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Abstract—Multireference frame based asymmetric six-phase in-
terior permanent magnet motor modeling and control strategy un-
der single open-phase fault are investigated in this article. The mo-
tor modeling under healthy operation is firstly established based on
a dual dg-axis synchronous rotating frame. With this dual dg-axis
frame, the motor modeling considering the magnetic saturation
effect under open-phase fault has been derived. By introducing
a dual-direction rotating frame, the stator current under single
open-phase fault can be treated as the sum of a positive current
sequence and a negative current sequence. With this dual-direction
rotating frame, the two current sequences can be transformed
into two dc components for fault-tolerant operation. Fault-tolerant
control schemes with maximum torque per ampere for copper loss
minimization and torque maximization are developed, respectively.
Finally, the validity of the proposed modeling and control are eval-
uated by experiments under both steady and transient scenarios.

Index Terms—Asymmetrical six-phase, fault-tolerant control,
interior permanent magnet motor (IPMM), maximum torque per
ampere (MTPA), multireference frame, open-phase fault.

I. INTRODUCTION

SYMMETRICAL six-phase permanent-magnet (PM)

motors have higher power density, efficiency, fault-
tolerant capability, and lower torque ripple, compared to three-
phase counterparts and attracts more and more attention recently
[1]-[4]. This kind of motors, as known as the dual three-phase
motor, has two groups of three-phase winding which can be
connected to a single or two separate neutral points. Since they
possess two separate three—phase winding groups, the motors
can be supplied from two separate inverters with reduced power
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rating. It also alleviates the electrical stress and thermal dissi-
pation in power devices and with a reduced size. Moreover, due
to the multiphase configuration the reliability and fault-tolerant
capability improved greatly [S]-[8].

The modeling and control of six-phase motors can be catego-
rized into two groups, namely the vector space decomposition
(VSD) approach and the modeling based on two synchronous
rotating frames [9]. The VSD modeling is applied for suppress-
ing the harmonics caused by the inverter switching operation
[10]. It projects the six-phase winding into three orthogonal
subspaces, namely a3 plane (torque-producing plane), xy plane
(nontorque-producing plane), and 0,0, plane (zero-sequence
plane). Then, by using stationary to rotating frame transforma-
tion, two dg—axes are established in «f plane and xy plane,
respectively [11], [12]. The other approach is to treat the two
winding group separately, and transformed into rotating frames
one by one to form another dual dg-axis. The other is the
dual synchronous rotating frame control which is obtained by
directly using the Park—Clarke transformation to each set of the
three-phase winding [13]. Based on this approach, two sets of
the three-phase winding are modeled into two dg—axes which can
be regarded as the extended modeling of the traditional three-
phase motors. Since the two dg-axes are generally mutually
coupled with each other due to the motor magnetic structure, an
approach is proposed to diagonalize the transformed inductance
matrix based on the dual dg-axis for eliminating the mutual
coupling. Consequently, the new dual dg-axis based models are
identical with those dual dg-axis transformed for the g plane
and xy plane from the VSD transformation.

The multiphase motors are usually claimed for the high capa-
bility in fault-tolerant operations [14]—[22]. Stator phase failure,
such as open-phase fault, is one typical fault of the multiphase
motors. Recently, various research studies have been conducted
on open-phase fault modeling and control for six-phase motors.
A fault-tolerant direct torque control scheme was proposed for
a six-phase permanent magnet synchronous motor (PMSM)
with a single neutral point [17]. With this control strategy,
a fast and smooth torque response can be achieved with any
two phases opened. A fault-tolerant control (FTC) scheme was
proposed for a six-phase induction motor not only to realize a
ripple-free operation but also to enhance the braking process
after an open-circuit fault, with injection of circulating currents
[18]. An optimal FTC for a six-phase induction motor drive
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using two parallel converters was presented [19]. Up to three
faults for configurations of single and two neutral points have
been investigated aiming at optimizing the postfault current and
smooth transition from healthy to faulty operation. A fault-
tolerant control based on two synchronous rotating frames for
surface-mounted dual PMSM was presented and studied [20].
Two different FTC modes for minimizing copper loss and maxi-
mizing output torque after open-phase fault have been proposed
and verified. However, the control scheme is applied for the
surface-mounted PMSM with two neutral points only and cannot
deal with the motors having interior PMs. An open-phase fault
modeling and control for dual three-phase PMSM two neutral
points was proposed based on VSD [21]. Using this model,
the stator currents can be optimized by genetic algorithm to
maximize the output torque and minimize the torque ripple.
Although this control strategy is feasible and can be applied
for both surface-mounted and interior PMs, the modeling and
FTC based on VSD has little physical insight on the relationship
between the two winding groups and cannot operate when more
than one phase are at fault.

The power switches are vulnerable and it is reported that
38% of the motor drive faults are caused by the power switch
failures [22]. When this fault occurs, the machine phases will be
opened [20], [21]. The objective of this article is to develop an
open-phase fault model and control strategy for asymmetrical
six-phase interior permanent magnet motors (IPMMs) postfault
operation based on multireference frames. By using this model,
the two winding groups of this IPMM, namely phases abc and
xyz, can be treated separately and the motor can perform a ripple-
free operation with more than one phase opened from the same
winding group. Then, by introducing the dual-direction rotating
reference frame, currents flowing in the stator after one phase
opened can be represented as sums of a positive current sequence
and a negative current sequence. By considering overcurrent
protection and maximum torque per ampere (MTPA) control,
the optimized current amplitudes and angles for both winding
groups are achieved for copper loss minimization and torque
maximization, respectively. Finally, the proposed modeling and
FTC schemes are verified by the experimental results under
different operating scenarios.

II. DuAL DQ-AXIS BASED HEALTHY MOTOR MODEL

Since the asymmetrical six-phase [IPMMs are featured by the
rotor saliency, the inductance is a function of the rotor position
6, which can be represented into the sum of a dc component
Ls¢ and a fundamental component Lg,. Therefore, the phase
inductance can be expressed as

L =Lg — Lsa(0)~ (D
The dc component is given by

Lll M12

Lst - |:M21 L22 :| + diag(Lalv Lal; Lalv Lala Lal7 Lal)

@)
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Fig. 1. Dual dg-axis for the asymmetrical six-phase IPMM.
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where L and L,; are static component and leakage inductance,
respectively.

The phase-shift of 7/6 is one of the most popular dual three-
phase motor configurations. In fact, different phase-shift can
result in significant differences in the electromagnetic perfor-
mances. The phase-shift of 7/6 configuration has a larger torque
density and a lower torque ripple, and under the three-phase
open-circuit condition the unbalanced magnetic force does not
exist for the 7/6 phase-shift configuration [2]. For a phase-shift
of /6, the position-dependent fundamental inductance is given
by

3

Lua(®) = La | 2 022

621 622

where ©11 = ©(6)
I cos 26 cos(20 — 2w /3) cos(20 + 27 /3)
= | cos(20 — 27/3) cos(26 + 27/3) cos 26 ,
| cos(20 + 27 /3) cos 26 cos(20 — 27 /3)
@22 = @(9 — 71'/6)
[cos(20 — 7/3)  —cos(20)  cos(20 + 7/3)
= | —cos(20) cos(20+ 7/3) cos(20 —7/3)
| cos(20 + 7 /3) cos(20 — 7/3)  — cos(26)
@12 = @21 = @(9 — 7'('/12)
cos(20 — w/6) cos(20 — 57 /6)  —sin(26)
= [cos(20 — 5w /6)  —sin(20)  cos(20 — 7 /6)
—sin(20)  cos(20 — w/6) cos(20 — 57 /6)

L is the amplitude of the position-dependent inductance.

Fig. 1 shows the relationship based on two synchronous
rotating frames, namely dlgl- and d2g2-axis. Although two
groups of the three-phase winding have a phase-shift of 7/6,
the two dg-axes are kept in phase. Here, d1gl-axis is applied
for modeling of the winding group phase abc, and d2¢2-axis is
applied for modeling of the winding group phase xyz. The two
groups of three-phase winding abc and xyz are firstly projected
to el S1-axis and a232-axis using (4), where the a1-axis and
«2-axis align with the a-phase magnetic axis. Then, they are
transformed to dlgl-axis and d2¢2-axis using (5). Hence, the

, and
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dual dg-axis based asymmetrical six-phase motor modeling is
achieved.

2-1 -1 V33 0
Top1 = 310 V3 =V3 |, Tazp2 = 31 1 -2
11 1 1 1 1
4)
cosf sinf 0
Taq = | —sinf cosf 0] . &)

0 0 1

The inductance matrix for two winding groups can be trans-
formed to the dual dg-axis by (6) and (7) shown at bottom of
this page.

From (6) and (7), the inductance matrices after transformation
are shown as follows:

Lo— La 0 0 100
Laiqi =Laz2q2= 3 O0Log+LAO| +Lg {010
0 0 0 001
3
Lo—La 0 0
Magqiz = Mag21 = 3 0Lo+LaO]. 9)

0 0 0

The dlgl-axis flux linkage for the winding group phase abc
is given by

a1 = Laiigr + Maiaziaz + ¥pmr
rqr = Laiiqr + Mg1g2iq2

where Lg1,Lq1,Mg142,M 41 42, and ) ppr are d1-axis inductance,
gl-axis inductance, mutual inductances between d1 and d2 axes,
between g1 and g2 axes, and the PM flux linkage, respectively.

The torque component produced by phase abc can be calcu-
lated by the cross product of its flux and current

(10)

3 . . )
T = ip()»dllql — Aqita1) = s P[Ypamiq

+ (La1 — Lq1)iq1tq1)

3 L L
+ §P(Md1d22d22q1 — Mg1q2ig2841)- 11

From (11), it can be seen that besides the electromagnetic
torque component and the reluctance torque components pro-
duced by phase abc, and the mutual coupling between two
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winding groups also contribute torque components which dif-
ferentiates from the modeling based on VSD transformation.

Similarly, the d2¢2-axis flux linkages for the winding group
phase xyz are given by

a2 = Lgoigo + Maiaziar +V¥pum
A‘(]2 = Lq2iq2 + Mqquiql
where Lg2 and L are d2-axis and g2-axis inductances, respec-

tively.
The torque component produced by phase xyz is obtained by

12)

3 . )
§P(?Ld21q2 — hg2lde) =

+ (La2 — Ly2)iqaiqe]

Te = —PlYpurige

13)

3 L .
+ §P(Md1d21d12q2 — My42iq1t42)-

Therefore, the resultant torque of the asymmetrical six-phase
IPMM is given by

Te =Ter + Teo- (14)

According to (11), (13), and (14), the resultant torque can
also be expressed into two components, namely the electro-
magnetic torque component and reluctance torque component,
respectively, as in (15) shown at bottom of this page.

Although there are two neutral points and the modeling of
two groups of three—phase winding are independent with some
mutual couplings. The currents applied to two groups of wind-
ing should follow their magnetic geometry. Therefore, current
relationship between d1g1- and d2q2-axis is governed by:

oo = 1q1, 12 =1 (16)

Due to this relationship of currents for the two dg-axes, the
torque components produced by winding abc and xyz should be
equal at all the time under normal operation, according to (11)
and (13).

III. TORQUE MODELING UNDER OPEN-PHASE FAULT

In this article, the asymmetrical six-phase IPMM under in-
vestigation has two isolated neutral points. When more than
one phase from the same winding group such as phase abc are
opened, the faulty winding group will be isolated and only the
health winding group, i.e., phase xyz is engaged for operation.
At this situation, the torque developed by the single three-phase

{ Ldlql = quTal,Bl(Lll + diag<Lal7 L, Lal) - LAell) alBl d(% (6)
Ld2q2 = quTa2[32 (L22 + diag(Lala L(Ll7 L ) - LA®22) a2,@2T
{qulz =TaqTa151(M12 — La©12)T aZBZTdé 7
Mag21 = TaqTazp2(M21 — La®21)T alng
T. = §P1/J Tg1 + 1
{ 5 PYpum(igr + ig2) (15)

qu)(idliql + iinqZ) + %P(Mdle —

Mg142) (Garige + ta2iqr)
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winding group can be expressed from (13)

3 . ..
T. = §P(¢P1\/ﬂq2 — 3LAtq21q2)- (17)

If only one phase is opened, the other two healthy phases in the
same winding group still can produce output torque. Withoutloss
of generality, phase a is assumed to be opened and the currents
for phase abc winding group are presented as

0
cos(f + ¢1)
—cos(0 + ¢1)

where Iy is the amplitude of current when phase a is opened and
¢ is the current angle for phase abc.
From the transformation, d1¢g1-axis currents are given by

V3I5 [ sin(20 4 ¢1) — sin ¢
3 | cos(20 + ¢1) +cosdy |-
19)
From (19), it can be seen that there are double-frequency cur-
rent components of i 41 and i;; which definitely contribute torque
ripples. In order to mitigate the torque ripples, the compensation
current components for the healthy three-phase winding should
be 180° out of phase with the double-frequency components as
shown in

iabe = I/ (18)

141 .
[ . :| = quTozlﬁllabc =
qu

. 31 .
g = *\/g ! sin(260 + ¢1) + La2o,

. V3I
ZqQ = — 3 / COS(20 + (bl) + quo

(20)

where 1320 = —Ipsinga, 1,20 = Ipcoseo, Iy is the current ampli-
tude, and ¢ is the current angle for phase xyz.

Based on (15), the double-frequency torque ripple is canceled
off the steady torque produced by the rest five phases are
expressed by

3 V3
T.-2p Vo
e=3 1/1PM< 3

3
£ cos 141 cos ¢2> + ZPLAIJ% sin 2¢q

9 : 3/3 .
+ PLAIG sin 2, + T\[PLAIfIO sin(¢r + o).

21

The torque modeling under single open-phase fault expressed
in (21) is based on linear model of the inductances derived in
(8) and (9). However, when the motor operates in the nonlinear
saturated region, these inductances vary due to the magnetic
saturation effect and the reluctance torque component of the
torque model needs to be improved. The reluctance torque
component under saturation situation can be expressed based
on (15)

Pllatiqiiqr + laztaaiqe + ma(ia1ige + ta2iq1)]
(22)
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where a1 = Lat — Lg1,la2 = Lga — Lg2, and ma =
Mara2 — Mgi42.

The steady reluctance torque components due to the dc current
components of i41, i1, ig2, and iz from (19) and (20) are

Tro_sat = §P[1A1Zd12q1 +la2ia2iqa + ma(iqiige + ta2iq)]

3, L 2
= §P _ElAl sin 2¢1 — I5la25in2¢9
Vi3Il

———MA Sin((bl + ¢2)

3 (23)

The torque ripple caused by the double-frequency current
components of ig1, iq1, ig2, and iy from (19) and (20) can be
expressed as

tro sat = QP[IAIZdllql + la2taziqa + ma(iqiige + ta2iq)]

2 12
. Eflm sin2(20 + ¢1) + gflAgsinQ(% +¢1)

I2
— EfmA sin2(20 + ¢1)

_ PIjsin(46 +29,)
4

From (24), it shows that the double-frequency current com-
ponents produce a quadruple-frequency torque component. In
order to evaluate this torque ripple contributed by the magnetic
saturation effect, finite element analysis is applied to calcu-
lated inductances under various operating conditions. Firstly,
the inductance variations under healthy operation are examined
under two different scenarios, namely current amplitude vari-
ation and current angle variation. Fig 2(a) and (b) shows the
effects of the current amplitude and angle to the inductance
differences /a1, Ian2, and ma, respectively. Term [a1+Iao—
2ma in (24) for cases (a) and (b) are shown in Fig. 2(c) and
(d), respectively. Secondly, the inductance variations under a
single open-phase fault operation are analyzed by keeping the
current angles constant and changing the current amplitudes.
Fig. 3(a)—(c) illustrates the variations of /a1, [a 2, and ma under
these scenarios. Term /a1 +Ia2—2ma for these three scenarios
are calculated as shown in Fig. 3(d). Finally, the inductance
variations under a single open-phase fault operation are analyzed
by keeping the current amplitudes constant and changing the
current angles. Fig. 4(a)—(c) illustrates the variations of Ia1,
In9, and ma under these scenarios. Term [a1-+Iao—2ma for
these three scenarios are calculated as shown in Fig. 4(d). From
Figs. 34, it is found that the amplitude variations of term
In1+Ia2-2ma are below 1 mH under single open-phase fault
which are even lower than inductance variations under normal
operation as shown in Fig. 2. When Iyand ¢, are set to be its max-
imum value 15 A and 30°, respectively, the amplitude of torque
ripple #,9 sat 1s about 0.21 Nm which can be neglected com-
pared to the developed steady torque. Therefore, the proposed
torque modeling is also applicable in the nonlinear saturated
region.

(la1 +la2 —2ma). (24)
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IV. FAULT-TOLERANT CONTROL WITH ONE PHASE OPENED

In order to control the faulty motor properly, the amplitudes
and angles for currents flowing in the two winding groups should
be controlled according to different operating targets, such as
maximum torque and minimum losses [23]. Moreover, under
faulty conditions, due to the compensated current will be injected
into the healthy winding group, the currents will be asymmetrical
and even excessive. Thus, the overcurrent protection should also
be considered.
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A. Dual-Direction Rotating Reference Frames

To control the motor, the current reference signals should be
calculated based on (19) and (20). However, from (19) and (20),
it is observed that igq, i41 and igo, i42 both consist of a double-
frequency current component and a dc component, respectively.
The current control performance will be degraded with this
current reference signals. The double-frequency component is
caused by a negative current sequence which rotates in the
same synchronous speed but the opposite direction. Therefore,
in order to transform the double-frequency component into a
dc component, another two dg-axis reference frames rotating
clockwise are introduced, as shown in Fig. 5. The transforma-
tion matrix can be expressed as

cosf —sinf 0
sinf cosf 0
0O 0 1

Taq = (25)

By applying these two inverse transformations, the current
for phase abc can be rewritten as the sum of a positive current
sequence and a negative current sequence

cos(0 + /2 + ¢1)
iabe = ﬂ;ﬁ cos(f — /6 + ¢1)
—cos(0+ /6 + ¢1)
cos(f —w/2+ ¢1)
+\/ilf cos(0 +7/6+ ¢1) (26)

—cos(0 — w/6 + ¢1)

cos(f + ¢1)
—cos(0 + ¢1)

= iabc_l + iabc_2 = If
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3

C

Anticlockwise rotating
reference frame

Clockwise rotating
reference frame

Fig. 5. Dual-direction rotating reference frame.

Similarly, from (20), the current for phase xyz is

cos(f + /3 + ¢2)
cos(f — w/3 + ¢2)
—cos(0 + ¢2)

cos(0 + 2w /3 + ¢1)
+@ cos(9—27r/3+¢1)
3 cos(f + ¢1)

ixyz = IO

27)

It can be found that the first term of the current is the one for
normal operation which rotates anticlockwise and the second
term of the current is to compensate the torque ripple producing
by the faulty winding group which rotates clockwise.

Again, by using (5) and (25) for dg transformation, the
currents under these dual dg-axis and dual-direction rotating
reference frames can be expressed as

[ia10 . V3I; [ —sing

. =T43qT. = — 28
_lq10:| dq 1511labe_1 3 cos ¢ (28)
r. i .

td10 | _ / . o \ﬁlf sin ¢
_iq10/:| = qu Tozlﬂllabc72 = T cos ¢y (29)
420 —5 | sin ¢
L iqgo COS d)z
i id20, = — 7\/31']“ Sin ¢1 (30)
| ig20’ 3 |cos¢gr |’

From the above equations, the currents for two winding groups
are transformed into dc components and will be used for calcu-
lating the current reference signals to control the motor. The
output torque can be calculated based on (15) with the currents
i410, ig10 and ig20, i420-

B. Overcurrent Protection

According to (27), the current vector diagram for phase xyz
can be illustrated in Fig. 6. Hence, the current amplitude for each
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Phase x i
— normal 1
...... » compensated

Phase y
— normal
...... » compensated

Phase z
— normal
------ » compensated

iX
Resultant current
vectors for phase xyz

Current components under dual-
direction rotating reference frame

Fig. 6. Current vectors for phase xyz under open-phase fault.

phase can be calculated as

i = \[ 18 + 13 /3~ 2cos(zn/3 — 61 + 6a)ul VB
liy| = \/Ig +I)%/3f2cos(27r/3+¢1 — o) IoIs /3 -

(€29

The maximum current amplitude of phase xyz is

Ip = \/102 +17/3 = 2cos(2m/3+4 |1 — ¢2|)Iolf/\/§.
(32)
In order to avoid overcurrent in the faulty operation, the maxi-
mum current amplitude should be constrained within reasonable
operating conditions. According to (32), the current trajectories
of Iy and Iy for a given current constraint /p is an ellipse. The
allocation of Irand /o definitely influences the FTC performance.
Copper loss minimization and torque maximization are two main
concerns selected to study the relationship between Iy and 1.
Apart from current amplitudes, current angles ¢, and ¢, are
also required to be tuned to following the MTPA control under
certain current amplitudes.

C. Copper Loss Maximization

During the fault-tolerant operation, the copper loss definitely
increases due to the compensation current injection. The copper
loss p ¢y and p o for two winding groups are calculated as (33)
shown at bottom of this page, where r, is the phase resistance,
and 7,and 7 are root-mean-square values of phases b and c.

The total average copper 10ss Py, 1S

3
frs(lj% + Ig)

7 (34)

Pew = Peul + Peu2 =
where p.,1 and p.,o are the average copper loss for phase abc
and xyz, respectively.

In order to minimize the copper loss, the optimal current
amplitudes /¢ and Iy and angles ¢, and ¢ should be determined

Peul = rs(%g + 23) = 'rs[)%
. . 12
Peu2 = 355 (7’32 + 7’32) = ’I"s[% +

» 33
550 —V/3II cos(20 + ¢y + ¢o)] o
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Fig. 7. Influence of step size y2 on convergence.

with the constraint of maximum current amplitude, (35) shown
at bottom of this page.

By using the Lagrange multipliers to solve (35), the rela-
tionship between current amplitudes and angles of two winding
groups should satisfy

(I} = 1) cos(2m/3+ |61 — 6al) + 2001y [V3= 0. (36)

To find the optimal current amplitudes and angles for two
phase winding groups to meet the target torque, two iteration
loops are needed, namely angle iteration loop and amplitude
iteration loop.

The gradient descent method is applied for angle loop iteration
to obtain the optimal angles ¢, and ¢5 for the MTPA control
under a given current constraint /p

(D1(n+1) P2(n+1)) = (P1(n)> P2(n))

B (8T6(¢1(7l)) aTe(¢2(n))
M08 T 0de

where, in the unnumbered equation shown at the bottom of
this page, the iteration stops when [¢; () — ¢1(n—1)| < € and
|¢2(n) - ¢2(n—1)| <E.

Since the current amplitudes between /¢ and Iy are governed
by (36), the maximum current amplitude is updated steadily to
meet the torque reference

) 37

Ip(es1) = Ipey +72(T) — Tor) (38)

where the iteration stops when |17 — T, (| < e.

Algorithm 1 gives the iteration process to find the optimal cur-
rent amplitudes and angles to achieve the desired torque demand
with minimized copper loss. Fig. 7 shows the convergence versus
the step size yo, which shows that a suitable step size selection is
essential for the search of optimal current amplitudes and angles.
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Algorithm 1: FTC Algorithm For Copper Loss Minimiza-
tion.
1. Initialize /p (o) for amplitude search, and ¢1 (o) and
¢2(0) for angle search
2. Calculate Ig(), 170y with the initialized ¢ (o) and
¢2(0) based on (36)
. Using (37), search for optimal angles
4. If [ ¢1(n) — P2(n) | is different from | ¢1(n 1) — do(n 1) I
update the /y(n 1), Ifm+1); otherwise, calculate the
output torque Te(x) = Ten)
5If| T.F - e(k)l < g, iteration stops; otherwise, update
I (1) based on (38), and go to 2

W

D. Torque Maximization

It should be noted that for copper loss minimization, the
current amplitudes between Iy and I, are governed by (36). For
a given current amplitude constraint /p, the maximum output
torque point may not be searched. To achieve the maximum
output torque for each given maximum current amplitude con-
straint, the optimal current amplitudes /; and /Iy and angles ¢;
and ¢4 can be solved by

Maximize T,, Minimize Ip
subject to I2 + I}/3 — 2c0s(27/3+ |1 — ¢o|)IoI;/V/3
12,
(39)

For each given current amplitude constraint /p, in order to
find out the optimal current amplitudes /; and Iy to maximize
the output torque, a traversal algorithm is applied to update /,

To(m+1) = Logm) + 73 (40)

where 73 is the step size for traversal search of Iy, and the
search stops once the maximum torque is obtained, namely
|Te(m) - Te(mfl)‘ <e.

Algorithm 2 gives the iteration process to find the optimal
current amplitudes and angles to achieve the desired torque
demand with minimum current constraint /p. There are three
iteration loops, namely angle loops for optimal angles ¢, and ¢,
current amplitudes loop for the optimal current amplitudes Iy and
Iy for each given /p, and current amplitude loop for finding the
minimum current constraint /p. Fig. 8 shows the convergence
versus the step size 3. Due to the use of the traversal method
for search of the optimal 7y, the iteration numbers are larger
than that for the copper loss minimization. Therefore, for the

Minimize pe, = 37s(I7 + I3)
Subject to I + I}%/?) — 2cos(2m /34 |1 — ¢2|) Lol /V/3 =1}

(35)

O¢2

{ e = —BPypylysing: + 3PLal? cos26y + 23 PLAI I cos(¢1 + ¢2)
oT. — —%P’(ﬂpyp[o sin ¢ + %PLAIg cos2¢g + ST\/EPLAIJ"IQ COS(¢1 + ¢2)
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Asymmetrical |
six-phase
IPMM

Fig. 9. Experimental test rig: asymmetrical six—phase IPMM and the dy-
namometer.

Algorithm 2: FTC Algorithm for Torque Maximization.

1. Initialize Ip (o) and /(o) for amplitude search, and
®1(0) and ¢z (o) for angle search

2. Calculate Iy with the initialized ¢1 (o) and ¢2(0)
based on the current amplitude constrain (33)

3. Using (37), search for optimal angles

4. If | O1(n) — D2(n) | is different from | D1(n-1) — P2(n-1)
|, update the lo(m11)s If(nt1); otherwise, calculate the
output torque Te(m) = Te(n)> Lo(m) = lom)

5. If | Te(m) — Tem-1)| < €, iteration stops and calculate
output torque 7'¢(k) = Te(m); otherwise, update
Io (m+ 1) using (40) and calculate /(41 using (32),
and goto 3

6.If| T.* - Te(k)l < g, iteration stops; otherwise, update
I (1) based on (38), and go to 2

online search, the step size -3 should be appropriately selected
to achieve a fast convergence with a relatively accurate solution.

V. EXPERIMENTAL VERIFICATION

To verify the proposed fault-tolerant control under four syn-
chronous rotating frames, a test rig for an asymmetrical six-
phase IPMM is implemented as shown in Fig. 9. The test
system consists of two parallel voltage source inverters, a con-
troller, and the investigated IPMM coupled to a dynamometer.
These two inverters enable independent operation of the two
three-phase winding groups. The main motor parameters are
tabulated in Table I. Experimentation for four scenarios has been
conducted to assess the proposed method. Scenarios 1, 2, and 3
are conducted for verifying the motor operating under the rated
current condition with single-winding-group mode, FTC with
copper loss minimization and FTC with torque maximization.
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TABLE I
SPECIFICATIONS OF SIX-PHASE IPMM

Parameters Values

Rated power 4.5kW

Rated current I5A

Rated voltage 140 V

Rated torque 75 Nm

Rated speed 575 rpm

PM flux linkage 0.337 Wb-turn
Stator resistance 0.73 Q
Number of PM pole—pairs 4

*
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Fig. 10. Implementation of the proposed FTC. (a) Control block diagram for
the asymmetrical six—phase IPMM drive based on dual synchronous rotating
frames. (b) Current regulators for positive and negative sequence current com-
ponents.

Scenario 4 is carried out for testing the transitions with a constant
output torque between the healthy mode and the other three
fault—tolerant operating modes. Moreover, the dynamic analysis
and comparison with other FTC method are also performed to
verify the proposed modeling and FTC method.

The implementation of the proposed FTC is shown in Fig. 10.
Both current and speed control loops are applied with the
regular proportional-integral (PI) controllers for four rotating
reference frames. As shown in Fig. 10(a), by using the dual-
direction rotating reference frame, the current in each rotating
reference frame is transformed into dc and double-frequency
components as defined in (19) and (20). In order to mitigate the
double-frequency perturbation, the low-pass filters are applied
to obtain the exact dc components for each synchronous rotating
reference frame. Then, eight PI current controllers are applied
to regulate these dc components of both positive and negative
sequence components, as shown in Fig. 10(b). The dc reference
signals are calculated based on the torque reference signals and
the selected algorithm. Due to the symmetry of the magnetic
structure, the equivalent circuits for the anticlockwise rotating
frame are identical to those of the clockwise rotating frame.
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Fig. 11.  Measured waveforms of single-winding-group operation. (a) Speed.
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The PI parameters are determined using the same method for
the normal condition. By using the pole-placement method to
design the PI controllers, the stability of these controllers is
guaranteed. Since the time constants for the current loop and
speed loop are different, which are about 20-30 ms for the
current loop and over 100 ms for the speed loop, respectively.
The cutoff frequencies are set as 1000 rad/s for PI controllers in
the current loop and 100 rad/s for the speed loop. The damping
factors are set as 0.707 for all current and speed PI controllers.
The PI coefficients are calculated based on the relevant motor
parameters, cutoff frequencies, and damping factors. The step
sizes for v and 3 are selected as 0.4 and 0.1 in the implemented
algorithm as shown in Fig. 7.

A. Single-Winding-Group Operation

Firstly, the winding group abc is de-energized from the in-
verter due to the open-phase fault of phase a and only winding
group xyz is in operation. In this scenario, the current amplitude
constraint /p is kept at 15 A and motor operating speed is set at
400 r/min. The measured speed, torque, and current waveforms
are shown in Figs. 11 and 12, respectively. Under this situation,
the average torque is about 32.8 Nm, the torque ripple is about
9.03%, and the average copper loss is 246.38 W. When there
are more than one phase in the winding group abc opened,
this operating mode can still be implemented. The dual dg-axis
currents only have the dc components.

B. FTC With Copper Loss Minimization

Secondly, the condition of the current amplitude constraint
and operating speed is the same as scenario 1. Therefore, the
iteration for searching /p in Algorithm 1 is not required. By
gradient descent method, the search of the optimal angles and
then updated the current amplitudes for Iy and I, is conducted
to minimize the copper loss. The optimal current amplitudes
for Iy and I, and the optimal angles for ¢, and ¢, are 4.96 A,
13.36 A, 21.91°, and 21.91°, respectively. The measured speed,
torque, and current waveforms are shown in Figs. 13 and 14,
respectively. Under this situation, the average torque is 36.1
Nm, the torque ripple is about 9.26%, and the copper loss is
222.38 W. Compared with the single-winding-group mode, the
output torque is improved by 9.14%, and copper loss is reduced
by 9.74%. As shown in Fig. 11(c)—(f), current waveforms for i,
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ig1,1d2,1¢2,1d1 ,iq1 5 142", and i o have both the dc components
and the ac components. The amplitude of the dc components
coincides with the values calculated by (28), (29), and (30). It
means that the compensated currents in phase xyz work well
to cancel off the negative current sequence in phase abc due
to the open-phase fault and the torque ripple-free operation is
achieved. It confirms the validity of the proposed multireference
open-phase fault model.

C. FTC With Torque Maximization

Thirdly, the condition of the current amplitude constraint and
operating speed is the same as scenario 1. This test aims to
maximize motor output torque with the same current amplitude
constraint /p = 15 A. Again, the iteration for searching /p in
Algorithm 2 is not required. The gradient descent method is
applied to search for optimal angles ¢, and ¢o, and the traversal
method is used to search for the optimal current amplitudes /yand
I to maximize the output torque. The optimal current amplitudes
for Iy and Iy and the optimal angles for ¢ and ¢2 are 13.7 A,
9.39 A, 23.09°, and 23.09°, respectively. The measured speed,
torque, and current waveforms are shown in Figs. 15 and 16,
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Fig. 15.  Measured waveforms of proposed FTC with torque maximization.
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respectively. Under this FTC mode, the average torque is 38.8
Nm and the torque ripple is about 10.2%.

The output torque and copper loss under three FTC schemes
are compared in Fig. 17. At the same current amplitude, com-
pared with the single-winding-group mode, the torque is im-
proved by 18.3% and copper loss increases by 22.6% for the
torque maximization mode, while the torque is improved by
10.1% and the copper loss decreases by 9.7% for the copper
loss minimization mode which verifies the effectiveness of the
proposed FTC schemes.

Measured waveforms of proposed FTC with copper loss minimiza-
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Fig. 17. Torque and loss under different FTC schemes (SW: single—winding—
group operation; CLM: copper loss minimization mode; TM: torque maximiza-
tion mode).

D. Transition Between FTC Schemes

In this test, the operating speed is set to 350 r/min, and
the reference torque is set to 28 Nm. Four operating stages,
namely healthy operation—Stage I (0-5 s); single-winding-
group operation—Stage II (5-10 s); FTC operation with copper
loss minimization—Stage III (10-15 s); and FTC operation with
torque maximization—Stage IV (15-20 s), run one by one. The
measured speed and torque waveforms are shown in Fig. 18,
and the current waveforms between transitions of each stage are
shown in Fig. 19. It was found that the speed and torque are
maintained at 350 r/min and 28 Nm. When the motor runs in
healthy mode, the current amplitude for both winding groups is
6.48 A, the torque ripple is 10.4%, and the average copper loss is
91.96 W. Fig. 20 compares the torque and copper loss under these
four operation scenarios. Compared to the healthy operation,
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TABLE II
OPERATING FACTS UNDER DIFFERENT STAGES

Stage I Stage 11 Stage II1 Stage IV
Control Healthy  Phase xyz Copper loss Torque
method in minimization —maximization
operation
I (A) - 0 4.0 10.95
Iy (A) 6.48 13.07 10.67 6.75
Ip (A) 6.48 13.07 12.0 11.32
¢ (°) 19.0 - 19.01 19.11
¢ (°) 19.0 19.0 19.01 19.11
Torque (Nm) 28 28 28 28
Torque ripple ~ 10.4% 13.2% 11.6% 16.6%
= 400 : : : . . .
& T T T
‘% 200  Stagel : Stage Il : Stage Il ; Stage IV -
2 0 . L . I . P .
2o 2 4 6 8 10 12 14 16 18 2
Time (s)
(a)
E 40 T T T T T T T T T
\Z_/ | | §
né_ 20 Stage | : Stage Il \T Stage Il | Stage IV
S o . P . | . P .
0 2 4 6 8 0 12 14 16 18 20
Time (s)

(b)

Fig. 18. Measured waveforms of proposed control under transient state.
(a) Speed. (b) Torque.

the copper losses increase by 103.4%, 54.8%, and 97.1% for
the single-winding-group operation, copper loss minimization
mode, and torque maximization mode, respectively. It shows
that using the FTC with copper loss minimization, the copper
loss is suppressed significantly.

The operating facts for the other three modes are shown in
Table II. It can be observed that with copper loss minimization,
the torque ripple (11.6%), and the copper loss (142.42 W)
are the lowest among three FTC operating modes, while the
torque ripple is largest with torque maximization, and copper
loss is highest with single-winding-group mode. Apart from
the healthy mode, the current amplitude is 11.32 A for the
torque maximization mode which is the lowest, while the highest
current amplitude is 13.07 A for the single-winding-group mode.
It should also be noted that during the transition between each
stage, no spikes occur in neither the speed nor the torque wave-
forms which shows that the control performance is robust based
on the proposed dual dg-axis dual-direction rotating reference
frames.

E. Dynamic Performance Analysis

To evaluate the dynamic performance of the proposed fault
modeling and control algorithm, the load torque step and speed
step responses are carried out for the proposed FTC under modes
of copper loss minimization and torque maximization to test
the performances for both the current loop and speed loop of
the controllers. Firstly, the current loop control is evaluated for
both copper loss minimization and torque maximization modes.
The torque and speed steps are applied when the investigated
IPMM is in current loop control. The torque and speed step
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responses and current angle and amplitude iteration processes
under copper loss minimization mode are shown in Fig. 21. The
motor runs at 300 r/min while the torque step from 5 to 10 Nm
is applied to the drive system at around 47 s. It shows that the
motor can trace the torque step fast and both the iterations for
current angles and amplitudes converge quickly. Then, the motor
output torque maintains at 10 Nm while the speed changes from
300 to 350 r/min applied to the drive system at around 109 s.
The motor torque drops 5% during the speed transition, and the
speed disturber affects slightly the iterations for current angles
and amplitudes.

Similarly, the torque and speed steps are applied to the drive
system under the torque maximization mode to verify the current
loop control performance. The torque and speed step responses
and current angle and amplitude iteration processes under torque
maximization mode are shown in Fig. 22. The motor runs at
300 r/min while the torque step from 5 to 10 Nm is applied to
the drive system at around 118 s. The motor can trace the torque
step fast and both the iterations for current angles and amplitudes
converge quickly. But compared with the FTC under copper loss
minimization mode, the transient is longer. The motor output
torque keeps at 10 Nm while the speed changes from 300 to
350 r/min applied to the drive system at around 185 s. It shows
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Fig. 24.  Speed and load torque step responses for speed loop control under

torque maximization mode. (a) Torque and speed curves. (b) Current angle and
amplitude iteration processes.

that the speed disturber affects slightly the iterations for current
angles and amplitudes under current loop control. Compared
with the FTC under the copper loss minimization mode, the
current amplitude /p is smaller and ¢, is greater than ¢ under
this operating mode.

The speed loop control for the investigated IPMM is also
assessed under similar scenarios. The speed and load torque
steps are applied to the system using the proposed FTC under
modes of copper loss minimization and torque maximization.
The speed and load torque step responses and current angle and
amplitude iteration processes under copper loss minimization
mode are shown in Fig. 23. A speed step reference signal from
300 to 350 r/min is applied to the drive system at around 61
s while the load torque is about 5.9 Nm. The transition for
the speed controller can trace the speed step fast and both the
iterations for current angles and amplitudes converge quickly.
Then, the motor speed keeps at 350 r/min while the load torque
changes from 5.9 to 8.5 Nm applied to the drive system at around
70 s. It shows that the motor speed drops 2.8% during the torque
transition and the settling time is about 1.5 s.

The speed and load torque step responses and current angle
and amplitude iteration processes under torque maximization
mode for the speed loop control are shown in Fig. 24. A speed
step reference signal from 300 to 350 r/min is applied to the
drive system at around 50 s while the load torque is about 5.9
Nm. Compared to Fig. 23, the motor can trace the speed step
at a slower pace and both the iterations for current angles and
amplitudes converge for a longer time. Then, the motor speed
keeps at 350 r/min while the load torque changes from 5.9 to
8.7 Nm applied to the drive system at around 58 s. The motor
speed drops 5.7% at the torque transition and the transition takes
about 2 s for the speed to settle down. Compared with the FTC
under copper loss minimization mode, the torque ripple is larger
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Fig.25. Comparison under copper loss minimization mode. (a) Torque curves.
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and the convergence time is longer for torque maximization
mode. It is due to the current amplitude searching algorithm is
time-consuming for torque maximization. Current amplitudes
Ip for the same output torque are 4.27 and 4.18 A under modes
of copper loss minimization and torque maximization which
confirm that the current amplitude is lower under the torque
maximization mode.

FE. Performance Comparison

In order to further evaluate the proposed model and FTC algo-
rithm, a comparison is performed with the method proposed in
[20] which deals with the open-phase fault for dual three-phase
surface-mounted PMSM. In [20], the dual three-phase PMSM is
also divided into two winding groups (PMSM-1 and PMSM-2)
with two independent neutral points. The torque model in [20]
is also the sum of torque components from two winding groups.
Both copper loss minimization mode and torque maximization
mode are studied and compared. To make a fair comparison, the
current limits are imposed on the operation for both methods. To
protect overcurrent, the maximum current amplitudes /p are set
for 10 and 15 A, respectively. Firstly, methods for the copper loss
minimization mode are compared and the torque waveforms and
copper losses are shown in Fig. 25. When Ip is 10 A, the average
torque is 22.7 and 21.3 Nm for the proposed method and the
compared method. When /p is 15 A, the average torque is 36.1
and 32.1 Nm for the proposed method and the compared method.
The copper losses are approximately 98.5 and 222.4 W for both
methods with current limits of 10 and 15 A, respectively. It is
found that with the proposed method that utilizes the reluctance
torque, the torque is improved 6.6% and 12.5% for 10 A and
15 A, respectively.

Investigations are performed for the same operating condi-
tions under the torque maximization mode. Fig. 26 shows the
torque waveforms and copper losses for the two methods. When
Ip is 10 A, the average torque is 24.5 and 22.8 Nm for the
proposed method and the compared method. When Ip is 15 A,
the average torque is 38.8 and 33.7 Nm for the proposed method
and the compared method, respectively. The copper losses are
approximately 164.4 and 302.1 W for both methods under 10
and 15 A, respectively. It is observed that with the proposed
method, the torque is improved 7.5% and 15.1% for 10 and 15 A,
respectively. The comparison shows that under the same copper
losses, the proposed method can contribute 15% more torque by
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utilizing the reluctance torque which confirms the validity of the
proposed method.

VI. CONCLUSION

In this article, a multireference frame based fault-tolerant
modeling and control for an asymmetrical six-phase [PMM
under open-phase fault are proposed and verified by exper-
imentation. By using the four synchronous rotating frames,
mathematical models considering the magnetic saturation effect
for the phase currents and torque under a single open-phase fault
are established. The copper loss and output torque as two main
objectives are adopted for fault-tolerant control algorithm design
and the maximum current amplitude is selected as the constraint
with consideration of overcurrent protection. The experiments
are carried out in different scenarios to verify steady and dynamic
performances of the proposed open-phase fault modeling and
control. The results demonstrate that with the proposed FTC
strategy, the motor can run properly under different operating
modes. Under the same current amplitude, the algorithm for
torque maximization can output a higher torque, while under
the same reference torque, the algorithm for copper loss mini-
mization can exhibit a lower torque ripple and less copper loss
compared to the other two FTC schemes.
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