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Abstract—In this paper, a fault-tolerant control is proposed
for dual three-phase permanent-magnet synchronous machine
(PMSM) drives under open-phase faults. The object of the
proposed fault-tolerant control is to maximize the torque ca-
pacity while the overcurrent protection is taken into account.
Hence, the proposed fault-tolerant control is named as torque
mode in this paper. Another existed fault-tolerant control for
dual three-phase PMSM drives under open-phase faults is
loss mode, in which the system copper loss is minimized.
Torque mode is compared with loss mode, and two impor-
tant conclusions are given: 1) loss mode can reduce more
copper loss; and 2) torque mode can output more torque.
The performances of torque mode and loss mode are verified
by experimental results.

Index Terms—dSPACE, dual three-phase motor drive, fault
tolerance, open phase, permanent-magnet synchronous machine
(PMSM).

NOMENCLATURE

L, Ry Stator inductance, stator resistance.

DPn Pole pairs.

(Y Permanent magnet flux linkage.

We Electrical angular speed.

Uy Phase voltages of the dual three-phase
PMSM (x =da, bl, C1,d9, b2, CQ).

iy Phase currents of the dual three-phase
PMSM ()C =day, bl, Cc1,dy, bQ, 6‘2).

ey Phase back-electromotive forces (EMFs) of
the dual three-phase PMSM (x = a4, b1, c1,
as, bg , Co )

I Phase current magnitude of PMSM-1.

Vb1 Initial phase angle of ¢;; .

Usd1 > Usql d- and g-axis voltage of PMSM-1.

Tsd1slsql d- and g-axis current of PMSM-1.
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€sd1, Csql d- and g-axis back EMF of PMSM-1.

To1,0.1 Electromagnetic torque and electrical rotor
position of PMSM-1.

Ugd2, Usq2 d- and g-axis voltage of PMSM-2.

T5d2, bsq2 d- and g-axis current of PMSM-2.

€5d2 €sq2 d- and g-axis back EMF of PMSM-2.

Too,0.0 Electromagnetic torque and electrical rotor
position of PMSM-2.

A6 Phase shift, A0 = 0.0 — 0,;.

T: Total electromagnetic torque.

Ir Torque current.

D Average copper losses of phase-x (x = ay,
b1, c1, ag, ba, c2).

ks Per-unit value of p, (x = b1, c1, as, ba, c2).

kmax Maximum per-unit average phase copper

kmaXJnin

loss.
Minimum value of k..

Pcu System copper loss of the studied dual three-
phase PMSM drive system.
Dcu Average system copper loss of the studied

PCu2s> PCuss PCud

kCu?a kCu37 kCu4

dual three-phase PMSM drive system.
Average system copper losses of OP-2, OP-
3, and OP-4, respectively.

Per-unit values of pcu2, Pcus, PCud-

n Current ratio, I,,,1 /Ir.
Liated Rated phase current.
IrMs RMS phase current.

I. INTRODUCTION

UE to higher power density and higher efficiency, the
permanent-magnet synchronous machine (PMSM) has re-

ceived more and more attentions recently [1]-[8]. Compared
with three-phase motor drives, multiphase motor drives have
several significant advantages: reduced torque pulsation, lower
power per phase, and higher reliability [9]-[12]. Nowadays,
high-power and high-switching-frequency power electronics de-
vices are usually expensive or not available [13]. Therefore,
multiphase PMSM drives are very suitable for high-power ap-
plications, such as electric vehicles, renewable generation, and
ship propulsion. The dual three-phase PMSM is one of the most
interesting multiphase motors since it can take full advantages of
well-developed three-phase PMSM drives [14]-[16]. One dual
three-phase PMSM has two sets of three-phase stator windings
spatially shifted by specific electrical degrees with isolated neu-
tral points. To some extent, one dual three-phase PMSM can be
treated as two same three-phase PMSMs, and then two three-leg
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voltage-source inverters (VSIs) are usually required. According
to Estima and Cardoso [17], the failure rate of power electronics
devices contributes more than 50% of all the remaining compo-
nent faults. For the dual three-phase PMSM drive, more power
electronics devices mean more failure rate. Among all the faults
of motor drives, the open-phase fault is a typical one and it
can be caused by power electronics devices or stator windings.
Once the single open-phase fault occurs, the traditional solution
is to isolate the corresponding three-phase winding set [18]. As
a result, the dual three-phase motor is degraded into a three-
phase motor. Obviously, this solution will result in a significant
reduction of maximum torque. Hence, the fault-tolerant control
sometimes is required to enhance the system reliability in critical
applications [19], [20].

So far, many fault-tolerant controls have been proposed to
cope with open-phase faults. In [21], the neutral point of the
three-phase PMSM is connected to the midpoint of two split
capacitors by means of a triode for alternating current to keep
the continual operation when open-phase faults occur. In the
research work of [21], not only the mathematical model of three-
phase PMSMs under open-phase faults but also the correspond-
ing vector control strategies are proposed. The split capacitors
also can be replaced by a fault-tolerant leg [22], [23]. In [24]-
[26], one five-leg VSI is used to control two three-phase motors,
in which two phase windings from two different motors share
one common leg and the other four phase windings are, respec-
tively, connected to the remaining four legs. In [27] and [28],
two three-phase motors are fed by one four-leg VSI, and two
phase windings from two different motors are connected to the
neutral point of two split capacitors. In [29], two three-phase
induction motors are fed by single three-leg VSI and a weighted
control is specially designed. Generally, to use the abovemen-
tioned fault-tolerant controls, extra hardware devices are usually
required [21]-[29], which will increase the system cost and com-
plexity. In [30], a fault-tolerant control is proposed for the dual
three-phase PMSM drive to minimize the system copper loss,
in which there are no additional components and open-phase
faults are taken into account. However, only the system copper
loss is discussed in [30] while phase copper losses are ignored.
As is known, the phase copper loss plays an important role in
the design of the overcurrent protection, and the ignorance of
phase copper losses will make PMSM drives dangerous. Un-
fortunately, to the best of authors’ knowledge, the phase copper
loss has not been analyzed and no corresponding fault-tolerant
control has been proposed for dual three-phase PMSM drives
under open-phase faults.

In this paper, a fault-tolerant control is proposed for dual
three-phase PMSM drives under open-phase faults to maximize
the torque capacity, in which the maximum phase copper loss is
evaluated. Hence, the proposed fault-tolerant control is named
as torque mode. Torque mode is compared with another existed
fault-tolerant mode (loss mode) while loss mode can minimize
the system copper loss. This paper is organized as follows.
The studied dual three-phase PMSM drive system is defined
in Section II. Loss mode is presented in Section III. Torque
mode is proposed in Section IV. Loss mode and torque mode
are compared in Section V. Some experiments are carried out in
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Fig. 1. Studied dual three-phase PMSM drive.
Section VI to verify the comparisons. Finally, some conclusions
are drawn in Section VII.

II. STUDIED DUAL THREE-PHASE PMSM DRIVE

The studied dual three-phase PMSM drive is illustrated in
Fig. 1, which consists of one surfaced-mounted dual three-phase
PMSM, two VSIs, and one common dc bus. The six phases
of the studied dual three-phase PMSM are, respectively, de-
fined as phase-al, phase-b1, phase-cl, phase-a2, phase-b2, and
phase-c2. The studied dual three-phase PMSM is divided into
two winding sets (PMSM-1 and PMSM-2), and they have in-
dependent neutral points (NV; and Ns). The first winding set
PMSM-1 contains phase-al, phase-b1, and phase-cl, while
phase-a2, phase-b2, and phase-c2 belong to the second winding
set PMSM-2.

Four operation modes are defined in this paper. It should be
pointed out that both OP-3 and OP-4 belong to the fault-tolerant
operation.

1) OP-1 (normal mode): Two winding sets are healthy.

2) OP-2 (isolated mode): when one power switch is opened,
all the other five power switches of the faulty winding set
are switched off and the healthy winding set is still used.

3) OP-3 (loss mode): when one power switch is opened, the
other power switch of the faulty leg is switched off and
the five healthy legs are used; the system copper loss is
minimized.

4) OP-4 (torque mode): its system topology is as same as
that of loss mode; the maximum phase copper loss is
minimized, and the torque capacity is maximized.

According to [30], the total torque can be calculated by (1)
since the studied dual three-phase PMSM is surface mounted

Te1 =15 panMisql
Teo = 1.5 putbpmisg2 (D)
T, =T + 1.
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Itis assumed that phase-al is opened under open-phase faults,
i.e., 1,1 = 0and 7 = —17.1.7p1 1s defined as follows:

@

According to the Park transformation (3), 7541 and 74,1 can
be calculated in (4)

tp1 = L1 cos(Ber + Yp1)-

P35 (0)

cos(0) cos(f —2mw/3)  cos(0 + 2m/3)
2

=3 —sin(f) —sin(d — 27/3) —sin(6 +27/3) | (3)
0.5 0.5 0.5
. Iml . .
tsat = [SIn(20c1 + Y1) — sinyy ]

I “

loq1 = \7;?; [cos(2 6.1 + 1) + cos 1.

According to (4), the average torque of PMSM-1 can be
maximized by setting ;; as 0. Hence, (4) can be simplified as

. I .
feg1 = —=sin26,,

V3
. 1 m1
Lsql = % (
It can be seen from (5) that the double-frequency torque ripple

appears. To compensate torque ripples and reduce the copper
loss, is42 and ¢,49 are, respectively, set as

5
cos20.1 + 1).

isd? =0
I, 6
iSQZ:IT—Tg(l—i—cosZGd) &
with
T.
Ir=—2"5 7
T 5p, e

III. Loss MODE

As is well-known, the system copper loss of the studied drive
system

®)

For a nonzero rotor speed, the average value of the system
copper loss in the fault-tolerant operation can be calculated by
substituting (5) and (6) into (8)

pen = 1.5 Ry[(i241 + qu1) + (i249 + quQ)]

7
pow = 1.5 I2R, (6772 —2/V3 + 1) . 9)
The per-unit value of pc,, is defined as follows:
ﬁCu 2
kcwu = ———— =3.51" —2V3 3. 10
= S5 IR, 7 —2V3n + (10)

According to the analysis in [30], k¢, is minimized when
n=2v3/T. an

It should be pointed out here that the coefficient of Park
transformation in this paper is different from that in [30]. That
is why n is 2v/2 /7 1in [30]. However, their final effects are same.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 32, NO. 3, MARCH 2017

IV. TORQUE MODE

In this section, torque mode is proposed for the studied dual
three-phase PMSM drive system.

A. Calculation of Phase Copper Loss

In normal and isolated modes, all used phase windings have
same copper losses. To find out the actual situation of phase
copper losses in fault-tolerant mode, all average phase copper
losses are calculated in (12) by Park inverse transformation
shown in (13)

Pri=pca=i4R,=0501%R,
— I12R,
Paz =12,R s = 115 *{[3 — 2cos(2A8)|n*
—2v/3[2 — cos(2A0)]n + 6}
_ 5 I%«Rs 9
Dp2 =15 = B {[3 — 2cos(2A0 + 27/3)]n
—2v/3[2 — cos (2A0 + 27/3)|n + 6}
_ 2
Pea=1%R = d 25 “{[3 — 2cos(2A6
—21/3)n* — 2v/3[2 — cos(2A60 — 27/3)|n + 6}

(12)
cos(0) —sin(0)
Py3(0) = | cos(0 —27/3) —sin(0 — 27/3) (13)
cos(0 +2m/3) —sin(0 4 2m/3)

To simplify the analysis, several per-unit values are defined
in (14). Two special situations of (14) are illustrated in Fig. 2.
It can be seen from Fig. 2 that the five used phase windings
do not have same average copper losses, which is an important
theoretical basis of the proposed fault-tolerant control

T 1) S
kbl — kcl - 05I%Rs n
o ﬁa? o 1 . 2
koo = VSRR, 6{[3 2 cos(2A0)]n
—2v/3[2 — cos(2A0)]n + 6}
Pb2 1 2> (14)
= —0— = -2 2A 2
ko 05IE, 6{[3 cos(2A0 + 271 /3)|n
—2v/3[2 — cos(2A0 + 27/3)|n + 6}
1302 1 2
=2 — Z{[3—2cos(2A0 — 2
keo 052 R, 6{[3 cos(2A60 — 27/3)|n
—2/3[2 — cos(2A0 — 27/3)|n + 6}.

B. Overcurrent Protection

In motor drives, the overcurrent protection is usually de-
signed according to the rated phase current [,,.q. When the
actual RMS phase current is greater than the rated phase cur-
rent, it means that the overload operation occurs. Considering
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Fig. 2. Curve of per-unit average phase copper losses: (a) Af = 7/6 and
(b)yn = 2v/3/7.

the system safety, the PMSM drives cannot run in the overload
condition for a long time and the overcurrent protection should
be activated. The square of the RMS phase current I3 ,q is
proportional to the phase copper loss I}, Rs. Therefore, the
definition of the overload operation also can be changed as fol-
lows: the actual phase copper loss IIQH\,ISRS is greater than the
rated phase copper loss I2,, ., Rs. Therefore, the phase copper
loss is used to check whether the motor drive is in the overload
operation and whether the overcurrent protection should be
activated.

In normal and isolated mode, all used phase windings have
same copper losses. It is easy to obtain all phase copper losses by
equally dividing the system copper loss and implement the over-
current protection. However, it becomes difficult for two fault-
tolerant modes (loss mode and torque mode) since their average
phase copper losses are not same, as shown in Fig. 2. Hence,
the maximum average phase copper loss cannot be greater than
the rated phase copper loss for a long time. The problem has
become how to find the maximum average phase copper loss.
Fig. 2 just provides two special situations and the common anal-
ysis should be carried out.

C. Maximum Torque Capacity

By differentiating (14), two monotonic intervals are obtained:

1) kp1, ka2, kp2, and k.o are monotonic increasing, n €
(vV3, +o0);

2) ki, kao,kpe, and k.o are monotonic decreasing, 1 €
(—00,0).

As an example, the monotonicity of &, is verified by Fig. 3.

The per-unit maximum phase copper loss &y, .« is defined as

kmax - max{kbl 5 ka27 kaa k(:Z}- (15)

The surface diagram of &, is illustrated in Fig. 4. In order
to maximize the torque capacity, kpyax should be minimized.
For a known phase shift Af, the value of 1 can be changed by
regulating I,,,; since the value of I has been determined by
the torque command according to (7). The problem has become
how to find the minimized value of k.., which is defined as

kmax_min = min{kmaxa URS R} (16)

According to two monotonic intervals (v/3, 4+ oc) and
(—00,0), kmax_min can be obtained in the value interval [0, \/g],

2055

dg 5
(’??d /) 6 1 0 n
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Fig. 4.

Surface diagram of ky, 5« in torque mode.

which is verified by Fig. 4. Hence, (16) can be further modified
as
kmax_rnin = min{kmaxa ne [07 \/g]} (17)

According to the definition, £y, ax_ni, 1S the maximum value
among ky1, ka2, kye, and k.o. Except kyi, the expressions of
ka2, kpo, and k.o are complex since all of them contain two
variables (A, 1) and trigonometric functions. Therefore, it is
difficult to derive a convergent solution for K .x_mni, from
(14)—(17) and the data-fitting method is finally employed in this
paper. The curve of Ky ax_min i illustrated in Fig. 5. At a given
A0, kyax_min 18 obtained when 17 = My ax_min -

According to Fig. 5, a formula can be obtained by the data-
fitting method

0.4422 + 0.202 cos 2« (18)

kmax_min =

0.672 4 0.13 cos 2« (19)

MNmax_min =
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with

o= [(Ae n f) modz] _T (20)

6 3 6

The theoretical values of kyax_min and Nmax_min deduced
from Fig. 5, and the fitted values of Ky ax_min and Mmax_min
calculated by (18) and (19), are compared in Fig. 6. It can
be seen from Fig. 6 that the theoretical values and the fitted
values are overlapped, which verifies the high precision of (18)
and (19). Hence, (18) can be used to calculate the minimized
maximum average phase copper loss and the corresponding
Nmax_min can be determined by (19). The feature of torque mode
iS ) = Nmax_min While the feature of loss mode is 77:2\/§/ 7.
According to (19), the value range of 7y, ax_min 15 [0.542, 0.802],
which does not contain 2v/3 /7. Therefore, torque mode and loss
mode are two totally independent operation modes.

V. PERFORMANCE ANALYSIS

In this section, three postfault operations (isolated mode, loss
mode, torque mode) are compared in three aspects: copper loss,
torque capacity, and temperature effect.

A. Copper Loss

The curve of k.. under the condition (11) is illustrated
in Fig. 7 and the curve can be represented by (21), which is
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obtained by the data-fitting method

Emax = 0.5537 + 0.2014 cos 2a. @21

In isolated mode, 7 is 0. According to (10), the corresponding
per-unit average system copper loss kcy2 is 3.

In loss mode, according to (10) and (11), the corresponding
per-unit average system copper loss kcy3 is 15/7.

In torque mode, according to (10) and Fig. 6(b), the corre-
sponding per-unit average system copper loss k¢4 is illustrated
in Fig. 8.

Compared with kcy2, kcys is reduced by 28.57% while k¢4
is decreased from 17.67%-21.67%. Obviously, loss mode can
save more energy. It means the value of k¢, 2 and k¢, 3 are not
affected by the phase shift Af. On the other hand, k¢4 depends
on the value of Ad.

B. Torque Capacity

In this subsection, the overcurrent protection is taken into
account. For one healthy winding set, the maximum torque ca-
pacity is defined as 7T}, . Hence, the maximum value of /7 can
be calculated as

Lax = &
1.5 pppum

In isolated mode, the corresponding maximum torque 7}, .2
1S Tnax-

In loss mode, the corresponding maximum torque 73, ax3
is obtained when the maximum average phase copper loss is
equal to 0.5I2,, R,. The maximum phase copper loss can be
calculated from (21), i.e.,

(0.5537 + 0.2014 cos 2ar) x 0.512

max

(22)

3R, = 0512, R

ax=vs-

By solving the above equation, the following condition can
be obtained:

Imax

V0.5537 + 0.2014 cos 2

Imax?) = (23)
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Fig.9. Comparison of three maximum torques: (a) torque ratio curves and (b)
torque ratio error.

According to (7), Ty, ax3 can be calculated from (23)

Tmax
V/0.5537 + 0.2014 cos 2a

In torque mode, the corresponding maximum torque 7}, ,x4
is also obtained when the maximum average phase copper loss
is equal to 0.572,, . R,. The maximum phase copper loss can be
calculated from (18), i.e.,

. 2 _ 2
. . *“fmax4tls T Y-
(0.4422 4+ 0.202 cos 2a) x 0.5I .4 Rs = 0.51,

max

TmaxS = (24)

R,.

By solving the above equation, the following condition can
be similarly obtained:

IIH&X
Im x4 — . 25
T /0.4422 1 0.202 cos 2a (5)
According to (7), Tiyaxsa can be calculated from (25)
I—VIIIELX
Tmax4 = (26)

V/0.4422 ¥ 0.202 cos 2a

Tmax2 /Tmaxa TmaXS /Tmaxa Tmax4/Tmax are iHUStrated in
Fig. 9. Compared with T},,.x2, Tinaxs 1s increased from 15.1%—
23.6% while Ty, 1«4 is increased from 24.6%—-35.7%. Obviously,
torque mode can provide more torque.

C. Temperature Effect

The phase copper loss is decided by both the RMS phase cur-
rent and the stator resistance. As is known, larger RMS phase
current will result in higher temperature and higher temperature
will increase the stator resistance. At last, the higher resistance
will result in higher phase copper loss. In a word, larger RMS
phase current will result in higher phase copper loss consid-
ering the temperature effect of the stator resistance. All phase
windings have same stator resistances if the stator temperature
is same. Due to different phase copper losses, however, the sta-
tor temperature of the two winding sets will be different in the
single phase open fault. The different stator temperature will
make the stator resistances of the five used phase windings dif-
ferent, which will have an effect on the estimation of £y, ax min-
However, (14) will become very complex since all the stator
resistances cannot be eliminated. To simplify the analysis, it is
assumed that the stator resistances remain unchanged and all
the stator resistances of the five used phase windings are same.
Based on this assumption, (14) becomes simple. The control tar-
get of torque mode is to minimize the maximum phase copper
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Fig. 10.  Experiment platform.

TABLE I
PARAMETERS OF TRACTION PMSM

Parameter Value
Rated power 5.5kW
Rated line voltage 380V
Rated phase current 1A
Stator resistance R 0.625 Q
Stator inductance L 8.5 mH
Permanent magnet flux ¢ p 5/ 0.442 Wb
Number of pole pairs P, 4
Rated speed 1 500 r/min

loss by setting 1 as Nmax_min- A doubt appears whether this as-
sumption will affect the control target of torque mode. However,
this doubt is unnecessary, which will be explained here. Accord-
ing to (14), ky1, ka2, ki2, and k.2 also can be considered as the
definition of the square of the per-unit RMS phase currents. The
calculation procedure of kp,.x_min also can be considered to
minimize the maximum RMS phase current. Hence, the mini-
mized maximum RMS phase current can be achieved by setting
1) aS Mmax_min, Which is not affected by the stator temperature at
all. Asis analyzed at the beginning of this subsection, lager RMS
phase current will result in higher phase copper loss. Therefore,
the minimized maximum RMS phase current can result in the
minimized maximum phase copper loss, which is the control
target of torque mode.

VI. EXPERIMENTAL VALIDATION

To verify the effectiveness of the proposed fault-tolerant con-
trol, an experiment platform is developed, as shown in Fig. 10.
For a specific dual three-phase PMSM, the phase shift Af is
constant. In order to show the universality of the proposed
fault-tolerant control, two same surface-mounted three-phase
traction PMSMs are coupled together to simulate a dual three-
phase PMSM. Based on this special designing, different phase
shifts can be provided. The parameters of two three-phase trac-
tion PMSMs are listed in Table I. The load is provided by one
5.5-kW PMSM with an encoder of 1024 pulses per revolution.
The load is realized by the closed-loop torque control of the
load PMSM using the field-oriented control (FOC). The dc bus
voltage is 250 V.

The control program is implemented in a dSPACE DS1103
controller. The inputs for the dSPACE DS1103 controller are
the measured phase currents and dc bus voltage, and the feed-
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Fig. 11. Experimental results of Experiment 1: (a) speed; (b) torque; and
(c) phase currents.

back signal of the encoder. The switch states for the VSIs are
generated by the dSPACE DS1103 controller. A personal com-
puter is employed for editing the control program and command-
ing the dSPACE DS1103 controller. The switching frequency is
5 kHz and the sampling frequency is 20 kHz. The load torque
is 35 N-m. Four experiments are carried out as follows.

A. Experiment 1

In this experiment, the studied dual three-phase PMSM drive
system is in the isolated mode, in which PMSM-1 is isolated
while PMSM-2 is still used. The experimental results are il-
lustrated in Fig. 11. In the steady state, the system copper loss
Pcuz 18 201.28 W and the maximum average phase copper loss
is 67.58 W.

B. Experiment 2

In this experiment, phase-al is opened and the other phase
windings are used. The phase shift Af is 0.4354 rad. Loss
mode and torque mode are, respectively, executed, and their
experimental results are illustrated in Figs. 12 and 13. The
average copper losses of the studied drive system in the steady
state are listed in Table II. The average system copper loss of
loss mode and torque mode are 135.42 and 153.03 W. Com-
pared with the system copper loss (201.28 W) of Experiment
1, the former (135.42 W) and the latter (153.03 W) are reduced
by 32.72% and 23.93%, respectively. The maximum average
phase copper losses of loss mode and torque mode are 43.87
and 38.09 W, respectively. Compared with the maximum aver-
age phase copper loss (67.58 W) of Experiment 1, the former
(43.87 W) and the latter (38.09 W) are reduced by 35.08% and
43.64%, respectively. As a result, the maximum torques of loss
mode and torque mode are increased by 24.12% and 33.20%,
respectively. The experimental results verify the analysis in Sec-
tion V.
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Fig. 12. Experimental results of Experiment 2 in loss mode: (a) speed;
(b) torque; (c) phase currents of PMSM-1; and (d) phase currents of PMSM-2.
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Fig. 13.  Experimental results of Experiment 2 in torque mode: (a) speed;
(b) torque; (c) phase currents of PMSM-1; and (d) phase currents of PMSM-2.

C. Experiment 3

Without special declaration, the experiment conditions are
as same as those of Experiment 2. The only difference is that
A6 becomes 5.7280 rad. The experimental results of loss mode
and torque mode are illustrated in Figs. 14 and 15, respectively.
The copper losses of the studied dual three-phase PMSM drive
system in the steady state are listed in Table III. The average
system copper loss (135.15 W) of loss mode is very close to
the corresponding value (135.45 W) of Experiment 2, which
verifies the analysis in Section V that kc,3 is not affected by
Af. The maximum average phase copper loss (47.56 W) of loss
mode is different from the corresponding value (43.87 W) of
Experiment 2, which verifies the analysis in (24) that 7}, .«3 is
affected by Af. The average system copper loss (155.63 W)
of torque mode is different from the corresponding value
(153.03 W) of Experiment 2, which verifies the analysis in
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TABLE II
COPPER LOSSES OF EXPERIMENT 2

Average copper loss (W)

Loss mode  Torque mode
Phase-b1 15.63 38.09
Phase-c1 15.63 38.07
Phase-a2 22.14 10.30
Phase-b2 43.87 37.02
Phase-c2 38.16 29.56
Maximum value 43.87 38.09
Total 135.42 153.03
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Fig. 14.
(b) torque; (c) phase currents of PMSM-1; and (d) phase currents of PMSM-2.

TABLE III
COPPER LOSSES OF EXPERIMENT 3

Average copper loss (W)

Loss mode Torque mode
Phase-b1 15.61 40.38
Phase-c1 15.61 40.37
Phase-a2 31.71 21.31
Phase-b2 24.66 1291
Phase-c2 47.56 40.66
Maximum value 47.56 40.66
Total 135.15 155.63

Section V that k¢4 is affected by Af. The maximum phase
copper loss (40.66 W) of torque mode is also different from the
corresponding value (38.09 W) of Experiment 2, which verifies
the analysis in (26) that T}, is affected by A6.

D. Experiment 4

In this experiment, the reference speed is set as 600 r/min
and the other experimental parameters are as same as those
in Experiment 2. Four operation modes (normal mode, isolated
mode, torque mode, loss mode) are verified in Experiment 4 and
the experimental results are shown in Fig. 16, in which not only

Experimental results of Experiment 3 in loss mode: (a) speed;
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Fig. 15. Experimental results of Experiment 3 in torque mode: (a) speed;

(b) torque; (c) phase currents of PMSM-1; and (d) phase currents of PMSM-2.

TABLE IV
COPPER LOSSES OF EXPERIMENT 4

Average copper loss (W)

Normal mode  Isolated mode  Torque mode  Loss mode

Phase-al 21.90 0 0 0

Phase-b1 22.10 0 53.92 23.12
Phase-c1 22.99 0 53.90 23.15
Phase-a2 22.12 92.14 11.70 28.65
Phase-b2 22.64 93.85 53.44 63.75
Phase-c2 22.19 93.02 46.86 58.36
Maximum value 22.99 93.85 53.92 63.75
Total 133.93 279.01 219.82 197.04

steady state but also transient experimental results are illustrated.
The experimental results shown in Fig. 16 can be divided into
four regions: normal mode (0-3.74 s), isolated mode (3.74—
8.56 s), torque mode (8.56-12.84 s), and loss mode (12.84—
16.00 s). The copper losses in these four regions are listed
in Table IV. Comparing with Experiment 1, the total copper
loss of isolated mode in Experiment 4 is increased by 38.81%.
Similarly, all the corresponding copper losses of torque and loss
mode in Table IV are also nearly increased by 38.81% through
comparing with Table II. The increase of the copper losses is
due to the increase of power output since the speed has been
doubled in Experiment 4. Therefore, the conclusions obtained
from Experiment 1 and Experiment 2 also can be verified by
Experiment 4. Comparing with normal mode, the total copper
loss of isolated mode is doubled and the phase copper loss
is even increased by 400%, which are verified by Table IV.
Due to the significant increase of phase copper loss, sometimes
isolated mode cannot be used if the load is heavy. Even though
the significant ripples of currents and torques appear during
the switching procedures among different operation modes, the
duration is so short that the influences nearly can be neglected,
which have been verified by the smooth speed profile in Fig. 16.
A feature should be pointed out that the torque ripples become
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Fig. 16.  Experimental results of Experiment 4: (a) speed; (b) torque; (c) phase currents of PMSM-1; and (d) phase currents of PMSM-2.

larger in fault-tolerant mode especially in torque mode. When VII. CONCLUSION

one phase is open, three operation modes (isolated mode, torque
mode, loss mode) can be selected to remain continual operation
and their features are listed in Table V. The final selection is
based on the requirement of the dual three-phase PMSM drive

system.

In this paper, a fault-tolerant control is proposed for dual
three-phase PMSM drives under open-phase faults. The contri-
butions of this paper can be summarized as follows.

a) The formulas of the maximum average phase copper loss

in loss mode and torque mode are, respectively, developed
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TABLE V For a nonzero rotor speed, the average values of cos2 0.,
FEATURES OF THREE FAULT-TOLERANT OPERATION MODES and cos 46,1 during one period are zero. Therefore, the average
value of the system copper loss in the fault-tolerant operation
can be calculated as (9).

Operation mode  Torque capacity ~ Torque ripple ~ Copper loss

Isolated mode Small Small Large
Loss mode Medium Medium Small B. Calculation Procedure of (10)
Torque mode Large Large Medium
The five phase copper losses are calculated as follows:
by the data-fitting method. The fitted formulas are high po =15 R
reliable since no motor parameters are used. According _ 2
Pel =11 R s
to the fitted formula, the overcurrent phenomenon can be L
avoided. Pa2 =it (B-1)
b) If the load is light, loss mode is preferable since the total Pra =i R
copper loss can be reduced by 28.57%. Loss mode may e =i%R
c2 — beogdlg.

extend the drive distance or the operation time. This point
is important for the applications where the onboard energy According to (13), the phase currents can be calculated as
is very limited, such as electric vehicles. ) ) ) .
¢) If loss mode cannot provide enough torque, torque mode ip1 = tsq1€08(0 1 —2m/3) — isqsin(f ey — 27/3)
should be activated since the total torque can be increased ic1 = 1541 €08(0 1 +27/3) — i gp18in(f 1 + 27/3)
by 24.6%—-35.7%. Otherwise, the dual three-phase PMSM (0
drive system will be forced to halt and must wait for . . ) .
help. By using torque mode, the torque capacity can be Up2 = Gsa2 08(0 ez — 2m/3) — i sqosin(f cr — 27/3)
maximized to avoid forced halt as much as possible. ico =1 s42 CO8(0 o + 2m/3) — i 5q28in(0 o2 + 27/3).
d) The influence of the phase shift is evaluated for the pro- (B-2)
posed fault-tolerant control.
e) All the analyses are verified by experimental results. ) 1 . 1
Even though the proposed fault-tolerant control is designed o1 = ﬁl m18in26 ¢y cos(f 1 — 27m/3) — ﬁj m1
for dual three-phase PMSM drives, it also can be used for dual
motor drives if two motors share one common rigid shaft. (cos20 ¢y + 1)sin(f ey — 2/3)

ia? = Z'sdQ COS 82) — iSQQSiH(eeg)

. 1 . 1
APPENDIX Lel = %IWL]SIDQ 081 Cos(eel + 27(/3) - %I'ml
A. Calculation Procedure of (9)

(cos820 1 + 1)sin(f .y + 27/3) (B-3)
Substituting (5) and (6) into (8) gives

1
3 1 . b2 =—[ 17— —=Ini(1 26 .1)]sin(f .
Peu = 2Rs{31,2,),1[(511120@1)2+(Cos2061+1)2] Lq2 [ 73 1(1 + cos 1)]sin(f c2)

1

1 2 ibQ:_[IT_ﬁlml(l+C0820€1)]Sin(962—271'/3)
+ |:IT — 7],,11(1 —|—cos2061)} } . (A-1) .

3 () :—[IT_ﬁI7n1(1+COS2961)]Sin(062+2’]T/3)

Asisknown,n = I,,,1 /Ir. Therefore, (A-1) can be simplified
as (A-2), which can be further simplified as (A-3)

) 1 . 1
1 iyg = —=1Irnsin20,. cos(0. —27/3) — —=1I7n
PCu = ;I%RS {37)2[(51112961)2 + (c082601 + 1)?] V3 V3
(cos20 ¢y + 1)sin(0 . —27/3)
1 ’ 1 1
+{ _77(1+C082951)] } (A-2) i1 = —=I7nsin26,.cos(0.1 +27/3) — —=1
V3 cl \/3 T el (0 c1 / ) \/§ T
(cos820 1 + 1)sin(f .1 + 27/3) (B-4)
3, 7, 2 1
PCu = §ITR5 [(677 - ﬁn + 1) Pag=—I7[1— %n(l + 0826 .1)]sin(f .2)
. 1 .
A 9 1 ipo = —I7[1 — —=n(14 cos20.1)]sin(f .2 — 27/3)
+ (3772 — \/§n> cos26., + 6?72 0054961} . \{g
(A-3) Peg=—Ip[l— %n(lJrcosQQd)]sm(Geg +27/3).
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Substituting (5) and (6) into (B-2) gives (B-3). According to
the definition “n = I,,,1 /I7,” (B-3) can be simplified as (B-4),
which can be simplified as

iyy = ITrncos(der)

i1 =—I7pncos(0e) [4]
ias =—I7[1—(1/V3)n(1+cos20.1)sin(0.)  (B-5) 5]
vy = —I7[1 — (1/V/3)n(1 + cos26 .,)]sin(f .o — 27/3)

ieo = —I7[1 —(1/vV3)n(1 +cos20.1)]sin(f .» +27/3).  [6]

Based on (B-5), i7, and i2; can be calculated as

R cos(26,1) (71

i =i = ——5 I (B-6)
For a nonzero rotor speed, the average value of cos260,;

during one period is zero. Therefore, the average value of 7,
and 7%, can be calculated as

(8]

_ (91
i = ia = 510’ (B-7)
[10]
Based on (B-5), i?ﬂ can be calculated as (B-8). For a nonzero
rotor speed, the average values of cos 26,1, cos46.;, cos26,9,
sind#,1, and cos 46,1 cos 2 0. during one period are zero. Addi- (1]
tionally, Af is a constant for a specific dual three-phase PMSM.
Hence, the average value of i, can be calculated as

[12]

1
i2, = EI%[(?; —2c0s 2A0)n% — 2v/3(2 — cos 2A0)7 + 6]
[13]
1 5 /2 2 1
+ 5[% <§7}2 cos20 .1 — ﬁﬁCOSQ@el + 67/2 cos 46 .1
(B-8) [14]
1 2 1 1 .
— 5[% (1 — f377+ 5"2) cos26 .9 — EI§~772 cos 40,1 cos20 .9
1 572, 2 r ) 1. .
— 5IT 5” — %n > cos 46,1 cos 2A6 — §sm 40 .1sin 2A0 [15]
- 1
2, = E[% [(3 = 2cos 2A0)n* — 2v/3(2 — cos 2A0)7 + 6]. [16]

o L (B-9)
Similarly, 7, and 2, can be obtained by (B-10). According
to (B-7), (B-9), and (B-10), the average phase copper losses can (7]
be calculated by (12)

. 2
i, = %{[3—2008(2A0+27‘F/3)]7]2 —2V/3[2 — cos (18]
(2A0 + 27/3)|n + 6}
, (B-10) (19
i2, = % [3 — 2cos (240 — 27/3)]n* — 2V/3[2 — cos
(240 —27/3)n + 6}. [20]
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