306

CES TRANSACTIONS ON ELECTRICAL MACHINES AND SYSTEMS, VOL. 6, NO. 3, SEPTEMBER 2022

Research on Open-circuit Fault Tolerant Control
of Six-phase Permanent Magnet Synchronous
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Abstract—This paper proposes a novel control approach for
fault-tolerant control of dual three-phase permanent magnet
synchronous motor (PMSM) under one-phase open-circuit fault.
A modified six-phase static coordinate transformation matrix and
an extended rotating coordinate transformation matrix are
investigated considering the influence of the fifth harmonic space
on fault-tolerant control. These mathematical models are further
analyzed in the fundamental space and the fifth harmonic space
after the fault and to eliminate the coupling between the d-q axis
voltage equation in the fundamental wave space and the d-q axis
voltage equation in the fifth harmonic space, a secondary rotation
coordinate transformation matrix is proposed. To achieve the
purpose of reducing torque ripple, the fault-tolerant control
method proposed in this paper not only takes the minimum copper
loss as the constraint condition, but also injects the fifth harmonic
current. The experimental result of current and torque is used to
verify the accuracy of fault-tolerant control.

Index Terms—Extended rotating coordinate transformation
matrix, Fault-tolerant control, Fifth harmonic current injection,
Modified six-phase static coordinate transformation matrix, Dual
three-phase permanent magnet synchronous motor, Torque
ripple.

1. INTRODUCTION

N recent years, with the rapid development of aerospace, ship
propulsion, and new energy vehicles, the research on
multi-phase permanent magnet synchronous motor (PMSM)
has attracted extensive attention [1]-[2]. Compared with three-
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phase PMSM, multi-phase PMSM has obvious advantages such
as low torque ripple, strong fault tolerance, and multiple control
resources, which is especially suitable for applications that
require high accuracy and strong fault tolerance [3]-[5].

The purpose of fault-tolerant control is that the motor after an
open-circuit fault can continue to run and has little change in
performance [6]-[12]. Therefore, the optimization and
improvement of the fault-tolerant control method is the critical
research direction [13].

In [14], a reduced order decoupling matrix is proposed for
open-circuit faults of five-phase synchronous motors, but the
rotational voltage equation is not symmetric, so this method
needs voltage feedforward compensation. In [15], the
fault-tolerant operation of asymmetric six-phase induction
motor is studied, the correlation between fault current
components is analyzed, and the decoupling transformation
matrix of fault-tolerant operation is derived. In [16], in order to
realize fault-tolerant operation of multiphase motor with open
circuit faults, a non-orthogonal reduced order decoupling
matrix is proposed. The decoupling matrix deleted the elements
related to faults and the amplitude symmetry of the back
electromotive force after the fault is realized.

In [17], the one-phase open-circuit fault of the dual
three-phase PMSM is analyzed, and the fault-tolerant control is
divided into two operation modes, one is loss mode, the other is
torque mode. Although this literature achieves the minimum
copper loss and the maximum output torque, respectively, it still
provides a good help. In [18], not only the five common faults
of dual three-phase PMSM are diagnosed, but also a voltage
compensation method is used to achieve fault-tolerant control.
And the experimental results have proved the effectiveness of
the method, but the control method can be improved to reduce
copper loss and torque fluctuation. In [19], with the dual d-q
axis frame, the open-circuit fault model of dual three-phase
PMSM is derived, and fault-tolerant control is achieved by
controlling two DC current components. However, this method
ignores the influence of harmonic space on fault-tolerant
control. In [20], a minimum-copper-loss fault-tolerant control
method is proposed for open-circuit fault of dual three-phase
PMSM, in which the optimized phase currents are all
non-sinusoidal waveforms. However, this method does not
optimize the torque ripple.

2096-3564 © 2022 CES
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In [21], the strategy of third harmonic current injection is
proposed for the five-phase PMSM with open-circuit fault,
which suppresses the second and fourth torque ripple
effectively. In [22], the fifth and seventh harmonic currents are
injected to improve the torque performance of dual three-phase
PMSM. And compared with the traditional third harmonic
current injection, this method has the advantages of increasing
the output torque of the motor, reducing the torque ripple, and
not requiring reconnection of the two isolated neutral points.
Therefore, this method provides excellent help for this article.

In the references on the research of one-phase open-circuit
fault-tolerant control of multi-phase PMSM, the influence of
fundamental wave space and harmonic space on fault-tolerant
control is rarely considered at the same time [23-25]. After a
one-phase open-circuit fault occurs in dual three-phase PMSM,
there is a coupling between the fundamental wave space and the
harmonic space. Therefore, on the premise of eliminating the
coupling between the fundamental wave space and the
harmonic space, it is of great engineering significance to
optimize dual three-phase PMSM fault-tolerant control.

The research object of this paper is a dual three-phase PMSM
with two sets of windings, which are staggered by 30 electrical
degrees in space. There are two main research contents in this
paper. Firstly, when a one-phase open-circuit fault occurs in the
motor, the mathematical models of the fundamental wave space
and the fifth harmonic space are studied on the premise of the
influence of the fifth harmonic space on the fault-tolerant
control method. Meanwhile, the voltage equations in the
fundamental wave space and the harmonic space after
decoupling are studied. Secondly, the fault-tolerant control
method is optimized to increase the output torque and reduce
the torque ripple. The fault-tolerant control method takes the
minimum stator copper loss as the constraint condition and
injects the fifth harmonic current.

II. MATHEMATICAL MODEL AFTER A ONE-PHASE
OPEN-CIRCUIT

A. Establish Coordinate Transformation Matrix

The open-circuit fault of the Z-phase winding of the dual
three-phase PMSM is taken as the precondition of this paper.
The topological structure of the voltage source inverter after
fault is shown in Fig. 1. It can be seen from Fig.1 that the neutral
point of the inverter is isolated, and the neutral line is not
connected to the midpoint of the DC bus voltage.

When the dual three-phase PMSM operates normally to
obtain a constant electromagnetic torque, the current in each
phase winding is shown in (1), where 8 is the rotor position
angle, I, is the current amplitude, i, is phase currents of the

dual three-phase PMSM (x =4, B, C, X, Y, 7).
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Fig. 1. The topological structure of the voltage source inverter after fault.
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ig=1,cos(8)
ig =1, cos(0-2x/3)
ic=1,cos(0+27x/3

iy =1, cos(8—1/6)
iy =1, cos(6—57/6)
iy =1, cos(0+7/2)
After the Z-phase winding of the motor is open, the
relationship between the phase currents is shown in (2).
Although the Z-phase winding still has an induced voltage, no
current is generated since the Z-phase winding is open.
Therefore, the Z-phase winding is no longer involved in the
energy conversion of the motor. The motor is in an
asymmetrical running state after the fault, so the current needs
to be adjusted.
iy+ig+i-=0 iy+iy=0 2)
According to the static coordinate transformation of the dual
three-phase PMSM and (2), the zero-sequence component after
the fault can be obtained as (3), and the fundamental wave space
component can be obtained as shown in (4).

zgp=[1 1 1 0 0] zp=[0 0 0 1 1] 3)
e
a=1 - —— X2 X2
2 2 2 2
_ \/g 31 1 4
ﬂl{"?‘?aﬂ @
R PR R VR )
b 2 2 2

In addition, there is a harmonic component z;, which does not
participate in the energy conversion of the motor, but increases
the copper loss of the motor. The relationship between o, £, 71,
Zo1, Zo2 18 shown in (5).

T T T T
o fi=az=a, 2, =a, 2, =0

T T T
Bz =0z =P 2, =0 ()

T T T
Z| Zy T2 2 = Zy) Zy =0

Since the motor has an open-circuit fault, the relationship
between f; and zp, is no longer orthogonal to obtain a vector
transformation matrix suitable for a one-phase open-circuit [14],
[16], [22]. To satisfy (5), B changes to B  and the static
coordinate transformation matrix in the fundamental wave
space is modified to obtain the following matrix:

R S B R EY
o] 2 2 2 2
1
1 p 1| © g ‘? 0 0
L=~z |=2 ©)
S B A 1 1 3 B
Zo1 I - - - —
2 2 2 2
[ Zo2 | 11 1 0 0
0 0 0 1 1

The rotating coordinate matrix of the fundamental wave
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space can be expressed as (7).

[ cos(@) sin(d) 0 0 0
—sin(d) cos(d) 0 0 O
C, @)= 0 0 1 00 @)
0 0 010
0 0 0 0 1]

Similarly, the static coordinate transformation matrix and the
rotating coordinate transformation matrix of the fifth harmonic
space can be obtained as (8) and (9).

oL 1 BB
o 2 2 2 2
5
1 % 1k _g g 0 0
T . = — 8
5s 3 ZS 3 1 1 \/g \/g ()
Z —— —— QRN ——
” 2 2 2 2
R 10 0
0o o o 1 1|
[ cos(560) sin(56) 0 0 O]
—sin(50) cos(5¢) 0 0 O
C.@=| 0 0 100 )
0 0 010
0 0 00 1]

B. Establish Mathematical Model After Fault

When the Z-phase winding of dual three-phase PMSM is
open-circuit, the stator voltage equation of the remaining five
phases in the static coordinate system can be expressed as
follows:
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Where Us, is the stator voltage matrix, Rs; is the resistance, /s; is
the stator current matrix, s, which is the stator flux linkage
matrix, where Rs;=R;*xEsxs, Esxs s the unit matrix.

The stator flux linkage equation can be expressed as:

Vs, =L Is, +ys, (11)
Where Ls, is the stator inductance matrix and s, is the
permanent magnet flux linkage of the remaining five phases.
Through the modified coordinate transformation matrix (6)
and (7), the voltage equation and the flux linkage equation of
the fundamental wave space in the rotating coordinate system
can be obtained. The direction of Z-phase winding is selected in
the direct axis direction, and the fundamental wave voltage
equation after transformation can be expressed as (12). The
transformed fundamental wave flux linkage matrix can be
expressed as (13). Similarly, through (8), (9), and (14), the
voltage equation and flux linkage equation in the fifth harmonic
space can be obtained (only the subscript is different, so it is not
listed repeatedly).

Uy (12)
Vidgn = T,(0) (Ls 15, +ys,) = L(dqz)ll(dqz)l W dgm (13)

T,(6)=C,(0)- T,

Y 4y
= Tl(g)'USS = RSsl(dqz)l +$_ @

(dgz)1

(14)
I(0)=C,,.(0)- T,

The inductance matrix in the rotating coordinate system of
the fundamental wave space and the fifth harmonic space can be
expressed as (15) and (16). The permanent magnet flux linkage
matrix of the fundamental wave space and the fifth harmonic
space can be expressed as (17) and (18). When substituting
(15)-(18) into (12) and (13), the stator voltage matrix in the
rotating coordinate system of the fundamental wave space and
the fifth harmonic space can be obtained as (19), (20).

U, =R, I, +dy,, /dt (10)
[9+3cos(20)  -3sin(26) 0 0 3sin(9) | [3-3cos(20)  3sin(26) 0 0 -3sin(0) |
4 4 4 4 4 4
-3sin(260) 9 -3cos(20) 0 3cos(0) 3sin(26) 3 +cos(260) 00 -3cos(6)
4 4 4 4 4 4
Lo = Lo 0 0 00 o |Thsl o 0o 30 0 (3)
0 0 00 0 0 0 00 0
sin( ) cos(0) 0 0 % -sin( ) -cos(d) 0 O %
[3/4-3cos(106)  3sin(106) 0 0 -3sin(56) [9+3cos(100)  -3sin(106) 0 0 3sin(56) |
4 4 4 4 4 4
3sin(100) 3 +cos(1080) 0 0 -3cos(50) -3sin(1060) 9 - 3cos(106) 0 3cos(560)
4 4 4 4 4 4
_ 16
Ligg)s = L 0 0 3 0 0 +Lys 0 0 00 0 (16)
0 0 00 0 0 0 00 0
-sin(560) -cos(56) 00 % sin(56) cos(50) 00 %
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[ —(sin26) | [ —(sin50-cos 0) |
4 2
3—(cos26) (sin56-sin )
Vst = V¥Vm 4 FW s 2 (17)
0 0
0 0
L O - (. O -
[ —5(cos 50-sin O) | —5(sin106)
2 4
5(sin 50 - sin &) 15/-5(cos108)
Vsms =V 2 W5 4 (18)
0 0
0 0
(. O (. 0 -
Uy | Ldl 0
u, a L, M, ( )_
) } { | M N
- M, (0)o +oy, N (0)+
_Ldl uql
ol el
U,
(20)
| L ar0y0| o |+ sew No@)+] N
—Lys ’ —iys Vim s Au s
gy | P4 cos@O4 sin26)/4 )
(6)= sin(20)/4  3/4 - cos(20)/4 @D
Vo | @A ’
(D=1 314 - cos20)4 (@)
A ()| 34 cos(100)4  sin(1060)/4 23
5(0)= sin(100)/4  3/4 - cos(100)/4 23)
N(0) < -sin(106)/4 4
(0= 3/4 - cos(106)/4 @9

Where L,,; is the stator inductance at the fundamental wave and
L,;s is the stator inductance at the fifth harmonic. ysu; is the
permanent magnet flux linkage of the remaining five phases at
the fundamental wave. ys,s5 is the permanent magnet flux
linkage of the remaining five phases at the fifth harmonic. w is
dual three-phase PMSM electrical angular speed. u4; and u,; are
d-q axis voltages at the fundamental wave. iy; and i,; are d-q
axis currents at the fundamental wave. L4 and L, are d-q axis
currents at the fundamental wave. Ly and Ly are d-q axis
inductances at the fundamental wave.

When the dual three-phase PMSM has a one-phase open-
circuit fault, the winding structure is no longer symmetrical.
According to (19) and (20), it can be found that there is still a
coupling relationship between the voltage equations in the
rotating coordinate system, which is related to the rotor position

angle. It is necessary to multiply the inverse matrix of M;(6)
and M;s(0) on both sides of (19) and (20), respectively, to
eliminate the influence of nonlinear factors caused by rotor
position angle and realize the decoupling control of dual
three-phase PMSM under fault condition, which can be
obtained as (25) and (26). The voltage increment in (19) and
(20) can be regarded as an interference term whose magnitude
varies periodically with the position of the rotor. After
calculating by (27) and (28), the feed-forward method is used to
compensate, which can make the mathematical model more
accurate. If the voltage increment is ignored, (19) and (20) are
the voltage equations of a dual three-phase PMSM in normal

operation.
lor ] e
o] e
Au,, 3/4- 3cos(26)/4 3sin(26)/4 i
{Auql} =Ly { 3sin20)4 34 +cos(2 9)/4} 'u
. [—(Sin 56-cos@)/ 2} @7
(sin50-sind)/ 2
Au g 3/4-3cos(1060)/4 3sin(106)/4 iys
{Auqs} =L, { 3sin(100)/4 3/4 +cos(10¢9)/4} - L’qs } 28)

N —5(cos560-sind) /2
Vil 5(sin56-sin 0) /2

C. Calculate electromagnetic torque and harmonic injection
ratio

When the current constraint is constant, the electromagnetic
torque is equal to the partial derivative of the magnetic common
energy with respect to the mechanical angle of the rotor. The
electromagnetic torque can be calculated from (29).

T aLSS 1 T 8l//Sm) p[T al//Sm

1 :
( Ss 60 Ss A 89

(29)

The electromagnetic torque generated by the fundamental
wave current is:

T = Py Gl 3 1,,0080) + py [ (sin 40 -sin 6O,
2 (30)

—7(c0s449+c0s66?)1q1 —15sin560-1, +1?5cos9~102]

The electromagnetic torque generated by the fifth harmonic
current is:

T,=py,, [—%(sin 40 +sin66)I 5 - %(cos 460 +cos60)1
; 31)
—3siné- 1 +Ecosz9-104)]+ PY,,s(151 5 +7c0s59)
According to the superposition principle, the total
electromagnetic torque is (32).
I, =T, +1,; (32)
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According to (30), (31), and (32), the expressions of the
average torque and each torque ripple can be obtained as shown
in (33).

In the control process, the space vector control strategy with
14=1;5=0 is used, and there are six control components
remaining: Iy, Iys, L1, Ls, Lo2, los. Iy and 15 are the current
components in the rotating coordinate system. The two
zero-sequence components /,» and o4 are always controlled to
zero. When only fundamental wave space is considered, the
other two generalized zero-sequence components /.; and 1.5 are
not involved in electromechanical energy conversion [26].
However, when the fifth harmonic is considered, Z.; and /.5 can
be optimized to achieve the minimum copper loss. The average
torque and torque ripple can be controlled by adjusting /,; and
I;5. Through the expressions of the fourth and sixth torque
ripple in (33), it can be seen that when the injected fifth
harmonic current and the fundamental wave current satisfy the
harmonic injection ratio calculated by (34), the sum of the
fourth and sixth torque ripple is zero.

tO = 3p(l//ml .Iql + 5 'l//mS .IqS)

;pl//ml [({,,+1,,)cos0 2] ;sind]

3 .
t, = —Epl//ml (1;58in40+1 5 cos40)

15 .
+?pl//m5(1d1 sin46 -1, cos40)

= %p(//ws[(lo2 +1,,)cos56 -2 sin56]

(33)

3 .
t, = —5 py,.({,5sin 6¢9+I‘,5 cos 66)

15 .
—7pl//m5 (1,,8in60+1,, cos60)

= (4)
‘//ml El

kzshz

III.  THE PRINCIPLE OF MINIMUM COPPER LOSS UNDER THE
FIFTH HARMONIC CURRENT INJECTION

In the control process, the vector control strategy with
111=145=0 is used. According to the superposition principle, the
copper loss is generated by the fundamental wave current and
the fifth harmonic current [26]. The copper loss under
fundamental wave current is (35). Similarly, the copper loss
under the fifth harmonic current is (36). The total copper loss of
the motor is (37).

P, =111, R=R {121[—+3cos(29)]+312 +30 += 122} (35)

cul S5s7%s

P, =R{I [~ +zcos(100)]+312+312 += 124} (36)

F,=F, +F,; (37)

The zero-sequence current components are always
controlled to zero in the control process, and the generalized
zero-sequence components /;; and Izs are also controlled to zero
by the PI controller. Therefore, the minimum copper loss can be
obtained, and it can be ensured that the first and fifth torque

ripples are also zero. The new fundamental wave fault-tolerant
current is (38). The new fifth harmonic fault-tolerant current is
(39). The new fault- tolerant current is obtained by
superposition of the fundamental wave current and the injected
fifth harmonic current, as shown in (40).

=1 cosé@

ml
i =1.8031, cos(8—106.1°)
—1.8031,, cos(6 +106.1°)
=0.886/  cosd

ml

iy, =—0.8861,, cos@

(3%

=1 .cos50
=-0.8861,, cos 50
ics =0.8861 cos50
vs =—1.8031 5 cos(56+106.1°)

15 =—1.8031,  cos(50—106.1°)

(39)

mS

i,=1,cos0-1 ,cos50

i, =1.8031  cos(@—106.1°)—0.886/, cos50

i =1.8031,, cos(0+106.1°)+0.886/,,cos56  (40)
iy =0.886/, cosd—1.8031 ;cos(56+106.1°)

i, =—0.8861,, cos@—1.8031 . cos(50-106.1°)

ml

IV. SIMULATION ANALYSIS

Based on the analysis of the previous three parts, the fault
tolerant control algorithm of a six-phase PMSM after a one
phase open circuit fault is simulated and analyzed. The control
block diagram of the fault tolerant control system is shown in
Fig. 2. The simulated dual three-phase PMSM parameters are
shown in TABLE 1. The precondition of the simulation is the
speed command of 1000 r/min with 40 Nm load.

u,, u, l:"
N e N ,’:
=1L sland (29) |“a!
”1 —> Anti- P Inv-
P ;7| clark erter | ;
s - = Ly
@ﬁl—:qs el i 7
STPT as5iand (30) g ST
S[PI s
Park
k— |
7] I Clark
—{ Position detection and Speed calculation }(
Fig. 2. Fault tolerant control of the dual three-phase PMSM
TABLE I
PARAMETERS OF DUAL THREE-PHASE PMSM
Parameters Value
R 0.002Q
Ly 360uH
Lys 90uH
Vi 0.092Wb
Wins 0.0023Wb
Pole pairs 4
Moment of inertia 0.02kg-m?
Rated speed 3000r/min
Rated torque 98Nm

The dual three-phase PMSM runs under normal operating
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state during 0.1-0.2s, and runs under fault operating state during
0.2-0.3s. During 0.4-0.5s, the fault-tolerant control method
without the fifth harmonic injection and with fifth harmonic
injection are introduced. Fig. 3 and Fig. 4 respectively show the
current waveform and torque waveform under four operating
states.

100 T T T T T T
iA —iB—iC —iX —iY —iZ]
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Fig. 3. Current waveform of the dual three-phase PMSM under (a) normal
operating state (b) the open-circuit fault of Z-phase (c) fault-tolerant control
method without fifth harmonic current injection (d) fault-tolerant control

method with fifth harmonic current injection.
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(d
Fig. 4. Torque waveform of the dual three-phase PMSM under (a) normal
operating state (b) the open-circuit fault of Z-phase (c) fault-tolerant control
method without fifth harmonic current injection (d) fault-tolerant control
method with fifth harmonic current injection

To evaluate the performance of the two fault-tolerant
methods, the following indexes are defined:
1) Torque ripple: comparison of instantaneous value and
average value.

e _ripple = Z (T (41)

2) Torque ripple change rate: ratio of torque ripple to normal
torque

AT, = T amie s 100% (42)
e_normal

As shown in Fig. 3(a), the amplitude of the six-phase current
is the same and current waveforms present sinusoidal. From the
partial enlarged view of Fig. 4(a), the electromagnetic torque
changes smoothly, and the torque ripple calculated is 0.94 Nm
by (41). When the Z-phase occurs open-circuit fault at 0.2s, it
can be seen from Fig. 3(b) that the Z-phase current has a sudden
change to zero, and the other phase current waveforms are
distorted. Since no fault-tolerant control method is introduced,
it can be seen from Fig. 4(b) that the electromagnetic torque
changes greatly, and the torque ripple is 26.78Nm, which will
seriously affect the performance of the dual three-phase PMSM.
Since the dual three-phase motor control system introduces
fault-tolerant control method, the amplitudes of each phase
current shown in Fig. 3(c) and Fig. 3(d) are basically the same
except for the Z-phase. Compared with Fig. 3(c), the phase
current waveform of Fig. 3(d) has a certain degree of distortion,
which is the reason for the injection of the fifth current
harmonics. Although the performance of the phase current
deteriorates, it can be obtained that the change of
electromagnetic torque is significantly reduced through Fig. 4(c)
and Fig. 4(d). The torque ripple is reduced from 3.86 Nm to
1.88 Nm.

The two performance indexes of the dual three-phase PMSM
under four operating states are shown in TABLE II. It can be
seen from the TABLE II that the torque change rate of the fault-
tolerant control method with the fifth harmonic injection is
4.7%. The torque change rate of the fifth harmonic injection
method is 62.25% and 5% lower than the torque change rate of
the fault operating state and without the fifth harmonic injection
method, respectively. Therefore, the two performance indexes
of fault-tolerant control method with harmonic injection are
better than those of fault-tolerant control method without
harmonic injection.

The comparative analysis of the two methods is based on the
principle of minimum copper consumption control strategy,
that is, the control strategy that maintains /4;=Is5=1:;=1.5=0.
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The motor can run smoothly after the fault-tolerant operation,
which verifies the correctness of the method.

TABLE II
PERFORMANCE INDEX
Without With
Performance Normal Fault current current
injection injection
Te-ripple 0.94 26.78 3.86 1.88
AT, 2.3% 66.95% 9.7% 4.7%

V. EXPERIMENTAL ANALYSIS

The experiment of the dual three-phase PMSM is carried out
to verify the correctness of the mathematical model and the
fault-tolerant control method of the theoretical and simulation
analysis. The experimental motor parameters are the same as
the simulated motor parameters, and the experimental platform
is shown in Fig. 5. The hardware platform is constructed based
on (DSP) TMS320F28335, and the sampling frequency is 10
kHz.

“ Water-cooling |+~
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>
XY |
Microcontroller pywer

|

_Inverter  Supply Osulla

0/ o,

Fig. 5. Experimental platform.

Test 1: Compare the current changes of two fault-tolerant

control methods under the speed command of 1500 rpm with 30
Nm load.

When the Z-phase of the motor has an open-circuit fault, the

fault current is shown in Fig. 6.
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Fig. 6. Open-circuit fault current waveform.

The current waveform and the phase current total harmonic
distortion (THD) under the two fault-tolerant control methods
are shown in Fig. 7 and Fig. 8. It can be seen from the Fig. 7(a)
and Fig. 8(a) that the fault-tolerant current has some distortion
with the fifth harmonic current injection.

One of the phases current is selected to calculate THD. Fig.
7(b) and Fig. 8(b) are FFT (Fast Fourier Transformation)
analyses of B-phase current under without fifth harmonic
injection and with fifth harmonic injection, THD are 8.36% and
17.68%, respectively. The degree of distortion of B-phase
current with the fifth harmonic injection is acceptable. Fig. 9(a)
is the back-electromotive force(back-EMF) waveform with
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fifth harmonic current injection, and Fig. 9(b) is the spectrum of
back-EMF. It can be seen from Fig. 8(b) and Fig. 9(b) that the
fifth harmonic content increases significantly.
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Fig. 7. (a) Fault-tolerant control current waveform without fifth harmonic
current injection and (b) THD of B-phase current.
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Fig. 8. (a) Fault-tolerant control current waveform with fifth harmonic current
injection and (b) THD of B-phase current.

Test 2: Compare the torque waveform of two fault-tolerant
control method under the speed command of 1000 rpm with 30
Nm load.

Fig. 10(a) shows the torque waveform under the
fault-tolerant control without fifth harmonic current injection.
It can be seen from the Fig. 10(a) that torque ripple is about 4.5
Nm. Fig. 10(b) shows the torque waveform under the
fault-tolerant control with fifth harmonic current injection. It
can be seen from the Fig. 10(b) that the dual three-phase PMSM
runs smoothly, and the torque ripple is about 2.5 Nm.

The torque ripple under different speeds (from 0.1 to 1.0 p.u.
of the rated speed) with 98Nm load. It can be seen from the Fig.
11 that torque ripple with fifth harmonic current injection is
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much lower than that without fifth harmonic current injection in
the whole speed range. The torque ripple of the two
fault-tolerant control methods hardly fluctuates with the change
of speed, and the average torque ripples of the two methods are
44 Nm and 2.2 Nm, respectively, which proves the
effectiveness of the proposed method.
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Fig. 9. (a) Fault-tolerant control back-EMF waveform with fifth harmonic
current injection and (b) Spectrum of back-EMF.
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Fig. 10. (a) Fault-tolerant control torque waveform without fifth harmonic
current injection and (b) with fifth harmonic current injection.
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Fig. 11. Torque ripple at 98 Nm load under different speed commands.

VI. CONCLUSIONS

In this paper, the fault-tolerant control of dual three-phase
PMSM is analyzed and studied in depth. Simulations and
experiments prove that the fault-tolerant control method with
harmonic current injection is better than the fault-tolerant
control method without harmonic current injection. The
innovations of the novel fault-tolerant control method include:

1) The modified static coordinate transformation matrix and
rotating coordinate transformation matrix are derived,

2) Through these two new coordinate transformation
matrices, the voltage equations, flux linkage equation and

torque equation in the fundamental wave space and the fifth
harmonic space after the fault are derived;

3) The coupling between the d-q axis voltage equation of the
fundamental wave and the d-q axis voltage equation of the fifth
harmonic after the fault is eliminated;

4) The fault-tolerant control method injects the fifth
harmonic current on the basis of the minimum stator copper
loss as the constraint condition. Simulation results and
experimental results prove that torque ripple can be effectively
reduced.

In the future, there are still several aspects that need to be
researched. Firstly, the fault diagnosis method combined with
fault-tolerant control needs to be studied; secondly, the
fault-tolerant control method when a two-phase open-circuit
occurs in a dual three-phase PMSM needs to be studied; finally,
the fault-tolerant control method of the dual three-phase PMSM
with non-isolated neutral point needs to be studied.

VII. APPENDIX

The original inductance matrix can be expressed as follows:

L1 B B
2 2 2 2
L )
2 2 2
LSs: ‘ml _l _l 1 _ﬁ O +
2 2 2
NE) 3 1
2= 0o = 1 -
2 2 2
R I
L 2 2 2 |
L 1 BB
2 2 2 2
L T <]
2 2 2
L _l _l 1 ﬁ 0
2 2 2
B, Bt
2 2 2
BB, (A1)
L 2 2 2 |
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