ML strategy and the MT
strategy is developed as

(14)

kmr — kmo

k=kw +
||Iaﬂ||MT - HI(YﬁHML

(Itorque - ”Iaﬂ ||ML)7 Oshire =0

(15)
where Iiorque 18 Telated to the actual amplitude of torque current

Torese = {IQBML 1 asll < aplhe,
! Hagll  MHasll > [Haslly

However, the approximate interpolation can only ensure the
same performance as the FRML strategy within the torque range
below ||Z,,]|mr, and at the torque point of [|[I,,5|lv. The copper
loss during the torque transition range between ||[,s||mr, and
I 5]lvT remains higher than that of the FRML strategy. To fill
this gap, this article studies the fully equivalent FRML strategy
within the control frame of universal control scheme.

(16)

III. PROPOSED ONLINE POSTFAULT CONTROL STRATEGY
A. Frequency Analysis of Fault-Tolerant Current

As reported in [14], the objective function of FRML control
strategy is to minimize the copper losses under a given current
of torque subspace, which can be normalized with respect to the
rated copper losses in healthy situation as follows:

ZRS(imf)zam = A,B,...,F

JINTT
oo Bsly) Iy

TR Ly S RilimePom—AB o F
subject to the restrictions

Cl:iy=1I;g]=0 (18)

C2:I¢n]<I4n=12---,6 (19)

where the index g is the corresponding row of the faulty phase
in the matrix.

It should be noted that the above objective function is estab-
lished in the time domain. However, since different sequence
components in the frequency domain are analyzed in the devel-
opment of the proposed control method, a frequency analysis of
the fault-tolerant current will be presented.
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Fig. 3. System connection of dual three-phase PMSM drives with an open-
circuit fault in the first set of three-phase winding.

Without the loss of generality, the open-circuit fault is as-
sumed to occurs in the first set of three-phase windings (ABC)
as shown in Fig. 3. Due to the presence of the open-circuit
fault, negative-sequence components, in addition to the positive-
sequence components, are introduced into the current vector of
the first set of three-phase windings. These components can be
calculated from the imbalanced three-phase currents using the
stationary and rotating frame transformations, as given by

Lpel®rt 41,0/ 200) o (20)
—_———

Iy =

positive—sequence  negative—sequence

Given that the current in the torque subspace can be considered
as the sum of the currents from the two sets of three-phase
windings according to (5), the additional ac components will be
introduced into the torque subspace by the faulty set. To mitigate
this issue, the healthy set should generate components that offset
those introduced by the faulty set in (20), as illustrated by

(—20c—0n1)

Tiogo = Lype?®2 — 1,17 . (21)

Substituting (20) and (21) into (5), the current vector of differ-
ent subspaces in the dual three-phase PMSM under fault-tolerant

operation can be rewritten as
Iy, = 0.5(L €% + Iei%2) (22)

I.i.0 = 0.5(1e% — Lpe%2) 4 [,,e7(204000)  (23)
————

N
IzPlz2 I

Substituting (12) into (22) and (23), the positive-sequence
currents of different subspaces can be updated as

qu = O.5(kejashif[ + 1)]p26j9P2
17, — 0.5(kei%n — 1)° [ pe—it
It can be observed that the positive-sequence components

between the torque subspace and the harmonic subspace can
be related through the earlier equation in (11).

(24)

B. Proposed Online FRML Method

According to Paswal’s theorem, the total copper loss calcu-
lated in time domain can be transformed into the quadratic sum
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of magnitudes of different sequence components in frequency
domain as

Rs t+T )
Py = ? /t Z (imf)

2 2
= 3R, (ILagll” + | T0ll” + [ 1202]”)  25)
where T is the period of the fundamental current.

Substituting (24) and (23) into (25), the copper loss of stator
windings can be rewritten as

6k% +2

Pcu =
k2 4 2k cos Ognire + 1

'3RS||qu||2~

(26)

By employing the new optimization variables, the objective
function of FRML control strategy in (17) of Section III-A can
be updated as

6k* + 2
inG=a>" mi 27
i “ ken(lol,I;O) k2 + 2k cos Ognir + 1 @7)
Osnire€[0,27)
subject to the restriction
C2:I¢[n] <|I|,n=1,2,---,6 (28)

where the derating factor a stands for the normalized torque
current with respect to the rate phase current as illustrated by a
= Il a4/l +]|- According to the conclusion in [13], the range of
ais from O to 1/\/§

It can be inferred from (22) and (23) that the negative-
sequence components of the harmonic subspace represent the
constraints introduced by the single-phase open-circuit fault.
Since these components are separated by a notch filter, the
remaining positive-sequence components determined by gy
and k£ would not be affected by the single open-phase fault.
Therefore, the constraint C1 in (18) imposed by the single
open-phase fault does not need to be considered thanks to the
adaptation of new optimization variables of k and Oy

Remark 1: The minimum value of objective function in (27)
representing copper loss can be achieved if and only if the phase
shift is zero (Osnire = 0) under any fixed value of k.

Compared to the traditional mathematical representation from
(17)to (19), the feasible regions of new optimization variable can
get rid of the restriction from the equality constraints like C1 in
(18), thereby being only determined by the inequality constraints
of phase current amplitude in (28). As far as the objective
function is concerned, the optimization results of multivariate
function are easy to be acquired.

In addition, the amplitude of each phase current can be derived
from the different sequence components of the three-phase
windings, as shown in (20) and (21). Fortunately, this current
amplitude model under fault-tolerant conditions has already
been investigated in previous research [28]. Based on the con-
clusions presented in [28], the maximum amplitude of the phase
current, normalized with respect to the torque current, can be
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Fig. 4. Constraints of optimization variable in C2 for the proposed fault-
tolerant control strategy under the variation of torque current. (a) Normalized
maximum phase current M. (b) Feasible region of amplitude ratio k and phase
shift Ospife, in C2 under different torque currents.

expressed as

M=

fln] 23k, ga, g8, 9o
max = max
n=12,-6 |[Lqql|  ke0,00) | VEZ + 1+ 2k cos O
Osnir €(0,27)
(29)
where ga, gp, and g¢ are the current amplitudes of healthy
three-phase windings, and they can be further expressed as

ga (K, Osnin) = 2v/k? + 1 — 2k cos Ogpiy
g8 (k, Omin) = 2+/k2 + 1 — 2k cos(Ognir + 27/3) .
gc (K, Osnin) = 2\/k2 + 1 — 2k cos(Onige — 27/3)
After obtaining the maximum amplitude of phase current M,

the restriction in C2 can be updated by substituting (29) into
(28), as given by

(30)

2 I 1
C2: M= max \/gkagAanggC S H Tt“ ——
ke(0,00) | VK2 + 1+ 2k cos Ogig [Laqll @

Osnite€[0,27)
(31

Fig. 4 illustrates the constraint imposed by (31) under varying
torque current amplitudes. Specifically, Fig. 4(a) presents the
left-hand side of the inequality—i.e., the maximum phase cur-
rent amplitude M—as a function of the optimization variables
Osnire and k. When the right-hand-side term of the inequality
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is introduced, the feasible region of optimization variable Oy
and k is visualized in Fig. 4(b), showing how it changes with
different torque current amplitudes.
1) By ignoring the inequality constraints in (27), the uncon-
strained optimal solution of the objective function can be
achieved when k = 1/3 and 6y, = 0, as given by

G = 15| Laq|*/|| T ,4)|” = 1.5a%.

min

(32)
k:1/3,9,hiﬂ:0

2) When the inequality constraints C2 of (31) into con-
sideration, the feasible region of optimization variable
may change with the variation of given torque currents.
Therefore, a classification discussion will be conducted
based on the inclusion relationship between the feasible
region and the unconstrained optimal solution (k = 1/3,
Ognite = 0) as follows.

L. Included in Feasible Region: As shown in Fig. 4(b), the
optimal solution is included in feasible region if the torque
current is low. Hence, the solution of FRML control strategy can
be achieved when k = 1/3 and 04p,;¢, = 0. Meanwhile, substituting
the optimal solution into (29), the maximum value of phase
current at the optimal solution should be not greater than the
rated value

2\/§k7 9gA, 9B, gc
max =
k=1/3,05nin=0 \/kl2 + 1 + 2k cos Ogpise

Hence, the normalized torque current of a under condition I
is from 0 to 2/4/13(=0.55).

II. Excluded in Feasible Region: When the amplitude of torque
current is higher than 0.55, the unconstrained optimal solution
would be excluded in feasible region. The feasible region (2
becomes one continuous area, surrounded by the line AB in
the x-axis and other boundaries. According to the Remark 1, the
optimal point will be located the x-axis line (6gp;¢, = 0) and other
boundaries. It is interesting from Fig. 4 that the feasible region
is always be concave area from the view of the line AB, which
also means the value of amplitude ratio k in other boundaries
is still in the range of the line AB in the x-axis. Therefore, the
optimal point of the feasible region must be located in the line
AB in the x-axis (fspie = 0), which can be expressed by
. . 9 , 6k2 + 2
minG = min G =a - Wi e okt 1

Q Q:06hi=0
keLineAB

(34)

As shown in Fig. 4, the point A and point B is the projection
of the contour lines on the x-axis (the phase shift is zero fgp;st
= 0). And their detailed value of k can be calculated as

2v/3k WEk2+1+k 1
max , = —. 35)
VEZ+ 142k VE2 +1+ 2k a

Then, the solution of the equation can be derived from

b—2—4h—12 b+ 2v/3b
ka =n(b) = i—v T T

where ka and kp are the x-axis values of the point A and the point
B, respectively. The variable b can be expressed by b = 1/a°.
The relative magnitude relationship between the two variables
iska <1 <kg.

(36)
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Fig.5. Copper loss of stator windings G/a> with respect to the amplitude ratio
k (the phase shift is zero) under the fault-tolerant operation.

In addition, the copper loss of stator windings in (27) under
Osnire = O can be illustrated in Fig. 5. When the phase shift & is
within the range from 0 to 1/3, the copper loss decreases with
the increase of k. On the other hand, the copper loss increases
with the increase of k when k is greater than 1/3. Therefore, the
optimal point is located on the point A.

Then, the solution of the objective function in (34) the feasible
region {2 can be expressed as

6k2 + 2
minG= min G= min G=a272 At
Q Osnife=0 Osnife=0 kA + 2ka +1
ke(kaks) k=ka
(37

where the maximum value of k5 in (36) can be achieved when
the value of b (b = 1/a?) is 3 under the MT strategy, as expressed
by

b—2—+/4b—12

g =1

b=3

kA,max = ’I](b = 3) = (38)
In summary, the normalized torque current range of a under
condition IT is from 2/1/13 to 1//3.
In summary, for dual three-phase PMSM drives under single
open-phase fault, the optimization variable of proposed online
FRML control strategy (k, Osphir) can be expressed as

_[(1/3,0) 0<a<2/V13
te0a) = {(075) o5 Sty € (4.0
(39)

where the open-circuit fault occurs in the first set of windings.
The parameter b can be expressed by b = 1/a’.

It is noteworthy that the analysis above is based on a fault in
the first set of three-phase windings, the similar analysis can be
also conducted for the fault occurrence in the second set of stator
winding. When the open-phase fault occurs in the second set,
the setting of k and ;¢ of the proposed online FRML control
strategy can be updated as

(3,0) 0<a<2/V/13

T(b)ﬂo) 2/\/ﬁ§a§ 1/\/§,f€ {DanF}

(40)
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Fig.6. Implementation of online postfault control strategy for dual three-phase

PMSM drive with single phase open-circuit fault.

where the values of 7(b) and r(b) are reciprocal of each other:
n(b) = 1/r(b).

By comparing (39) with (40), it can be observed that the
amplitude ratio k of proposed online FRML control strategy
becomes reciprocal when the single open-phase fault occurs in
different sets of three-phase windings. This reciprocity stems
from the inherent structural symmetry of the dual three-phase
PMSM.

C. Implementation

According to the aforementioned analytical expression, the
proposed online postfault control strategy has been depicted in
Fig. 6. Compared to the basic frame of universal control scheme
in Fig. 2, the implementation of online postfault control strategy
has been highlighted in Fig. 6. The setting of k and fgp;s; in the
proposed online FRML control strategy across the full operating
range are illustrated in (39) and (40). At first, the amplitude
ratio k is calculated by either (39) or (40) according to whether
the fault position is located in the first three-phase set or not.
Meanwhile, to mitigate the impact of measurement noise, a low-
pass filter can be effectively integrated into the calculation of the
current amplitude in the torque subspace. In Fig. 6, the waveform
of the amplitude ratio k with respect to the variation of the torque
has been illustrated. On the other hand, the phase shift Ogp;f
is always zero for the proposed control method. Once k and
Osnire are determined, the z/-axis and z2-axis current reference
of harmonic subspace can be rewritten by (11).

The proposed method requires only simplified fault
identification—specifically, determining, which set of three-
phase windings is affected—rather than performing detailed
fault diagnosis to locate the specific faulty phase. In our im-
plementation, this distinction is made based on a simple cur-
rent magnitude comparison of positive- and negative-sequence
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Fig. 7. Experimental setup of dual three-phase PMSM.
TABLE I
PARAMETERS OF DUAL THREE-PHASE PMSM

Parameter Value Parameter Value

Pole pairs 5 Stator resistance (R;) 04Q
Rated speed 750 r/min d-axis inductance (Lp) 1.9 mH
Rated torque 17.8 Nm  g-axis inductance (Lo) 2.1 mH
Rated current 15A  Leakage inductance (L,) 0.19 mH
Rated power 1.4kW  PM flux linkage (ym) 0.0795 Wb

between the two winding sets. If they are identical to each
other, the open-phase fault can be located into the specific set of
three-phase winding.

IV. EXPERIMENTAL RESULTS

The proposed postfault control strategy is verified by the
experiments on a dual three-phase PMSM prototype, the setup of
which is shown in Fig. 7. The dual three-phase PMSM is fed by
two sets of three-phase inverter sharing with the common dc bus.
Meanwhile, the shaft of dual three-phase PMSM is mechanically
coupled with another three-phase PMSM, the stator windings of
which are connected to the commercial converters. Thus, the
three-phase PMSM operates as the load machine and its output
torque is controlled by the experimental requirement.

In addition, the field-oriented control control algorithm is
implemented in a Texas Instrument TMS320F28377D digital
signal processor. For the controller configuration, the control
period is 100 ps and the dead-time of PWM signals is 1.0 pus.
Table I shows the nominal motor parameters of the dual three-
phase PMSM.

A. Comparison of Fault-Tolerant Control Performance

Fig. 8 compares the control performance of three different
control methods after the occurrence of single open-phase fault.
As shown in Fig. 8(a), there appear some ripples with the peak-
to-peak of 1 A in g-axis current when the prefault control method
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1l

i

Fig. 8. Performance comparison of different control methods under the open-
phase fault of Phase F at 240 r/min @ 4.8 Nm, (a) prefault control method, (b)
conventional fault-tolerant method, (c) proposed fault-tolerant method.

designed for healthy condition remains unchanged without the
software reconfiguration. After the open-phase fault, the currents
of harmonic subspace in stationary xy subspace change from
zero dc component to ac components with the fundamental
frequency, which can be mapped into ac components with double
fundamental frequency in synchronous z1z2 subspace.

In order to achieve torque-ripple-free performance, the current
references of harmonic subspace in conventional fault-tolerant
control methods have been reconfigured as ac value, as shown
in Fig. 8(b), and its enlarged view, which is identical to the
conclusion in (9). However, the torque ripples inevitably appear
in the stage of fault diagnosis, the accurate outcome of which
is prerequisite for implementing next conventional fault-tolerant
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Fig. 9. Fault-tolerant performance of different control methods with the fault
location mismatch of open-phase fault at 360 r/min @ 4.8 Nm. (a) Conventional
fault-tolerant control method. (b) Proposed fault-tolerant control method.

methods. This is because that the ac current reference must com-
ply the constraints imposed by open circuit fault, as illustrated
by (18).

Different from that, the proposed control method employs the
notch filter to eliminate the ac components with double funda-
mental frequency from the current feedback of harmonic sub-
space after open-phase fault, which can be founded in Fig. 8(c).
It can be observed that the proposed control method can achieve
seamless transition from healthy condition to fault-tolerant con-
dition without the need of fault diagnosis.

B. Comparison of Robustness With Different Fault Positions

Fig. 9 shows the comparison of fault-tolerant performance
of different control methods with the fault location mismatch
of open-phase fault. As for the conventional control method, the
current reference in software is designed for the open-phase fault
of phase F and kept unchanged during the experiments.

As shown in Fig. 9(a), the current of harmonic subspace
becomes out of control, and eventually triggers the protec-
tion system to shut down when the actual location position
of open-circuit fault changes from phase F to phase C. On
the contrary, excluding the fluctuation of transient dynamics,
there is no ripples in the torque waveforms of Fig. 9(b) with
the unchanged software configuration of proposed fault-tolerant
control method. Thanks to the separation of the notch filter,
the natural fault-tolerant ability without the need of fault di-
agnosis can be achieved by eliminating interference from fault
components at twice the fundamental frequency. Therefore, the
proposed fault-tolerant control method has higher robustness
over the mismatch of fault location.
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Fig. 10.  Phase current and current space vector trajectories of proposed online
postfault control strategy with respect to the load increase under the open-phase
fault of Phase A at 750 r/min. (a) Whole process. (b) [[[og]| = 0.523|[I,4|. (c)
Masll = 0.566[L ]l (d) [apll = 0.577||L .

C. Control Performance Under Full TOR

Fig. 10 presents the phase current and current vector trajec-
tories of online postfault control strategy in the full TOR when
the dual three-phase PMSM runs at 750 r/min. The load torque
increases from 0.523 p.u. to 0.577 p.u., where the base torque
is defined as the rated load with the same phase current limit
under healthy conditions. As shown in Fig. 10(a), the amplitude
ratio k, the optimization variable of proposed postfault strategy,
is changing from 1/3 to 1 during the increase of load torque.
The phase shift is always maintained as 0 during the whole pro-
cess. Meanwhile, the phase current waveforms between healthy
phases are also reshaped with the change of the amplitude ratio
k under the phase current amplitude limit of 15 A.

Fig. 10(b)—(d) depict the phase currents and current vector
trajectories of different load cases |[[a]| = 0.523||L ||, L]l =
0.566||,4||, and ||[I,5|| = 0.577|| -4||, respectively. Among three
cases, the same circular trajectories of a/3-axis current in torque
subspace illustrate the torque-ripple-free control performance.
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Fig. 11.  Comparison of copper loss and operation torque range under different
postfault strategies for dual three-phase PMSM under fault-tolerant condition.

In Fig. 10(b), the amplitude ratio of proposed postfault control
strategy is calculated as 1/3 according to (39) when ||, =
0.523||1,.4]|, and the performance is identical to that of the ML
strategy. On the other hand, the amplitude ration of Fig. 10(d)
is set as 1 when [[I,]| = 0.577||I,.4||, which indicates that the
system status is as same as that of the MT strategy. Fig. 10(c)
present the intermediate transition state between the ML strategy
and the MT strategy, and its amplitude ratio is 0.48 when ||I,,]|
= 0.566]|/I 4|. In summary, the proposed online postfault control
strategy can achieve minimum copper loss during the full torque
operation range by optimally transmitting from the ML strategy
to the MT strategy as the load torque increases.

In addition, the comparison between different postfault con-
trol strategies has been implemented in Fig. 11 in term of the
copper loss and the torque operation range. The copper loss and
torque current are normalized with respect to their rated values
under healthy conditions and are expressed in per unit (p.u.).
In the figure, the solid lines represent the theoretical values of
the normalized copper loss, while the measured copper losses
are marked with symbols such as squares and asterisks. The
overlap between the symbols and the lines demonstrates that the
experimental results align closely with the theoretical values.

According to the theoretical results of Fig. 11, the operation
torque range is 0.555 p.u. for the MT control strategy while it
is extended to 0.577 p.u. for the MT control strategy. Compared
to the ML and MT strategies, some other control strategies [21],
[29] can achieve the same maximum torque operation range
as the MT strategy while maintaining the lowest copper losses
equivalent to the ML strategy within torque region I (below
0.555 p.u.). When compared with the control method in [21],
the proposed method demonstrates up to a 9.0% reduction in
copper loss within torque region II (between 0.555 p.u. and
0.577 p.u.). It is also noted that the control performance of
online semi-FMRL control strategies [29] varies when the single
open-phase fault occurs in the different sets of three-phase
winding. Compared with the semi-FMRL strategies [29], the
proposed method provides up to a 5.4% or 11.1% relative
reduction in copper loss. In summary, relative to the approximate
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Fig. 12.  Experimental results of copper loss and system loss under different

postfault strategies for dual three-phase PMSM under fault-tolerant condition.

FRML methods in [21] and [29], the proposed FRML control
strategy achieves lower copper losses, particularly within torque
region IIL.

To comprehensively assess the performance of the proposed
strategy, both system loss and copper loss were measured at a
motor speed of 300 r/min under a single open-phase fault in
phase F, as illustrated in Fig. 12. In the figure, the solid line
represents the copper loss, while the dotted line indicates the
total system loss. In terms of copper loss, the proposed postfault
strategy achieves the lowest values across the entire torque
range. When inverter losses are also considered, the proposed
online FRML strategy results in the minimum total system loss
among all postfault control strategies, which is consistent with
the findings reported in [30].

D. Discussion

It should be pointed out that the proposed postfault control
strategy is limited to asymmetrical six-phase PMSMs (with
a 30° phase shift between the two three-phase sets), isolated
neutral points, and single open-phase fault conditions, while
the space harmonic effects of back-EMF are neglected. It can
be inferred that the modeling of the maximum phase current
differs significantly across various configurations. Extending
the method to accommodate different phase shifts, neutral-point
configurations, and additional fault types will be considered in
our future work.

In addition, the optimization process can also utilize the
currents of the torque subspace for nonsalient dual three-phase
PMSMs, given that the d-axis current does not contribute to
torque production. However, the resulting reconfigured phase
currents are no longer sinusoidal due to the inclusion of current
harmonics in the optimization results [15], [16], [17]. Therefore,
the proposed postfault control strategies primarily focus on
optimizing the currents in the harmonic subspace for the general
case.
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V. CONCLUSION

In this article, an online postfault control strategy has been
proposed to minimize copper loss in full torque operation range
for dual three-phase PMSM under open-circuit fault. Compared
to the reconfiguration of current reference of harmonic sub-
space in conventional control methods, the proposed postfault
control strategy employs the online optimizing strategy for the
control variables of the amplitude ratio and the phase shift
within the frame of the universal control scheme. The proposed
postfault control strategy extends the normalized operation
torque range to 0.577 p.u., matching that of the MT control
strategy. Simultaneously, it achieves the lowest copper losses,
equivalent to those of the ML strategy, within torque region I
(below 0.555 p.u.). In torque region II (between 0.555 p.u. and
0.577 p.u.), the proposed method maintains the same copper loss
as the offline-FRML method, while offeringup toa 5.7% or 9.0%
relative reduction in copper loss compared to other semi-FRML
strategies. Furthermore, the proposed online postfault control
strategy reduces the dependency on detailed fault diagnosis. Its
implementation requires identifying, which set of three-phase
windings the fault is located in, rather than the specific phase in
conventional methods, thereby enhancing the robustness against
the fault location mismatch. Comprehensive experiments have
been given to validate the effectiveness of proposed online
postfault control strategy.

APPENDIX

The feasible region of current coefficient can be expressed
for dual three-phase PMSM drive under the open-circuit fault in
each phase

Phase A:hy = —1;ho =0 (A1)
Phase B: hg = —V/3(hy +1)/3;hy = —V/3ha/3+1 (A2)
Phase C:hs = V3(hy +1)/3;hs = V3ha/3+1  (A3)
Phase D: hy = \/g(hl —1);hy = V3hy — 1 (A4)
Phase E:hs = —V/3(hy — 1); hy = —V/3hy — 1 (A5)
Phase F: hs =0;hy = —1. (A6)
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