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Abstract—This paper investigates open-phase fault modeling
and fault-tolerant control (FTC) of dual three-phase permanent
magnet synchronous machines (DT-PMSMs). A comprehensive
fault model that considers both the permanent magnet torque and
reluctance torque under the open-phase fault is proposed first.
This model shows that under open-phase fault the average torque
of DT-PMSM will decrease, while torque ripple will increase signif-
icantly. Then, a novel optimized FTC approach is developed based
on the proposed model, in which genetic algorithm (GA) is applied
to optimize the stator currents to maximize the average torque and
minimize the torque ripple under open-phase fault. The proposed
fault model and GA-based FTC are applicable to both surface-
mounted and interior DT-PMSMs. However, existing approaches
neglecting the reluctance torque are only applicable to surfaced-
mounted DT-PMSMs. Moreover, the proposed approach is simple
in implementation as it employs the original control structure and
it is capable of smooth switching between the healthy operation
and FTC without inducing noticeable torque pulses. The proposed
approach is demonstrated with design examples, compared with
existing one and validated with experiments on a laboratory inte-
rior DT-PMSM.

Index Terms—Dual three-phase permanent magnet syn-
chronous machine (DT-PMSM), fault modeling, fault-tolerant con-
trol (FTC), multi-phase machine, open-phase fault.

I. INTRODUCTION

chines (PMSMs) are better than conventional three-
phase PMSMs in terms of efficiency, torque density, and
fault-tolerant capability [1]-[5]. Therefore, multi-phase PMSMs
are attracting attentions of researchers from both industry and
academia. Dual three-phase PMSM (DT-PMSM) is a popular
multi-phase PMSM structure consisting of two sets of three-
phase windings with isolated neutral points and phase shift of

MULTI—PHASE permanent magnet synchronous ma-
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/6 [6]-[8]. Many researchers have focused on the high per-
formance and efficiency control of DT-PMSMs. A typical DT-
PMSM drive consists of twice the number of power switches of
a conventional three-phase PMSM drive. According to [9], the
power switches are more likely to experience the fault as com-
pared to other components in the drive. The failure of power
switches will lead to open-phase fault in the motor. Indeed, in
variable-speed ac drives in industry, about 38% of the faults
are due to the power device failure [37]. Therefore, open-phase
fault is more likely to happen in DT-PMSMs than other type
of faults. Once open-phase fault is detected, fault-tolerant con-
trol (FTC) should be applied immediately to ensure the motor
control performance and safe operation. Hence, this paper inves-
tigates open-phase fault modeling and FTC of the DT-PMSMs.

In a DT-PMSM drive, when open-phase fault happens, the
widely used strategy is to isolate the faulty bridge and continue
to drive the motor with the remaining healthy bridges [10]. In
this case, the average torque will decrease and significant torque
harmonics will be induced in the DT-PMSM [11]-[14]. In this
situation, DT-PMSM with open-phase fault will be unable to
deliver smooth torque and speed, so FTC is critical to ensure
the reliability of the motor drive.

Unlike conventional three-phase PMSM drive requiring hard-
ware modification in order to be capable of FTC, multi-phase
machine drive is advanced in its nature without the need of hard-
ware modification. In the literature, open-phase fault modeling
and FTC of multi-phase machine have been widely investigated.
During FTC, a balanced system must be satisfied [15]-[17];
thus, FTC can be generalized as a design problem with con-
straints, which is to find the optimal stator currents satisfying
the constraints of a balanced system to achieve the control ob-
jectives. The control objectives for FTC include smooth output
torque, maximum average torque, and/or minimum machine
losses [18]—[21].

Design of FTC typically involves the following: first, use
the fault model to predict the machine output torque and then
find the optimized stator currents to minimize torque ripple,
and/or minimize the machine loss, and/or maximize the average
torque. Thus, accurate fault model is critical to FTC. In [12]
and [22]-[28], open-phase fault models for five-phase, DT, six-
phase, and nine-phase PMSMs and/or induction motors are pro-
posed, and various FTC strategies have been developed based
on these fault models. For instance, in [12], the fuzzy logic
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Fig. 1. Diagram of a DT-PMSM drive.

algorithm is employed to optimize the stator currents for FTC
of a six-phase machine. However, aforementioned approaches
focus on the surface-mounted PMSM, in which only the PM
torque is considered. For the interior PMSM, the reluctance
torque also contributes to a significant portion of the
output torque [29]-[31]. The open-phase fault will also induce
a decrease of the average torque and an increase of the torque
ripple in the reluctance torque, which have not been considered
in the existing approaches. Therefore, the existing approaches
have limited applicability in interior DT-PMSMs.

This paper proposes a novel open-phase fault model for FTC
of DT-PMSM by considering both PM torque and reluctance
torque. Therefore, the proposed model is applicable to both
the surface-mounted and interior DT-PMSMs. This model is
then employed to analyze the DT-PMSM output torque, which
will show that DT-PMSM will experience an average torque
reduction and significant increase in the second and the fourth
torque harmonics under open-phase fault. The proposed model
suggests injecting the properly designed second harmonic com-
ponents into the stator currents to cancel the induced torque
ripple and improve the average torque. To this end, this pa-
per proposes to employ genetic algorithm (GA) to optimize
the stator currents to maximize the average output torque and
minimize the torque ripple for FTC of DT-PMSMs. The pro-
posed GA-based FTC also considers the overcurrent protection
as a design constraint. The proposed approach is applicable
to both the surfaced-mounted and interior DT-PMSMs. During
the control, the optimized currents will be added to the origi-
nal stator currents, which do not involve any control structure
modification and thus is simple in implementation. Moreover,
the proposed approach enables the smooth switching between
healthy operation and FTC without inducing noticeable torque
pulses, which has not been reported in existing approaches but is
critical in practical applications to ensure the drive performance.
The proposed approach is evaluated with both simulation and
experimental tests on a laboratory interior DT-PMSM drive.

II. VSD-BASED HEALTHY DT-PMSM MODEL

Fig. 1 presents the schematic diagram of a typical DT-
PMSM drive. The DT-PMSM consists of two-sets of three-phase
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windings with isolated neutral points to eliminate the zero-
sequence currents [39]. Without loss of generality, we use (a,
b, ¢) and (x, y, z) to denote the two sets of windings, as shown
in Fig. 1. The phase shift between abc and xyz windings is /6,
which is one of the most popular dual three-phase configura-
tions. In fact, 7/6 phase-shift can result in a larger torque den-
sity and a lower torque ripple, and under one set of three-phase
opened the unbalanced magnetic force does not exist in this con-
figuration [36]. This paper investigates modeling and control of
DT-PMSM with one-phase opened. This section discusses the
vector space decomposition (VSD) model of DT-PMSMs under
the healthy condition.

The VSD model introduces a transformation matrix to con-
vert the phase voltage, current, resistance, inductance, and flux
linkage in the abcxyz frame into DQq, DQ2, and O; 04 frames
[32]-[35]. Since there are no currents in the O; Oy frame for the
DT-PMSM under investigation, the O, Oy frame is independent
from DT-PMSM modeling and control; thus, it is neglected [38].
Considering only DQ frames, the transformation matrix is given
in the following equation:

cos) —cosfy —cosby —sinf; sinfy —sind
T — 1 —sinf sinf#; sinfy cosf; cosly —cosb
3 |—sinf sinf; sinfy —cosf; —cosby cosb
—cost cost)y cosby sinf; sinfy —sinf
()

where 0y = 60 — 7/3, 0, = 0 + /3, 0 is rotor electrical position,
Tpq is the transformation matrix, and Tpq —1 is defined as
3T .

In the abcxyz frame, the DT-PMSM model can be denoted as

{Uabcmyz = Riab(t:}:yz + )\abnmg/z (2)

)"abcx:yz = Liabn:z:yz + )‘PM,abc:r,yz

where P,j...,,. with P =u, i, A, or Apy denotes the vector of the
phase voltage, current, flux linkage, or PM flux linkage in the
abexyz frame, respectively; the inductance matrix is L = [L; j]
with L;; being the phase self-inductance for i = j and the mutual
inductance between phase i and phase j for i # j; R = diag [R R
R R R R] is the resistance matrix with R being the phase winding
resistance.

In the VSD model, (1) is applied to (2) and two set of DQ
frames, DQ; and DQs, are introduced. The VSD-based DT-
PMSM voltage and torque equations can be denoted as

DQ, : ¢ Ui = Fiar+ Latiay — weLquig
1- . . .
Uq1 = qul + ququ + weLdlldl + weAO

DQ, - U = RZ:d2 + Ld??d2 - weLcﬂ?q? 3)
ug2 = Rigo + Lyatga + we Laatiaz
te =3P (Aoig1 + (Lai — Lg1) ta1iq1) “)

where the variable with subscript “1” is in the DQ; frame and
the variable with subscript “2” is in the DQ, frame; g1, uq1,
141, %q1, La1, and Lg; are the voltages, currents, and inductances
in the DQ; frame, and similar for the ones with subscript “2”;
we 1s the rotor electrical speed, which is the same for DQ; and
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Fig. 2.

DQ, frames; and A is the PM flux linkage. ¢. is the output
torque and P is the number of pole pairs. Proof to (4) is given
in Appendix A.

From the torque model (4), the currents 745 and 7,9 have no
contribution to torque production and thus are controlled to be
zero in VSD-based DT-PMSM control. However, the proposed
fault model will show that under open-phase fault, the currents
in both DQ; and DQ- frames will be controlled to be non-zero
in order to ensure the drive performance. This paper focuses
on modeling and optimized control of the DT-PMSM under
open-phase fault to achieve the maximized average torque and
minimized torque ripple.

III. COMPREHENSIVE DT-PMSM OPEN-PHASE FAULT MODEL

This section presents modeling of DT-PMSM under open-
phase fault, in which both PM torque and reluctance torque will
be considered. Compared with existing models, the proposed
one is applicable to both the surface-mounted and the interior
DT-PMSMs.

Let ¢4, in (5) be the current vector in DQ; and DQ, frames
under the healthy condition and let ¢, . in (6) be the six-phase
current vector under the healthy condition:

. ... .aT
tdq = [ta1 g1 a2 2] (5)
labcryz = [la W le by Ty Zz] . (6)

In the VSD model, iy, = T'bqiabeayz» SO labery- can be de-
rived from 44, as in the following equation, which is obtained
by applying Tng 10 dgq:

g = iq1 €080 — igo sinf — iy sin @ — 442 cos O

iy = 141 Sin 01 + ig2 cos Oy + iy cos B — i4o sin by

e = —iq1 8in0y — igo cos By — i41 cos by + 149 sin b
S o o . (7N
iy = 141 oS 0 + 142 sin 0 — iy sin Oy + i42 cos b

iy = —1q1 €080y — 149 sin by 4 141 sin Oy — 142 cos Oy

i, = —iq1 8in 6 + 749 cos O — iy cos O — igy sind

where 6, = 6 + 7/3 and 6, = 6 + 7/6. For healthy DT-
PMSM control, 445 and i4o are controlled to be zero, while i4;
and 7,; are controlled based on the outer-loop torque or speed
controller.

Without loss of generality, this paper assumes that phase x
is under open-phase fault, which holds throughout this paper.
As shown in Fig. 2, under fault, phase (x, y, z) currents should
satisfy the following equation because phase (x, y, z) share the
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same neutral point:
iy =0, iy = —i.. (8)

However, no constraint is imposed to phase (a, b, ¢) currents;
thus, they are controlled to be the same as that in the healthy
condition. Therefore, under open-phase fault, phase (a, b, c)
currents are the same as (7), while phase (x, y, z) currents are
in (8). Hence, based on (7) and (8), the six-phase current vector
under open-phase fault, 7,pc.y -, f, can be denoted as

iabczyz,f = [Z’a,f ib,f Z‘C-,f ZTf ’L?/f izsf]T (9)
with

{ia,f = im 7:b,f = iba Z'c,f - Z.c (10)

lpp =0, 4y = —is
where the subscript ‘f denotes that the parameter/variable is
under the fault, which holds throughout this paper.
Applying (1) to (9) and (10), the actual current vector in DQ;
and DQ, frames under open-phase fault, 74, ;, can be derived
as in (11) and (12) based on iy = TpQiabeay=, f

. . . . . T
Gdq,r = [iar,s iq1,1 a2,f ig2,1] (11)
with
{idyf = 77"“;’“ — —l\y/"gf cosb, ig = 77'“;7’“' + 77% cos 05
. _ daetiqr iy, . _ dga—ta1 _ ly.g
ld2.f = S~ cosls, ig2 ;= L5 Vel cos 01
(12)

where 01 = 0 + 7/3 and 03 = 0 — /6. Equations (5)—(12) can
be summarized as Theorem 1.

Theorem 1: For the DT-PMSM with phase x opened, in order
to guarantee the balance of the phase currents in phases y and z,
the DQ; and DQ, frame currents 74, ; must satisfy (12).

Proof of Theorem 1: Applying Tpq ~ ! t0 igq ¢ in (11), the
phase currents under open-phase fault is i4pcqy -, ¢ in (9). It can
be seen from (10) that ¢, y = 0 and 4,  + 4. y = 0; thus, the
current balance condition is satisfied and Theorem 1 is proved.

From (12), under open-phase fault, the currents in DQ; and
DQy frames will contain low-order harmonics, which will re-
sult in harmonic components in the output torque. To obtain the
torque model under open-phase fault, (11) and (12) are substi-
tuted into (4) and the torque model under open-phase fault is
derived as in the following equation, where Ln = Lg; — Lgi:

te,f = 3P (Agiqu + LAidl,f’iq17f)
2 (g2 +ig1) Mo + (ia2 +941) (tq1 — ig2) La
2\/§ (2A0 + (idl — iqg) L) cos O3

—2\/3 (idg + iql) L cos b
—4Laty, ;cos b cosls

3P
BENEE

13)

In DT-PMSM control, the phase current is generally con-
trolled to be sinusoidal to avoid harmonic loss. Hence, during
open-phase FTC, phase y current 4, ; is controlled to satisfy

iy, f = I, cos(0 — ¢y) (14)

where I, and ¢, are the magnitude and phase angle of i, ,
respectively, and they will be optimized in the FTC.
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In this way, the output torque of DT-PMSM under open-phase
fault can be detailed as (15), which is obtained by substituting
(14) into (13). It should be noted that the magnitude and phase
angle of 4, ; will be optimized for FTC

t(’f =1te0 +tea +lea

(a2 ;qu)AO n (442 + Zq1)4(ldl - lqz)LA)

teo1 = 3P <

teg,2 = % (C’Iy cos <*¢y + %) — DI, cos (—gby — g)

cos (—2% — g))

Lal?
12

- 3PI, (Ccos (20 — ¢y — %) — D cos (29 — ¢y + g)
—% cos (29—|— g))

tes = —PLAI?? cos (49 —2¢, + %)

C— 2A0 + (ia1 _ti)LA7D: (Gd2 +1q1) La (15)

2V/3 2v/3

where t.o,1 and ?.9 > contain the dc component, ¢.o contains
second harmonic component, and ¢.4 contains fourth harmonic
component.

Comparing the torque model (4) under the healthy condition
with the torque model (15) under the fault condition, it can be
observed that under open-phase fault

1) the average torque (t.o,1 + teo,2) has been reduced;

2) the second and fourth harmonic components (¢. and ¢.4)
appear in the output torque;

3) the average torque t.¢,» and the harmonic torques ¢.» and
t.4 are dependent on the control of the currents in DQ;
and DQ, frames as well as the phase currents.

The proposed open-phase fault model in (9)—(15) is applicable
to both the surface-mounted and interior DT-PMSMs. Based on
the model, this paper will propose a novel GA- based optimized
FTC for DT-PMSM to achieve the maximized average torque
and minimized torque ripple.

IV. OptimMIZED FTC OF DT-PMSM WITH ONE-PHASE OPENED
A. Fault Tolerant Control—Problem Statement

The proposed FTC strategy is based on the following two
observations from (15).

1) Average torque improvement: If iq1, i,1 and 7, ; are opti-

mally designed, the average torque in Z.o 2 can also con-
tribute to the average torque production.
Torque ripple reduction: If there are second harmonic
components in 741 and ¢,1, there will be second and fourth
harmonics in ¢.,; and second harmonic in Z.y 2. With a
proper design of the second harmonic components in %4
and 41, it is possible to use the induced second and fourth
harmonicsint.g ; and . 2 toreduce or cancel the existing
second and fourth harmonics ¢.o and 4.

2)
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Above two observations can be summarized as follows: if
iyt and the second harmonic components in iq1 and iq, are
optimized, the average torque in t. ; can be maximized while
the torque ripple in t. ; can be minimized under open-phase
Sault.

In this paper, the objective of FTC is to improve the average
torque and reduce the torque harmonics. Assume that iq;, %41,
142, i¢2, and 4, ; are expressed as

tg1 = La1.0 + Lg1,2 cos (20 — ¢q)
g1 = Iq1,0 + 1412 cos (20 — &)
iy = I, cos (0 — ¢y)

where ;10 and I;;, are the dc components for torque pro-
duction and they can be obtained from existing MTPA control;
1412, 1412, ¢a, and ¢, are the magnitude and phase angle of
the second current harmonics in ¢4, and 7,;. The second current
harmonics and i, s are used to maximize the average torque and
reduce the fault-induced torque ripple/harmonics.

Substituting (16) into (12), the DQ frame currents 444, under
open-phase fault can be denoted as

(16)

gy = iq? =0,

7;,117]0 _ I,1|,U+Id1_22005(297¢7d) - I, COS\(/%*@,) cos 91

iql,f _ 1411_0+I,11‘22005(2076>q) + I, cos\(/g—qﬁ,,) cos B3

iy = 1q1.0+1“22(:os(20—¢q) 1 (:05(2_4)!/) cos0s (17)
iqu _ 71(11.04’1(11.22005(29*(7)41) I 005(‘970‘,,) cos b,

Problem statement: The design task of FTC is to optimize
DQ frame currents in (17) to maximize the dc component of 7, ;
in (15) and minimize the harmonic components of ¢, ;. More
specifically, given 41 ¢ and I, o from existing MTPA control,
the objective of FTC is to find the optimal magnitudes (14 »,
11,2, 1) as well as the phase angles (¢4, ¢4, ¢, ) to maximize the
average torque denoted by mean(t. ) and minimize the peak-
to-peak torque ripple denoted by {max(t. ;) — min(. )}

The FTC results in a multi-objective optimization problem
and GA are employed for optimal FTC.

B. GA-Based FTC Design
In (17), the design parameters for FTC can be denoted as

D = [Idl,QaIql,ZaIya¢da¢qv¢y] (18)
and the two design objectives can be represented as
g1 = maximize mean(t. r)
L " 19)
g2 = minimize (max(t. ;) — min(¢. s)).

The searching spaces of the design parameters in (18) can
be determined as follows. For the phase angles, they should be
within [0, 27], which can be denoted as

¢d7¢q7¢y S [0, 27'(']

For the current magnitudes, the phase current should be no
more than the peak phase current I, for the overcurrent pro-
tection, so the search space for the phase current is

Iy € [Oa Imax]-

(20)

2D
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Fig. 3.  DT-PMSM drive with the proposed FTC.

When the second harmonics currents are injected, the peak
phase current should also be less than the maximum phase cur-
rent, so substituting (17) into (7) and let the peak value be less
than 7). In the proposed approach, the phase current under
the open-phase fault is given in (10), so the search space can be
calculated from

max(ly ;) < Inax, k=a,b,c. (22)

GA is employed to optimize the design parameters in (18) to
maximize g; and minimize go. The fitness function used in GA
to evaluate each design parameter is defined as

F=a191 + 2

92

where «; is the weight of the objective function g; controlling

the importance of g;, i = 1 and 2. In (23), F increases when

g1 increases and g, decreases. Thus, the optimal currents will

be obtained when F is maximized by GA. GA-based optimized
FTC is summarized as follows.

Step 1. Initialization: Randomly generate a set of solutions
according to (18) and (20)—(22), compute the fitness value F of
each solution using (17), (14), (19), and (23), and save the best
solution;

Set counter n = 1;

Step 2. Selection, crossover, and mutation: Perform selection,
crossover, and mutation to current solutions to generate new
solutions;

Step 3. Evaluation: Compute fitness value F of every new so-
lution using (17), (14), (19), and (23) and save the best solution;
n =n+ 1;if nis less than the maximum iteration, go to Step 2.

Step 4: Output the best solution with maximum fitness value.

Remark 1: The proposed approach adds the optimized cur-
rents to existing stator currents for FTC, which does not involve
any modification to the control structure and thus it is simple
in implementation. Moreover, it is able to guarantee that the
switching between the healthy operation and FTC is smooth.

(23)

C. Implementation of the Proposed FTC

The implementation of the proposed FTC in an existing DT-
PMSM drive is shown in Fig. 3. In the proposed FTC, the inputs
are DQ; frame reference currents from the outer speed/torque
controller with the MTPA control strategy (4o = 40 = 0), and
the outputs are the DQ; and DQ, frame reference currents under
open-phase fault. The PI current controllers will control the
actual DQ; and DQ, frame currents to follow their references
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TABLE I
FEA PARAMETERS OF THE TEST DT-PMSM
Rated current 15A NO. of poles/slots 8/48
Rated torque 7SNm | L@ [~=15 Ay=30° -21 mH
Rated speed | 575 rpm Magnet flux Ay 0.339 Wb
Rated voltage 140V Resistance 0.5Q

to produce the smooth output torque under open-phase fault.
Here, the bandwidth of the PI current controllers should be
set to be larger as the DQ; and DQ- frame currents under
fault contain second harmonic components. It can be seen from
Fig. 3 that the proposed FTC will add the optimized currents
to the reference currents, which uses the same control structure
and thus is simple in implementation.

D. GA-Based FTC—Design Example

A laboratory DT-PMSM is employed to demonstrate the pro-
posed GA-based FTC. The design parameters of the test motor
are listed in Table I. As can be seen from Table I, this motor
is an interior PMSM with the g-axis inductance being larger
than the d-axis inductance in the DQ; frame. The MTPA con-
trol of interior DT-PMSM adopts “i4; < 0” control, while the
surface-mounted one adopts “¢4; = 0” control. Therefore, two
conditions, C1) ;1 0 = 10A, I510 = 0and C2) I,1 0 = 9.4 A,
I41,0 = —3.4 A, are considered to demonstrate that the proposed
control is applicable to both the surface-mounted and interior
PMSMs. Under ¢4; = 0 control, the proposed approach is com-
pared with the existing method. In the simulation, phase x is
assumed to be opened and the harmonics in the PM flux link-
ages and inductances are neglected.

The parameters of GA are selected as follows: the population
is 200, the maximum generation is 200, the probabilities of
crossover and mutation are 0.8 and 0.2, respectively, and the
weights for the fitness function are a; = 50 and as = 1. The
search space for the phase angles satisfies (20). For Cl1, the
search space for I, is [0, 10] and that for I4; » and I,  is [0, 5].
For C2, the search space for I, and that for 141 o and I, o are
[0, 11] and [0, 6], respectively. The proposed GA-based design
approach is applied to find the optimal currents for the FTC of
the test motor.

The optimized phase currents for C1 and C2 are shown in
Figs. 4(a) and 5(a), respectively. As can be seen that phase x
current is zero and phase y and z currents have the same magni-
tudes. The output torque under the healthy and fault conditions
and FTC has been compared in Figs. 4(b) and 5(b). In these
two figures, the output torque under fault denotes the case of
letting 7, + 7,, = 0. The performance has been compared in Ta-
ble II. For C1, the output torque is 40.7 N-m under the healthy
condition and it decreases to 27.8 N-m under the fault condi-
tion with a significant peak-to-peak torque ripple of 24.2 N-m.
However, when the proposed FTC is applied, the output torque
is increased to 33.3 N-m with a negligible peak-to-peak torque
ripple of 0.3 N-m. Thus, the average torque has been improved
by 5.5 N-m and torque ripple has been significantly reduced. For
C2, similar results can be found. The average torque is improved
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TABLE I
PERFORMANCE COMPARISON UNDER HEALTHY AND
FauLT CONDITIONS AND FTC

Healthy (Nm) Fault (Nm) FTC (Nm)
Proposed Compared in [9]
DC | Ripple | DC | Ripple ;
DC | Ripple DC
Cl | 40.7 / 27.8 242 333 0.3 32.08
C2 | 463 / 33.1 30.9 36.7 0.1 /

by 3.6 N-m and the torque ripple is significantly reduced under
FTC. These results demonstrate that the proposed GA-based
FTC can effectively improve the average torque of the test mo-
tor and reduce the torque ripple significantly for the DT-PMSM
under open-phase fault.

The proposed approach is compared with the one in [9] that
is developed for surface-mounted DT-PMSM. Under i4; =0
control in C1, the output torque of the compared method is
compared in Fig. 4 and Table II. The compared method can
achieve an average torque of 32 N-m, which, however, is 3.9%
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less than that in the proposed approach. Moreover, this method
is not applicable to the interior DT-PMSM.

V. EXPERIMENTAL INVESTIGATIONS ON THE PROPOSED FTC

The proposed FTC is implemented in an FPGA-based Opal-
RT controller and tested on a laboratory interior DT-PMSM
with design parameters in Table I. As shown in Fig. 6, this
test system is installed with a torque transducer, and the torque
measurement will be used to evaluate the performance of the
proposed FTC. During the experiment, the PWM signals of 12
power switches in the six-phase inverter are denoted by

PWM = [A; A By By C1 Cy X1 Xo Y1 Yo Zy Zo]

where Ay, As, ..., Zy can take values of either “1” or “0.” To
emulate open-phase fault in phase x, X;, and X, in (24) are
multiplied by zero and (24) is updated as

(24)

PWM=[A; As By B, C; C, 00, Ys Z1 Zp].  (25)

With (25), there will be no current flowing in phase x, which
is equivalent to open-phase fault happened in phase x.

Five tests are conducted to evaluate the performance of the
proposed FTC under various speed and load conditions. Specif-
ically, Test 1 and Test 2 are conducted under “7;; = 0” control
and “i4; < 0” control to demonstrate that the proposed approach
is applicable to both surface-mounted and interior DT-PMSMs.
In Test 1, the proposed approach is also compared with the
method in [9] to show that the proposed approach can achieve
a better performance. Test 3 is conducted at higher speeds, Test
4 is performed under torque and speed transient conditions, and
Test 5 is conducted to demonstrate smooth switching between
the healthy and FTC.

In Test 1, the motor is under “i4; = 0” control and the DQ;
axis reference currents are set to ;1,0 = 0 and I;; o = 10A.
Under the healthy condition, the currents in DQ; and DQ- frame
and the output torque are shown in Fig. 7(a) and (b), respectively.
From Fig. 7(a), there are no second harmonic components in the
currents. From Fig. 7(b), the average torque is 38.3 N-m and
there are no second and fourth torque harmonics.
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Under the fault condition, phase z current is set to be in-
verse of phase y current. The phase currents, speed, and output
torque of the test motor are shown in Fig. 8(a), (b), and (c),
respectively. From Fig. 8(c), the average torque is reduced to
25.7 N-m and there are significantly torque ripple in the output
torque, in which the second harmonic magnitude is 14.3 N-m.
Moreover, in Fig. 8(b), the motor speed consists of significant
ripple with a peak to peak value of 46 r/min. Compared with
healthy operation, the motor under fault is unable to deliver the
smooth speed and torque without FTC.

Hence, the proposed FTC is applied to the test motor, and
DQ; and DQ, currents, phase currents, speed, as well as the
output torque are shown in Fig. 9(a)—(d), respectively. As can
be seen from Fig. 9(a), during FTC the optimized second har-
monics have been added into DQ frame currents to improve the
average torque and reduce the torque ripple. The performance
is compared in Table III. It can be seen that with the proposed
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TABLE III
PERFORMANCE COMPARISON IN TEST 1 AND TEST 2

Average 2" torque Peak-to-peak
torque harmonic speed ripple
(Nm) (Nm) (r/min)
Healthy 38.3 / 2.7
Fault 25.7 14.3 46
Testl
FTC 30.5 0.8 2.8
Method in [9] 29.36 1.1 43
Healthy 45.8 / 2.9
Test2 Fault 18.9 16 64
FTC 35.1 0.35 3.1

FTC, the test motor is able to deliver smooth speed and torque.
Moreover, the average output torque is 30.5 N-m under the
proposed FTC, which is improved by 4.8 N-m as compared to
that under the fault condition. The second harmonic magnitude
in the output torque is 0.8 N-m, which is greatly reduced as
compared to 14.3 N-m under the fault condition. Moreover, the
peak-to-peak speed ripple has been reduced from 46 to 2.8 r/min
using the FTC.

In Test 1, the proposed approach is compared with the method
in [9] under i4; = 0 control. For the compared method, the
speed and output torque of the test motor during FTC are shown
in Fig. 9(c) and (d), respectively. The comparison with the
proposed approach is listed in Table III. It can be seen that the
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average torque in the compared method is 29.36 N-m, which is
3.74% less than that in the proposed approach, and the torque
and speed ripples in the compared method are also larger than
that in the proposed approach. Moreover, the compared method
is not applicable to interior DT-PMSM.

In Test 2, the test motor is under “iy; < 0” control with
DQ; axis reference currents being set to I4; 9 = —3.4 A and
Is1,0 = 9.4 A.Fig. 10 presents the DQ; and DQ, axis currents
and output torque under the healthy condition. Fig. 11 shows
the phase currents, speed, and output torque under the fault
condition. Comparing Fig. 10 with Fig. 11, the output torque is
45.8 N-m under the healthy condition, and it is 18.9 N-m under
the fault condition. Under the fault condition, the second torque
harmonic magnitude is 16 N-m, which is about 85% of average
torque, and the peak-to-peak speed ripple is 64 r/min, which is
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64% of the average speed. So, the motor is unable to operate
properly under the fault condition.

With the proposed FTC, the currents, motor speed, and the
output torque are given in Fig. 12. It can be observed that the test
motor is able to run properly. Performance comparison is listed
in Table III. From Table III, the proposed FTC can improve the
average torque to 35.1 N-m, that is, the average torque is im-
proved by 85.7% as compared to that under the fault condition.
Also, the induced second torque harmonic has been minimized
to 0.35 N-m and speed ripple is reduced from 64 to 3.1 r/min.
Hence, the proposed approach is capable of efficient FTC of
DT-PMSM with improved average torque and reduced torque
ripple.

In Test 3, the test motor operates at the speeds of 400 and
500 r/min, and the currents I;; and I,; are set to be —5 and
10 A, respectively. Fig. 13 presents the comparison of the motor
speed and torque under healthy and fault conditions with the
proposed FTC. The output torque is 53 N-m under the healthy
condition. With the proposed FTC, the output torque is about
39 N-m and the peak-to-peak speed ripple is less than 2.5 r/min
under open-phase fault. It can be seen that the test motor delivers
less torque under the fault condition as compared to that under
the healthy condition, which is due to the loss of one phase for
torque production. However, compared with Figs. 8 and 11, the
test motor with the proposed FTC can deliver smooth speed with
improved average torque under open-phase fault at high speeds.
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healthy condition. (b) Under open-phase fault with the proposed FTC.

Further tests are conducted to validate the proposed FTC un-
der different loads at 400 r/min. Fig. 14 presents the comparison
of the output torque with respect to DQ; frame currents under the
healthy condition and open-phase fault with the proposed FTC.
It should be noted that open-phase fault can result in significant
torque and speed ripples, which could damage the mechanical
structure of the test motor at high speeds. Therefore, tests un-
der fault without FTC have not been conducted at high speeds.
Indeed, Test 1 and Test 2 already show that the proposed FTC
can improve the average torque and reduce the torque and speed
ripples under open-phase fault. It can be seen from Fig. 15 that
under open-phase fault, the torque delivered by the test motor
increases as the current magnitude increases, but due to the loss
of one phase, the test motor delivers less torque under fault as
compared with that under the healthy condition. For instance,
when I;; and I,; are —3 and 6 A, the output torque is 28.5
N-m under the healthy condition, and it is 21.1 N-m under
open-phase fault with the proposed FTC.

For the operating conditions in Fig. 14, the motor efficiencies
under the healthy condition and fault condition with the pro-
posed FTC are compared in Fig. 15. From Fig. 15, the motor
efficiency under the healthy condition is generally higher than
that under the fault condition with the proposed FTC. This is
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because the motor delivers less torque with the same current
magnitude under the fault condition. For instance, when I;;
and [, are —6 and 10 A, the motor efficiency under fault with
the proposed FTC is 79.6% and it is 82.7% under the healthy
condition.

Test 4 is conducted to validate the proposed FTC under the
transient conditions. Fig. 16 presents the test motor speed, cur-
rents, and torque under current transient conditions with the
proposed FTC, in which I;; and I,;; change from 0 and 10 A to
—5and 10 A at7 = 1.1 s and the motor speed is 500 r/min. It can
be seen from Fig. 16 that the output torque increases from 31.9
to 38.9 N-m and the proposed FTC is capable of controlling the
test motor under the current transient condition. Fig. 17 presents
the test results under speed transient conditions. First, the test
motor is under open-phase fault and the speed increases from
300 to 500 r/min with an increasing rate of 50 r/min, which is set
by the speed dyno, and then, I;; and /;; are reduced from 8 and
0Ato—5and4 A ats= 10 s. It can be seen from Fig. 17 that
with the proposed FTC, the test motor is able to operate stably
under speed transient conditions without inducing any notice-
able speed and torque ripples. Therefore, the proposed approach
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is capable of FTC under both current/torque and speed transient
conditions.

In Test 5, the switching between the healthy operation and
FTC is investigated. Fig. 18 presents the phase currents and
output torque during the switching conditions. At 1.5 s, the test
motor is under fault and the proposed FTC is applied. The motor
is back to the healthy condition at about 3.5 s. From Fig. 18,
the torque ripple under open-phase fault with the proposed FTC
is slightly larger than that under the healthy condition, which
is mainly due to two reasons. First, inaccurate parameters used
for optimization will affect the control performance and result
in a slight increase of torque ripple. On the other hand, DQ
frame currents contain second harmonic during FTC and other
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current harmonic components induced by inverter distortion.
According to [29], the current harmonics will also interact with
the harmonics in the PM flux linkage to produce small torque
ripple, which also contributes to a slight increase of torque ripple
during FTC. This paper focuses on minimizing only the fault
induced torque harmonics. However, it can be observed from
Fig. 18 that there is not any noticeable ripple in the motor speed
and torque during the switching between healthy control and
proposed FTC. Therefore, the proposed FTC can be activated
once the open-phase fault is detected, which ensures the drive
performance and reliability as well as smooth switching between
the healthy operation and FTC.

VI. CONCLUSION

This paper proposed a comprehensive motor model that is ap-
plicable to both the surface-mounted and interior DT-PMSMs
under open-phase fault. An efficient GA-based FTC is devel-
oped for DT-PMSM with improved average torque and reduced
torque and speed ripple. Extension of the proposed FTC to DT-
PMSM with two-phase opened is discussed in Appendix B.
The proposed FTC has a simple implementation and guarantees
the smooth switching between the healthy operation and FTC,
which is critical to ensure the drive performance and stability
in the practical applications. The experimental results demon-
strate that the proposed approach is effective for DT-PMSM
FTC under various operating conditions and can achieve a bet-
ter performance than the existing approach. Future work can be
done in the following aspects. To consider the loss minimiza-
tion in FTC, additional design objective of minimal motor loss
should be included, and the fitness function will be revised ac-
cordingly. Optimal reference currents are independent from the
motor speed, and a look-up table of optimized reference currents
can be built at a specific speed condition. In this way, there will
be no need to occupy the on-line computation resource to ensure
efficient real-time FTC. Machine parameter variation will affect
the optimal reference current generation, and thus incorporating
online parameter estimation techniques can help further improve
the control performance of the proposed approach.

APPENDIX A
DERIVATION OF (4)

According to [29], t. can be calculated from

dL .

1 ) A)par.abes
te =P (2 Laberyz a0 o tabexy» +Zabuyz%) (26)

where igpcpy., L, and Apa gpesy- have the same definition
as in (2).

Substituting i3 = Tagtapeay-> Lig = Tpq LTé}J, and
)\pMqu = TDQ)\PM,abczyz into (26), the result is

B Tdel
’qu (T ) quldq
+il, (ng) TBdeda” Tobia,

. _ dT
+Z§q (TD}Q )

N

— L AP M. dg
27
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Substituting (1) into (27), the result is

te =3P (Agigi + (La1 — Lg1) tariqr + (Laz — Lg2) ta2i42) -
(28)
Since Ljs = Lo [35], (28) can be rewritten as (4).

APPENDIX B
DiscussIONS ON DT-PMSM FTC WITH TwWO PHASES OPENED

This section discusses the extension of the proposed FTC to
DT-PMSM with two phases under open-phase fault. Assume
that the DT-PMSM has two phases opened, and let phases a
and x be the faulty phases. In this case, the phase currents must
satisfy the following equation in order to satisfy the current
balance condition:

(29)

Applying (1) t0 igpery-, r in (29), the DQ frame currents under
open-phase fault can be derived as

ta,f =0, @y, p = —le,f, Gap =0, Gy 5 = —lz 5.

iq1,f = i, rsing — ?iy‘f cosf + ?ib,f sin ¢
ig1,; = iy fcost + @ibﬁf cos + %zyf sin 6 30)
i, = iy pcosf — Liy s cosh — Y3i, ;sind

. 1, : 3. 3. .
ig2,f = 5ly,fSinf — szy‘f cos 6§ — szb’f sin 6.

Therefore, for DT-PMSM with phases a and x opened, DQ;
and DQ: frame currents must satisfy (30). Substituting (30)
into (4), the torque model can be obtained, based on which
the average torque and torque harmonics are available. Then,
optimization algorithms such as GA can be applied to optimize
the currents in (30) to achieve design objectives. In this way,
the proposed FTC can be extended to the DT-PMSM with two
phases opened. However, it should be noted that for the multi-
phase machine with more phases opened, a higher decoupling
degree will inevitably affect the design of FTC and the control
performance, and thus further research efforts are required.
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