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ABSTRACT This paper deduces a unified mathematical model of open-circuit fault of six-phase induction
machine, and purposes a fault-tolerence sensorless strategy based on the sliding mode observer(SMO) to
estimate the rotor flux and rotor speed. In the proposed control scheme, the sliding mode observer is
improved to achieve the rotor speed and rotor flux identification under healthy and arbitrary open circuit
faults. The stability of the observer is proved by the Lyapunov function. The quasi proportional resonance
(QPR) controller is introduced in the harmonic plane to suppress the harmonic current after the fault. The
simulation and experiment results show that the proposed sensorless fault-tolerant control strategy based on
sliding mode observer can accurately and effectively identify the rotor speed and rotor flux of the machine
under normal and fault conditions.

INDEX TERMS  Multiphase induction machine, fault-tolerant, speed sensorless, sliding mode

observer (SMO).
NOMENCLATURE T Rotor time constant
K Sliding mode gain 0, Rotor position angle .
R;, R, Stator, rotor resistance irg,irp  Rotor current of o, f axis
T Coordinate transformation matrix isas isp  Stator current of , § axis
A6, Compensate amount rotor position angle 14 Differential operator
Ly, L Stator and rotor mutual inductance matrix Urq, urp  Rotor voltage of a, ax1.s
Ly, L,, Stator and rotor self inductance matrix Usars Usp Stator voltage of o, f axis
I, 1, Stator, rotor current vector X Estimated error of variable X
U,,U, Stator, rotor voltage vector X Estimated value of variable X
n Reciprocal of rotor time constant 4 Lyapunov function
Aras Arp Replacement amount of sliding mode function
. )‘i?} Filtered equivalent of A,«, A,g
1 Synchronous angular velocity I. INTRODUCTION
Wy Rotor angular velocity In the multiphase machine drive system, due to the increase of
Wcf Cut-off frequency of low pass filter phase number, the redundancy ability of the machine system
wc Cut-off frequency of PR regulator is improved. More than 70% of motor drive system faults
VYra, Yrp  Rotor flux of o, B axis will eventually appear as open-phases fault or switch devices
Vsa, Ysp  Stator flux of o, B axis invalidity [1]. When stator phase failure occurs, the corre-
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sponding fault tolerant control strategy can be implemented
to keep the air gap flux to be constant, so that the machine will
continue to run smoothly, and the reliability of the system can

approving it for publication was Xiaodong Sun. be increased greatly. Therefore, the multiphase machine drive
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system has been widely used in electric vehicles, rail traffic,
ship propulsion and other occasions.

When the motor is unbalanced, the asymmetry of the power
supply will cause a large pulsation of the motor output torque.
Therefore, the key of fault-tolerant control is to compensate
the asymmetry of the magnetomotive force in the air gap
to suppress torque ripple. Fault-tolerant control strategies
for multiphase motors can be roughly divided into three
types: field-oriented control, direct torque control and opti-
mal current control based on open-phase decoupling math-
ematical model. The first control method was suggested by
Y.Zhao [2], [3], and the basic idea is that according to the
situation of open-phases, the mathematical model of the
unbalanced state is established through the space decoupling
transformation and asymmetric rotation transformation after
open-phases fault. Finally, the field orientation control under
unbalanced state is established.

Direct torque control(DTC) strategy based on open-phase
decoupling model is to re-divide the sector by analyzing
the post-fault space voltage vectors, and to eliminate har-
monic currents as much as possible by reasonably utilizing
the vector relationship between «f8-plane and z; — z2-plane.
Because the stator flux observation is only related to the stator
resistance, but unrelated to the inductance parameters of the
motor, the sudden change of the inductance parameters of
the motor has no effect on the post-fault stator flux obser-
vation, so the robustness is strong. The space voltage vector
of a five-phase induction motor under one-phase opened is
analyzed in [4]. By using the relationship between space
voltage vectors, the post-fault direct torque control is real-
ized. In [5], a model reference adaptive system (MRAS)
estimator based on the second-order sliding-mode (SOSM)
strategy for speed-sensorless direct torque control (DTC) of a
six-phase induction motor is proposed. For six-phase induc-
tion motors (SPIM), few literatures have proposed the direct
torque control strategy for the post-fault SPIM. Because
the post-fault space voltage vector is asymmetrical and the
amplitude is not uniform, the traditional direct torque control
will produce large torque ripple and current harmonics. For
different open-phase cases, the vector and sector are also
different. This method is not universal and needs to study
more practical methods.

The optimal current fault tolerant control is first proposed
by H.A.Toliya [6]. The core idea is that by properly control-
ling the current of the remaining active phases, the motor can
still generate a circular flux linkage after the fault, and obtain
a sinusoidal rotational magnetomotive force(MMF), thereby
obtaining a smooth motor torque output. At the same time,
under the premise of ensuring the circular MMF, each phase
current can be optimized. The optimization objective is to
minimize the copper consumption [7], the amplitude of each
phase current [8] and the torque ripple [9], etc. The key of
the optimal current control performance is the control of the
current loop, hysteresis loop control, proportional resonance
(PR) control and model predictive control (MPC) are widely
used in the fault-tolerant current loop [10]-[12].
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At present, advanced control strategies such as internal
model control [13], [14] and state feedback control [15]
have been applied in motor control. The wide research of
sensorless technology provides a backup scheme for the
system when the speed encoder failure, which improves the
reliability of the machine drive system and reduces the eco-
nomic cost. At present, the sensorless algorithm for multi-
phase induction machine mainly includes the openloop speed
estimation based on the model, the signal injection, and
closed-loop observer, whereas the closed-loop observer can
be divided into the full order state observer, extended Kalman
filter, model reference adaptive observer and SMO, and so
on. When SPIM under open-phases fault conditions, with
the change of electromagnetic parameters, the traditional
observer based on mathematical model cannot identify the
speed and flux accurately. The observer must be improved
to meet the needs of fault-tolerant operation. Few literatures
proposed to estimate the speed of multiphase induction motor
under open-phases fault. In [16], a inverse speed observer
of a bearingless induction motor drive with the artificial
neural network is proposed. In [17], [18], a robust observer
is proposed to estimate the speed of SPIM in healthy condi-
tion. In [19], robust adaptive backstepping sliding mode con-
trol (ABSMC) with recurrent wavelet fuzzy neural network
(RWFNN) is proposed for the speed regulation of a six-phase
permanent magnet synchronous motor (PMSM) demonstrat-
ing parameter perturbations and load disturbances. In [20],
the MRAS observer is used to realize the speed estima-
tion of five-phase induction machine in one phase open
circuit. However, the change of the machine parameters
affects the robustness and accuracy of the speed estimation,
which means the inherent shortcomings are still inevitable.
In [21], a Luenberger observer is designed to estimate the
speed of SPIM under one phase, two phase and three phase
faults. A SMO with stator resistance identification is pro-
posed in [22], which realizes the speed estimation of five-
phase induction machine. However, the parameter design of
adaptive controller is very complex. In [23], a robust sliding
mode observer with wide speed range is proposed to realize
sensorless fault-tolerant control of five-phase FTFSCW-IPM
motor.

In order to solve the above problems, this paper deduces
the unified fault mathematical model of six-phase induction
machine and inductance coefficients under different faults,
and establishes a speed-sensorless fault-tolerant control sys-
tem for six-phase induction motor. Aiming at the harmonic
current in the harmonic plane, proportional resonance con-
troller is adopted to suppress them, and a sliding mode
observer is improved to realize the identification of speed
and flux after fault. Saturation function, instead of sign func-
tion, is used to reduce chattering in sliding mode control.
The rotor speed estimation is independent of stator current
and rotor flux estimation, and therefore the estimation error
of the rotor time constant and rotor speed does not serve as
feedback into the system. The robust performance and the
reliability of the system is improved. The simulation and
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experimental results show the correctness and effectiveness
of the improved SMO and fault tolerant control strategy.

II. UNIFIED MATHEMATICAL MODEL AND TORQUE
RIPPLE ANALYSIS OF SIX-PHASE INDUCTION

MOTOR WITH PHASE-MISSING FAULT

A. UNIFIED MATHEMATICAL MODEL

WITH PHASE-MISSING FAULT

The six-phase induction machine consists of two sets of
conventional three phase windings, ABC and DEF. Each set
of windings is Y-connected, and the angle between the two
sets of three-phase windings are y, there are two types. The
first one with 60 electrical degrees phase-shift in between
two consecutive phases known as symmetrical SPIM and the
other one with 30 electrical degrees phase-shift in between
two consecutive phases known as asymmetrical SPIM. When
the motor is running under normal condition, the neutral
point isolation method is adopted to avoid the zero sequence
current, as is shown in Fig. 1(b). However, the non-isolated
neutral point can effectively reduce the post-fault stator cop-
per loss and output more torque [24], as is shown in Fig. 1(a).

(b)

FIGURE 1. Stator winding magnetic axes in an asymmetrical six-phase
induction machine with (a) Isolated neutral points (b) Non-isolated
neutral points.

The mathematical model of a six-phase induction machine
can be decomposed into two subspace, ofB-subspace and
z-subspace. The former represents the electromechanical
energy conversion subspace while the latter only related to
losses. The two-dimensional orthogonal vectors «g, Bg of the
af-subspace can be obtained by (1)

cos(po + 1) sin(go + ¢1)
cos(po + @2)  sin(go + ¢2)

[ao ] _| costwo+¢3)  sin(wo + 3) 0
Bo cos(po + @4)  sin(po + ¢4)
cos(po + ¢s)  sin(po + @s)
cos(po + @) sin(go + ¢6)

where ¢;(1 < i < 6) are the stator current phase angles
defined as: ¢1 = 0,90 = y,¢3 = 2n/3, 014 = 27/
34+ y,05 =4m/3, 06 = 47 /3 + y. o is the angle between
the A axis and « axis. When the machine is healthy, the o axis
coincides with the A axis, that is, ¢9 = 0. When fault occurs,
according to the case of the broken phase, the corresponding
term of [agBo]” is removed, and the two-dimensional orthog-
onal vector af is obtained. From the expression of af’ = 0,
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@o can be obtained by (2).

! Z sin(2<pj)
- ¢l
¥ = 2tan Y cos(2y)) )
J

It can be deduced that ¢y is the angle between the o and A
axes. @; is the phase angle of the remaining effective phase.
For example, when ‘F’ phase is opened (j = 1to 5) and y =
/2, the (2) gives ¢p = 0 and then, [aﬂ]Tbecome 3).

|:(x:|=|:COS0 coso cos80:| 3)
B sin0  sino sin 8¢
where o = /6.

The electromechanical energy conversion takes place only
in af-subspace which means that the MMF produced by
active phases is equivalent to the MMF produced by two

windings on the axes o and B with the currentsis, and isg,
respectively. These currents are defined by (4)

cos So
sin 5o

cosdo
sin4o

[ﬁ } = [T1L,] )
sp
where
[ el el
[Tel = [[m/ IIﬁII} )

In (5), |||l and || B|| are vector norms of ofB-subplanes respec-
tively. The z-subspace is defined by N-2 orthonormal basis
vectors (three vectors [z1], [z2] and [z3] for N = 5) and it
has to be orthogonal to a-subspace [2]. On the other hand,
[z1] — [z2] — [z3] give the basis of the null space of [T .], as is
shown in (6).

(z1]/ llz1ll
[z21/ llz2|l (6)
[z31/ llz3ll

According to [T';] and [T ], the decoupling transformation
matrix [T 5] can be obtained, as is shown in (7).

_[ira
[Ty = [ 1 } @

The space decoupling transformation matrix [T ] is sub-
stituted into the stator and rotor voltage equation, as is shown
in (8).

[T.] = null((T ") =

TnUy = TNR,T ' Tyl

+p(TN LTy TnIs + TyLy Tg ' Tel ) ©
TeU, = ToR,Tg ' Tel,

+p(T6Lr, Ty ' Tel , + ToLrsTy' TNIS)

U, and U, are residual stator and rotor voltage vectors, I
and I, are residual stator and rotor current vectors respec-
tively. Ry and R, are residual stator and rotor resistance
respectively. Lg and L, are residual stator and rotor self
inductance matrix respectively. Lg- and L, are residual sta-
tor and rotor mutual inductance matrix respectively. T¢ is
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the original space decoupling transformation matrix, which
will be given at the following article. An unified stator and
rotor voltage equations of a six-phase induction machine
under open phase fault conditions in the a8-subspace, as is
shown in (9).

Use Ry, 0 |[iw Loy 0 |[iw
0 R, l‘*ﬂ 0 Lsﬂ_ ls‘ﬂ
Ly cos(6, + 900) — Lo Sin(9 + §00_ ira

L sin(6r + @o) Lmp cos(0; + ¢o) |

ira I Lr 0 i o
urg Ry | |irg u 0 Lr]|irp
4 Ly c0s(6r + ¢0) Lmﬂ sin(6; + ¢o) I
1L ~Lona S0, + 90)  Lng cos(6, + )

©))
where L, is rotor inductance,Lyq, Ling,Lso and Lg are stator
and rotor mutual inductance and the stator self inductance
under the two-phase stationary coordinate system respec-
tively. 6, is the rotor position angle, and p is the differen-
tial operator. Using the rotation transformation matrix T,
as shown in the (10).

~

(10)

sin(0, + ¢o)

_ | cos(6r + o)
" cos(0, + ¢o)

— sin(6, + ¢o) }

The left side of the rotor current term in the stator voltage
equation in (9) is multiplied by matrix Tr_lT r» and the rotor
voltage equation is multiplied by matrix T, on the left side,
which realizes that the rotor side variables in stator and
rotor voltage equations are transformed into static coordinate
system of the stator side. An unified mathematical model
of open-phases faults is established in the «B-subspace. The
stator and rotor voltage equation are expressed as

ol
usﬁ lsﬂ I'/fsﬂ
[ s
urp Lp 1lfrﬁ —or 0 1'Z/rﬂ

(11)
The stator and rotor flux are expressed as
sl S L
Vg 0 Ly ]|ip 0 Lug] irg (12)

ol el [l
=Lr +

where Vo, ¥sg, ¥ro and g are the components of the
stator and rotor flux respectively. The stator voltage equations
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in z-subspace are described as

Uzl Ry+Li-p 0 0 21

Up | = 0 Ry +Lj-p 0 i

Uz 0 0 Ry+Ljs-p i3
(13)

Equations (11) and (12) show that the model in
af-subspace with an asymmetric winding under open-phases
faults, the voltage equation in the z-subspace is only related
to the R and Ly, but not related to the condition of open-
phased fault. For different situations, the value of Ly, Lyg,
Lo and Ly, g are different, and the expression of the electro-
magnetic torque is described as

T, = pn(Lm/Sis/Sirot - Lmaisairﬁ) (14)
where p, is the number of pole-pairs.

The winding structure of six-phase induchine machine
under normal and three different kinds of phase-missing
conditions are shown in Fig. 2. In this paper, the sensorless
field oriented control under normal and three kinds of phase-
missing faults will be deeply studied respectively.

FIGURE 2. Phase missing situation. (a) Healthy. (b) F phase missing.
(c) A and F phase missing. (d) A, B and D phase missing.

According to the principle of energy conversion, the space
decoupling transformation matrix of three kinds of phase-
missing faults can be derived from the above method. For
normal and fault cases (four cases shown in Fig. 2, the orig-
inal transformation matrix is T's, the decoupling matrices in
the other three cases are T'5, T4 and T3 respectively, as is
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TABLE 1. Machine inductances with open phase(s) for y = 3

Faulted phases Lo Lyg L Lpp
A;D;E Lis+2L Lis + 3L 2.449L 6 3Lms
B;C;F Lis + 3L, Lis +2rms 3Lps 2.449L,,¢
(A,D);(AE);(D,C);(BE) L;s+1.134L,,s L;s+2.866L,,s 1.844L,, 2.932L,,5
(A,B);(A,C);(D,E) Ljs+1.5L,,;, Ljs+2.5L,,; 2.1213L,,s 2.7386L,,
(A,F);(D,B);(E,C) Ljs + 2L, Lis 4+ 2L, 2.449L 5 2.449L ¢
(D,F);(B,C);(E,F) Lis +2.5L0,,; Ljs+ 1.5L,, 2.7386L,,s 2.1213L,,;
(B,F);(C,F) Ljs+2.866L,,s L;js+1.134L,,s 2.932L, 1.844L,,
(A,D,B);(A,D,F);(D,B.E,)
(AE.C):(AEF):DEC. Lis + Ly Lis + 2L, 1.7321L,,s 2.449L,,
(A,D,E);(A,D,C);(A,B,E) Ljs+0.5L,,; Ljs+2.5L,,; 1.2247L,,s 2.7386L 5
(D,B,C);(D,B,F);(B.E,C)
(E.C.F):(A.B.F):(A.CF) Lis + 2L, Lis + Ly 2.449L,,s  1.7321L,,s
(B,E,F);(D,C,F):(B.C.,F) L+ 2.5Lms Lis +0.5Ls  2.7386Lys  1.2247Ls
(A,B,C);(D,E,F) Lis + 1.5L s Lis + 150,  2.1213L,s  2.1213L,s
shown in (15) - (18). The above space decoupling matrices are substituted into
B _ (8) respectively, and through the rotor side variable transfor-
1 £ _ 1 _ £ _l 0 mation to the stator side, the inductance parameters can be
2 2 2 2 obtained under three kinds of fault conditions. According to
1 J3 1 J3 this method, the inductance parameters can be obtained under
0 ) R 2 Ty -1 any fault conditions, as shown in Table 1, the parameters of
1 V3 | V3 1 the symmetrical SPIM have been given in [8].
Te=—|[1 —— —— — —— 0
\/§ 12 jg ? \/% B. TORQUE RIPPLE ANALYSIS
0 — - — - -1 From (12), The post-fault flux equation of of-subspace can
| (2) 12 (2) % 0 be obtained as
d 1 L
_0 1 0 1 0 1 i Ztrtx = _T_wra - wrwrﬂ + ’Ir—r'wt Isar
(15) ' ’ (19)
_ - dyr 1 Lyg .
1 £ _1 _£ _l dtrﬂ Z_Frl/frﬁ +wrl//ra+TLﬂls,3
2 2 2 2 '
J6 32 J6 32 where, o, is the rotor angular speed. Assume that
0 i v i _v-
4 4 4 4 joo=1
1 isq = Iy cOswit
i 20
Ts = \/§ 1 _ﬁ _1 \/_3 _l (16) {isﬂ = Igsinwt (20)
2 2 2 2
32 V6 32 V6 Substituting (20) into (19) yields
o Y= _¥X° -~ i
4 4 4 4 1
1 0 1 0 1 Yro = 5[ r@rLnglg cos(wit — ¢1)
(V3 -1 -3 -1
+v1+ﬁwﬁmmmm@r—m+mq
I, £ 1 V3 1 -3 an . (1)
4 0 -2 \/§ -1 Yrp = B |:Tra)era1a sin(wit — ¢1)
) J’z o 1 V3 — 1+ 120 Ll cos(y — ¢1+¢2)}
3 1
- —= 0
2 2 2 2 —1
where, D = 1 + 72(w? — 09)]? + 47207, = tan
r_| V2 V6 2 8 \/g J I or A o=
3= + i 3 (18) [(Qrrw)/( + tfw; — t70))], ¢p2 = tan™ ' (T,w1), T, is the
rotor time constant, w is the synchronous angular velocity.
Q _“/_6 Q The electro_magnetic torque can be divided into two parts,
L 4 4 2 the first part 7, is a constant component and the second part
110090 VOLUME 7,2019
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T, is an alternating component, as is shown in (22).

T, = pn(Lmﬂisﬂirot - Lmotisotirﬂ) = Te+fe (22)

The constant component T can be expressed as

- p .
7, = Ln [LmaLmﬂ Iolg\/1+ t2w? sin(¢1 — ¢n)
DL,

r, Wy

L2 02+ LT cos(<p1)] (23)
The alternating component 7 can be expressed as

2 2
Tra)"( ‘mo 0{ - Lmﬂlﬂ)cos(zwlt —¢1) (24

e

DPn
2D

From (24), in order to eliminate the torque ripple after the
motor failure, the following constraints are required.

L2 1% —

mo o

Lagli=0 (25)

The above conditions can be equivalent to

I _Lws _1BI 06

From (24)-(26), after the fault, the frequency of the torque
ripple is twice the fundamental frequency, and the suppres-
sion of the torque ripple can be achieved by controlling the
amplitude of the stator current of the o8-subspace.

Ill. FIELD ORIENTED CONTROL OF SIX-PHASE
INDUCTION MACHINE UNDER OPEN-PHASE FAULT

A. FIELD ORIENTATION CONTROL IN op-SUBSPACE
UNDER OPEN-PHASE FAULT

Due to the asymmetry of the stator windings on the axes
o and B, in order to get the same equation as the sym-
metrical winding structure and minimize torque oscillation,
the new rotation transformation matrix is 75, 2 [2], as is
shown in (27).

kg cos 6, kg sin 0,
e —
Tasjar = [—kﬂ sind,  ky cos6, @D
where, the values of k, and kg are
ke L
Ra mB ”,3 ” (28)
kﬂ T Loe el
Substitution from (28) into (27) gives
/ — s1n 0,
T2€s/2r = (29)
— [ sing cos 7
Lmﬁ " mo "

When the machine structure is balanced, L, = Lig, and
then, the rotation transformation matrix Tzes 2 transformed
into its original state.

The rotor winding is symmetrical, and its rotation trans-
formation matrix is symmetrical as well. After multiplying
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unbalanced and balanced transformation matrices respec-
tively in the variables of the stator side and rotor side, the volt-
age equation and flux equation of stator and rotor in the dg
coordinate system are obtained, as is shown in (30).

Usdg = Rlsag + % + [“?1 _(‘)0‘} [Vrag]
Uty = Reluiy + [‘5;‘1‘1]
00 T g
(w1 — wy) 0
s ][] [25]] [y
Vo] (28] [25]] Lt

d d . ..
where, L and Ly are the inductance matrix in rotor flux
equation and are expressed as

L 0
L= |
0L,

La’q _ RV, LmaLmﬂ 0
® 0 vV LmaLmﬂ

The inductance matrix in stator flux equation Lsdsq and

d
L as

€1V

Ly = [01 02]
(32)
Lsdrq = [03 (74]
where
B Lsa +Lsﬁ + Lsa - Ls
2 2

Ly — L
_ “"T‘ﬂ sin(26,)

B cos(26,)

ol =

_ L _
-t *F sin(26,)

o) =
Lsa + Lsﬁ _ Lsa - Ls

L 2 2

B cos(26,)

L2, +L12, L2, —L2 ]
L " cos(26,)
2\/LmaLmﬂ 2\/LmD,Lm/3
L2 _ L2
_Tma TmB sin(26,)
2 Lmoszﬁ

L2 . L2 T
_Z\/TT,g sin(26,)
L2 + Lzﬂ L2 _ L2
| 2/LnaLimg  2y/LinaLmp

cos(29 )
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The (32) shows that the stator flux is not decoupled in the
dq coordinate system. The stator self-inductance and stator-
rotor mutual inductance of the dg axis are both related to
6,, while the rotor flux of the dqg axis is decoupled in two
directions, so the current component of the dqg axis can be
decoupled according to the control method of rotor flux
orientation.

In the synchronous rotating coordinate system, the torque

equation is
pn vV Lma Lm

! P s Wrra — isareg) (33)

According to the principle of field oriented control,
the direction of the rotor flux is defined to coincide with the
d axis, that is, the g axis component is zero, while the d axis
component is equal to the magnitude of the flux, as is shown
in (34)

T, =

By _
dt (34)

qu - 07

1prd = I//r

The rotor flux equation and torque equation after rotor flux
orientation can be obtained as

W] —Wr = _& LmaLm‘Bi
1 r = Ws= Lr 1/fr sq
_Re/Twlug 6= / ond (35)
Lrp + Rr
p .
T.= fmlsqwr
;

Equation (35) shows that the rotor flux is only generated
by the excitation component izy of the stator current, and
has nothing to do with the torque component i,;. Therefore,
the decoupling of the stator current excitation component
and the torque component is realized on the dg rotating
coordinates, and the decoupling vector control of the six-
phase induction machine is realized when the structure is not
balanced. The reference voltage component in the «f-plane
is obtained by this method.

B. PR CONTROL IN HARMONIC SUBSPACE

UNDER OPEN-PHASE FAULT

PI controller has good tracking effect on DC component,
but poor tracking effect on AC component. Because the
current signal in harmonic plane is actually AC, this paper
introduces quasi proportional resonance (QPR) control in
harmonic plane to suppress the current in harmonic plane
after phase absence. QPR regulator has the same proportion
with PI regulator, but the integral part is different, so the
transfer function can be shown as

2w:S

w' = | kpi + kyj————
Z |:Pl rls2+2a)cs+w%

} (i — i) (36)

where, u is the given value of harmonic plane voltage, i} and
i; are the given value and feedback value of harmonic plane
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current respectively. kp; and k,; are proportional and harmonic
coefficients of PR controller respectively. w; is the resonant
frequency, . is the cut-off frequency and s is the Laplace
operator.

e K,
k.o
2 2
s’ +205+Go)
l: :0 + kr7a)cs
—> —>

- s’ +205+Tw)’

kr17a)cs

s’ +205+1 7o)

krl9a)cs

>
s>+ 205 +190)’

FIGURE 3. PR regulator in harmonic plane.

From the space decoupling matrix of normal and open
phase, it can be seen that the 6m £ 1(m=1,3...) th harmonic
current is projected to the harmonic plane. Therefore, this
paper mainly suppresses the 5th, 7th, 17th and 19th harmon-
ics. Fig. 3 shows the structure block diagram of the harmonic
plane PR regulator. The output voltage is the superposition
of one proportional link and four resonant links. In normal
operation, only two harmonic planes are needed because the
harmonic plane has only z; — z3 plane, and corresponding to
different open circuit faults, the number of required regulators
are 0-3.

IV. OBSERVER DESIGN METHODOLOGY

A. CURRENT OBSERVER DESIGN

Based on the unified mathematical model of the «8-subspace
under open-phases faults, the state equation is shown in (37).

Vrap A A | | Yrap 0
. = . + U 37
P|: Lsap Az A Lsa B [ aﬂ] 7
where A1y, A12, A21, A2z and B in (37) are the parameter
matrices, as is shown below.

~ R, Ry L
L - Y
Al = — " R, Ap = " Rer,g
e, X 0 —rmp
L L, L,
Lm(x O
_ o1Lso Ly
Ay = 0 Lunp Aqy
L oaLspLy
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me{ O RS 0
Ap = UlL(S)“Lr Lug Ap+ Ul(l)"m‘ R,
UZLsﬁLr GZLSﬁ
1
0
B = 01Lsq 1
0 -
(02Lsp)
2 L;
where, o1 =1 — ma,ag:l—Lﬁ.
Ly Ly LS/SLr

In (37), the firstsfé:rm in the stator current equation is the
same as the rotor flux linkage equation. That is, the same
coupling term exists in the rotor flux and the stator current
equation. According to the relationship between the flux and
the back electromotive force, the mathematical model of
equation (29) can be transformed into

Pg’:ﬂt _ LL”; (g — Ryise) — €7
Pgl;ﬂ _ LLT;(”’S — Ryisp) — erp (38)
pwm = "Cra
PYrg = —erp
L Lp

where, ¢, = , €= .
o1Lgo Ly U2LxﬂLr

In order to match the sample current with the observer
estimated current, a sliding mode observer is designed for
current observation. According to the theory of sliding mode
variable structure control, a sliding mode observer based on
saturation function is designed

o A
Plst 2 (g — Ryise) — Ksat (s — isa)

Ea Lo (39)
pisﬁ i L,

(ug — Ryisp) — Ksat(isg — isg)
e Lmp
where, the symbol”is the corresponding variable observation
value. K is the sliding mode gain coefficient, and the magni-
tude of K is selected according to the actual control system.
The switching function of the traditional sliding mode
observer is a symbol function, which will cause chattering.
To eliminate chattering in sliding mode control, a continuous
saturated piecewise function is used. The saturation function
is as shown in equation (40).

1 ,l:sotﬂ - isaﬁ > A

~

sat(isop —isp) = | LscB ~ Isap (40)

A <ligp—isp <A

-1 ,l:saﬁ - isozﬂ <-A

where, A is a small positive number that represents the
limit of the current error switching point. When the current
observation and actual value are larger than the set current
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error limit, the output value is the saturation value. When the
error is less than the set current error limit, which means the
state point reaches the switching surface, the output value of
sat function can change smoothly. The use of a saturation
function effectively reduces slip mode chattering. In addition,
when the current error switching point A is selected differ-
ently, the slope of sliding mode function will change. It is
necessary to comprehensively consider the actual situation.
The sliding mode function is represented by the functions
Arqe and A,g. During the movement of the sliding mode
variable structure on the sliding surface, because of frequent
switching, a large number of high-frequency components are
generated, and the low-pass filter can be used to filter out
high-frequency components to achieve equivalent control.

A | Mg
w |l = (41)
mpl o et ey

where, w.r is the cut-off frequency of the low pass filter.

According to the equivalent control formula (41), assuming
that the current observation value ?m s ?sﬂ and the actual
value iy , isg are equal when the machine reaches the slid-
ing surface. according to the concept of equivalent control,
the rotor flux in the static coordinate system can be obtained
by the negative integral of the equivalent control quantity,
as is shown in (42).

1;roz = f_)"a(eq)
A (42)
{Wrﬂ = [ =X peq)

The amplitude and phase of the rotor flux can be

described as
b= [m 492,

0, = AO, + 6,

(43)

The 6, can be extended to four quadrants. In order to com-
pensate the phase lag caused by the low pass filter, the com-
pensation amount A@, is added, and thus the observation of
the rotor flux can be realized. where,

Wy

Af, = — arctan( ) 44)
Ocf
6, = arctan zf 4 &ra +| JZZ,TD X724

where, w.r is the cut-off frequency of low pass filter.

According to the equivalent sliding mode function and the
flux linkage in the two-phase stationary coordinate system,
the rotor angular velocity is obtained. Further, (41) are con-
verted to

A%t = mﬁrot + wrl/}rﬁ — NLinaise
(46)
)‘fi]g = m/frﬂ — wrYrg — ULmﬂisﬂ

where, n = 1/7,.
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The two sides of the first row in (46) are multiplied by Il}r 65
and the second line is multiplied by 1,

&rﬂ)»igt = mzra I/,}rﬂ + a)rlzrzﬂ - anaisaI&rﬂ

47)

I/Ira)\i% = nwrﬁ Yra — I/Irza - anﬂ ixﬂ Vra

From (47) , the estimated speed can be written as
C?)r _ Izrﬂ )\fg - K&r(x}\j/qg - n(isﬂ 1/,}roszﬂ - iA‘Ol 1zrﬁLmot) (48)

Vi iy

According to (48), the speed estimation formula under
open-phase fault includes the mutual inductance component
of the o8 axis. When the machine is in normal state, there
is Ly = Lmg = Ly, and the speed estimation formula
degenerate into “‘healthy” state.

The control structure diagram of the sensorless fault-
tolerant control system for SPIM is shown in Fig. 4, where,
the current controller in d-axis and g-axis is PI controller,
which in z-axis is QPR controller. The i}, iy and u; is the
d-axis reference current, feedback current and reference volt-
age respectively. The i;, ig and uZ is the g-axis reference cur-
rent, feedback current and reference voltage respectively. The
i¥, i, and u} is the z-axis reference current, feedback current
and reference voltage respectively. The motor is powered by
two parallel three phase two level voltage source inverters.
By using SMO to replace the traditional encoder, the cost is
reduced, and backup protection is provided after the encoder
is damaged, which greatly improves the reliability of the
drive system. When the SPIM is running under normal state,
the SVPWM based on zero-sequence balance is adopted to
reduce the harmonics of stator current [25]. Because the space
voltage vector is irregular and its amplitude is not uniform
when open-phases fault occurs, it is difficult to realize the
SVPWM based on zero-sequence balance. The post-fault
SVPWM adopts based on virtual action time [26]. Compared
with the current hysteresis modulation strategy adopted in
the optimal fault-tolerant current control, the switching fre-
quency is fixed and the torque ripple is reduced, which can
be used in high-power applications. When a failure occurs,
the post-fault SVPWM can be used to generate a continuous
rotation of the voltage vector and reduce the torque ripple.

B. OBSERVER STABILITY ANALYSIS

The stability of the current observer in Part A is guaranteed by
selecting the appropriate sliding mode gain K. The Lyapunov
function [27] for the proposed sliding mode current observer
is chosen as

v =sTs, 49)
where, S, is the error between observing current and actual
T A . A .
current. S,,:[Sas Sﬁs] , So=lsq — Isa, Sp=isp — isp-

Combying (38) and (39), The differentiation of S,, can be
expressed as

_ PSa _ p(;sot — i)
Pon = [Psﬂ] B [P(isﬁ - isﬁ)] GO
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LR,
PSo = €q(erg — KySo — ——S5¢)
pSp = eplerp — KpSp — ——Sp)
Lmﬂ
Consider that
Sy S = S)pSn (52)

The Lyapunov function V is obviously positive definite
and satisfies the first condition of Lyapunov stability. It is
known from the second conditions of Lyapunov stability that
if the first derivative of the Lyapunov function is less than 0,
as is shown in (53), the sliding mode observer of the current
surface of the above analysis is stable.

LRy )}
LmCt

LR,
+2epSp | erp — Sp(Kp + 7 ) <0 (53)

mp

pV =28TpS, = 2¢,S, [em — Sq(Ky +

The sliding mode gain K can be expressed as
Saera  LyRy
2 L
Sgerg LRy
s2 " Lug
K > max(Ky, Kg) (55)

Ky >

(54)
Kg >

A proper K is selected to ensure the stability of the system
and to generate the sliding mode motion. The block diagram
of sliding mode flux linkage and speed estimation is shown
in Fig. 5, where Iy, and U, are the phase voltage and phase
current of the remaining effective phase respectively.

V. SIMULATION AND EXPERIMENTAL RESULTS

A. SIMULATION RESULTS

To verify the accuracy of the proposed sensorless fault-
tolerant control for SPIM Based on SMO, a simulation
module in MATLAB/Simulink is built. The structure dia-
gram of sensorless field oriented control of six-phase induc-
tion machine under open-phases faults is shown in Fig. 4,
the motor is powered by two parallel three-phase voltage
source inverters. The main parameters of the SCIM drive are
given in Table 2.

In order to verify the validity and correctness of the pro-
posed SMO speed sensorless fault-tolerant control method,
three kinds of open circuit fault conditions are simulated.
The total simulation time is 0.8s, the reference speed is set to
500r/min, the load torque is switched from no load to 10N-m
at 0.1s, the open circuit fault occurs at 0.4s, and the fault-
tolerant control strategy is adopted at 0.5s.

Fig. 6 is the simulation waveform of sensorless fault-
tolerant control when the motor transits from normal state
to sudden single-phase open-circuit fault. Fig. 7 is the sim-
ulation waveform of sensorless fault-tolerant control when
the machine transits from normal state to sudden two-phase
open-circuit fault. It can be seen from the waveform that
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FIGURE 4. The diagram of sensorless field oriented control of SPIM under open-phases fault.
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FIGURE 5. Sliding mode flux and speed observer block diagram.
TABLE 2. The parameters of SPIM .
Parameters Values Parameters Values
DC source voltage (V) 311 Rotor resistance (£2) 1.62
Number of pole-pairs 3 Stator inductance (mH) 444
Inertia (kg - m?) 0.02 Rotor inductance (mH) 444
Stator resistance (£2) 2.125  Mutual inductance (mH) 434

when single-phase open-circuit fault occurs, torque wave-
form appears double-frequency fluctuation with amplitude
of about 5N-m, and the resultant speed fluctuation is con-
sistent with the theory when single-phase open-circuit fault
occurs [9], the fault phase current is zero, other phase currents
are asymmetrical, the amplitude increases and the distortion
is serious.

The improved SMO can still identify the speed accurately
after phase failure. The estimated value and the actual value
of the motor tend to be same, and the error is very small.
The strategy is switched to the corresponding fault-tolerant
control strategy at 0.5s, the sinusoidal waveform of residual
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(©)
Time(s)

FIGURE 6. Dynamic performances under healthy, single-phase fault and
fault-tolerant condition. (a) Current. (b) Actual speed and observational
speed. (c) Torque.

phase current is well, the torque and speed fluctuations are
reduced, and the waveform tends to be stable. In single-phase
open circuit, the maximum one-phase current is close to 4.5A,
and the minimum current is close to 2A, which is smaller
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Healthy Fault Fault-tolerant

(c)
Time(s)
FIGURE 7. Dynamic performances under healthy, two-phase fault and

fault-tolerant condition. (a) Current. (b) Actual speed and observational
speed. (c) Torque.

6 T 1 T 1 T

FIGURE 8. Fundamental plane and harmonic plane current trajectories
under single-phase open circuit. (a) « — 8 plane current trajectory.
(b) z; —z, plane current trajectory.

than the current before fault-tolerant control. Compared with
single-phase open-circuit faults, the torque and speed fluctu-
ations are greater in two-phase open-circuit faults. Among the
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in/A
(b)

FIGURE 9. Fundamental plane and harmonic plane current trajectories
under two-phase open circuit. (a) « — 3 plane current trajectory.
(b) z; —z, plane current trajectory.

FIGURE 10. Stator flux trajectory. (a) Healthy and single-phase fault.
(b) Healthy and two-phase faulit.

remaining four-phase stator currents, the maximum
current amplitude is close to 4.8A and the minimum current
amplitude is close to 3.3A. Compared with one-phase
open-circuit faults, the current amplitude increases, and the
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FIGURE 11. Sensorless speed control of the SPIM under healthy and open-phases faults. (a) Healthy. (b) Single-phase

fault. (c) Two-phase fault. (d) Three-phase fault.

DC Power

Magnetic N
Powder Brake

FIGURE 12. Experiment platform of the six-phase induction machine.

power of each phase increases, which indicates that the
current needs to be increased to maintain the output power
unchanged.
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FIGURE 13. Experimental results of six-phase induction machine speed
identification under normal condition based on SMO. (a) Speed of
no-load start up. (b) Speed error.

Fig. 8 and Fig. 9 are the fundamental plane and har-
monic plane current trajectories of single-phase and two-
phase open-circuit under steady-state respectively. It can be
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FIGURE 14. Experimental results of six-phase induction machine speed

identification under normal condition based on SMO. (a) Speed from
rated load to no load. (b) Speed error.

seen that the fundamental plane current trajectory is elliptical,
which indicates that the amplitude of the « —f axis current is
different, the harmonic plane amplitude is much smaller than
the fundamental plane amplitude and the PR regulator has a
good suppression effect on the harmonic plane current.

Fig. 10 is the stator flux linkage of the motor. When
phase failure occurs, the flux linkage changes from circular to
elliptical, which is consistent with the asymmetry of the flux
equation on the o — § axis.

The experimental platform shown in Fig. 12 is built to
further verify the ability of speed-sensorless fault-tolerant
control strategy in tracking speed and resisting load distur-
bance. The reference speed of the control system is set to
500 rpm at t = O s, and set to —500 rpm at r = 0.2 s.
When the system is stable, the load will suddenly increase
from O to 10N-m. Fig. 11 is a dynamic response waveform
of motor speed in case of motor health or single-phase, two-
phase and three-phase open-circuit faults, including the actual
and estimated values of rotor speed and the errors between
them. The simulation results show that the proposed SMO can
accurately estimate the speed of the motor under open-phase
fault, with high accuracy, strong ability to track the sudden
change of speed, and high robustness to motor parameters and
load conditions.

B. EXPERIMENTAL TEST

The sensorless fault-tolerant control schemes for six-phase
induction machine have been verified by simulation. To fur-
ther verify the feasibility of the proposed scheme, the corre-
sponding experimental verification is carried out.
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FIGURE 15. Experimental results of six-phase induction machine stator
current under normal condition based on SMO. (a) Phase current of A, B
and C. (b) Phase Current of A and D. (c) «— g plane current trajectory.
(d) z; —z, plane current trajectory.

The machine used in the experiment is an asymmetric
squirrel cage type six-phase induction motor. A 2000 pulses
encoder is installed on the mechanical shaft to obtain real-
time rotational speed data as a criterion for speed identi-
fication. The rated voltage of the stator is 190V, the rated
current is 7.4A, the number of pole-pairs is 3, the rated speed
is 970r/min. The switching frequency is set to 10 kHz. The
experimental platform is shown in Fig. 12. The control system
platform mainly consists of two parts: the power circuit and
the control circuit. IGBT is used as the switching device of
the power circuit, and the DC voltage is 190 V. The core
control chip is TMS320F28335. A magnetic powder brake

VOLUME 7, 2019



Y. Geng et al.: Sensorless Fault-Tolerant Control Strategy of Six-Phase Induction Machine

IEEE Access

1000

Speed(r/min)

Speed error(r/min)

t (l;/div l
(b)

FIGURE 16. Experimental results of six-phase induction machine speed
identification under single-phase fault condition based on SMO.
(a) Speed of no-load start up. (b) Speed error.
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FIGURE 17. Experimental results of six-phase induction machine speed
identification under single-phase fault condition condition based on
SMO. (a) Speed from rated load to no load. (b) Speed error.

with a maximum braking torque of 20N-m is used as the load
of the motor. a four-channel oscilloscope is used to collect
the output waveform of the motor such as speed, torque and
phase current.
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FIGURE 18. Experimental results of six-phase induction machine stator
current under single-phase open-circuit fault based on SMO. (a) Phase
current of A, B and C. (b) Phase Current of A and D. (c) «— g plane current
trajectory. (d) z; —z, plane current trajectory.

In order to verify the validity of the speed-sensorless fault-
tolerant control strategy based on sliding mode observer,
the reference speed of the motor is set at 500 r/min, and the
rated load torque is added after the system is stabilized.

Fig. 13 is the speed identification results of no-load start
under normal operation. Fig. 14 is the speed identification
results from rated-load to no-load under normal operation.
Among them, (a) and (b) are the speed identification results
and speed error of the motor. The blue track is the actual value
of the speed and the red track is the observed value of the
speed. By choosing the optimal current sliding mode gain
K and the saturation width A, the chattering of the system
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FIGURE 19. Experiments result of phase current under two and

three-phase open circuits. (a) A and F phase open-circuit phase current.
(b) A, B and D phase open-circuit phase current.

can be greatly reduced. The experimental waveforms shows
that the purposed improved observer can accurately identify
the speed of the motor with minimal observation error, small
chattering phenomenon and strong robustness to load. Fig. 15
is the result of current operation under normal operation, (a) is
the three-phase stator current of A, B and C, and (b) is the
two-phase stator current of A and D. The harmonic content of
current waveform is less and the phase is correct. (c) and (d)
are the current trajectory of fundamental wave and harmonic.
The fundamental current trajectory wave is circular, and the
amplitude of fundamental current is much larger than that of
harmonic plane.

Fig. 16 is the result of speed identification and speed error
of no-load start under single-phase open-circuit operation.
Fig. 17 is the result of speed identification and speed error
from rated-load to no-load under single-phase open-circuit
operation. The motor speed can be observed even when the
motor is in one-phase open-circuit fault. Fig. 18 is the result
of current operation when the motor is in one-phase open-
circuit operation. Among them, (a) is the three-phase stator
phase currents of A, B and C, and (b) is the two-phase
stator phase currents of D and E. The harmonic content
of current waveform is small, and the phase is consistent
with simulation. (c), (d) are the current trajectory when the
motor is in one-phase open-circuit operation. The trajectory
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of harmonic plane current is elliptical when the phase is
absent, and the amplitude is much larger than that of harmonic
plane. The current amplitude of the motor under single-phase
open-circuit fault is larger than that under normal condition,
and the phase difference of each phase current is consistent
with the simulation. The amplitude of the harmonic current
is significantly smaller than that of the fundamental current,
which verifies the control effect of PR regulator. The speed
identification results of motor in two-phase open circuit and
three-phase open circuit are similar to those in Fig. 16 and
this paper will not go into detail. Fig. 19 is the current steady
state diagram of motor in two-phase open circuit and three-
phase open circuit respectively. The experimental results are
in coincident with the simulation results. From the experi-
mental results of sensorless fault-tolerant control under three
kinds of faults, it can be seen that the method proposed in
this paper can realize sensorless fault-tolerant control of any
phase failure.

VI. CONCLUSIONS

The proposed fault-tolerant speed sensorless control strategy
for six-phase induction machine has the advantages of high
accuracy, simple structure, easy adjustment of parameters
and high reliability under sensorless operation. Vector con-
trol after phase failure is realized in the fundamental wave
plane, and odd harmonics are suppressed in the harmonic
plane. By modifying the sliding mode observer, it can satisfy
the fault tolerance operation. The simulation and experiment
results show that the proposed speed sensorless fault-tolerant
control method of six-phase induction motor has good fault-
tolerant ability, tracking performance and strong robustness,
and suitable for high performance and high reliability driving
occasions. It is obvious to see that the proposed method can
be extended to the speed sensorless fault-tolerant control for
any type of multiphase induction motor in the case of open
fault.

REFERENCES

[1] W. Cao, B. C. Mecrow, G. J. Atkinson, J. W. Bennett, and D. J. Atkinson,
“Overview of electric motor technologies used for more electric air-
craft (MEA),” IEEE Trans. Ind. Electron., vol. 59, no. 9, pp. 3523-3531,
Sep. 2012.

Y. Zhao and T. A. Lipo, “Modeling and control of a multi-phase induction

machine with structural unbalance,” IEEE Trans. Energy Convers.,vol. 11,

no. 3, pp. 570-577, Sep. 1996.

M. Taherzadeh, S. Carriere, M. Joorabian, F. Betin, R. Kianinezhad, and

G. A. Capolino, “Analysis and control of six-phase induction machines

in unbalanced operating situation due to phase opening,” in Proc. 40th

Annu. Conf. IEEE Ind. Electron. Soc. (IECON), Dallas, TX, USA,

Oct./Nov. 2014, pp. 417-423.

M. Bermudez, I. Gonzalez-Prieto, F. Barrero, H. Guzman, M. J. Duran, and

X. Kestelyn, “Open-phase fault-tolerant direct torque control technique for

five-phase induction motor drives,” IEEE Trans. Ind. Electron., vol. 64,

no. 2, pp. 902-911, Feb. 2017.

[5] M. H. Holakooie, M. Ojaghi, and A. Taheri, “Modified DTC of a six-
phase induction motor with a second-order sliding-mode mras-based speed
estimator,” [EEE Trans. Power Electron., vol. 34, no. 1, pp. 600-611,
Jan. 2019.

[6] H. A. Toliyat, “Analysis and simulation of five-phase variable-speed
induction motor drives under asymmetrical connections,” IEEE Trans.
Power Electron., vol. 13, no. 4, pp. 748-756, Jul. 1998.

2

—

3

—

[4

[l

VOLUME 7, 2019



Y. Geng et al.: Sensorless Fault-Tolerant Control Strategy of Six-Phase Induction Machine

IEEE Access

[71

[8]

[91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

A. Mohammadpour and L. Parsa, “Global fault-tolerant control technique
for multiphase permanent-magnet machines,” IEEE Trans. Ind. Appl.,
vol. 51, no. 1, pp. 178-186, Jan./Feb. 2015.

A. Tani, M. Mengoni, L. Zarri, G. Serra, and D. Casadei, ‘‘Control of mul-
tiphase induction motors with an odd number of phases under open-circuit
phase faults,” IEEE Trans. Power Electron., vol. 27, no. 2, pp. 565-577,
Feb. 2012.

R. Kianinezhad, B. Nahid-Mobarakeh, L. Baghli, F. Betin, and
G.-A. Capolino, “Modeling and control of six-phase symmetrical
induction machine under fault condition due to open phases,” IEEE Trans.
Ind. Electron., vol. 55, no. 5, pp. 1966-1977, May 2008.

H. Guzman, M. J. Duran, F. Barrero, B. Bogado, and S. Toral, “Speed
control of five-phase induction motors with integrated open-phase fault
operation using model-based predictive current control techniques,” IEEE
Trans. Ind. Electron., vol. 61, no. 9, pp. 4474-4484, Sep. 2014.

F. Barrero, J. Prieto, E. Levi, R. Gregor, S. Toral, M. J. Duran, and
M. Jones, “An enhanced predictive current control method for asymmet-
rical six-phase motor drives,” IEEE Trans. Ind. Electron., vol. 58, no. 8,
pp. 3242-3252, Aug. 2011.

X. Sun, C. Hu, J. Zhu, S. Wang, W. Zhou, Z. Yang, G. Lei, K. Li, B. Zhu,
and Y. Guo, “MPTC for PMSMs of EVs with multi-motor driven system
considering optimal energy allocation,” IEEE Trans. Magn., vol. 55, no. 7,
Jul. 2019, Art. no. 8104306.

X. Sun, L. Chen, H. Jiang, Z. Yang, J. Chen, and W. Zhang, “High-
performance control for a bearingless permanent-magnet synchronous
motor using neural network inverse scheme plus internal model con-
trollers,” IEEE Trans. Ind. Electron., vol. 63, no. 6, pp. 3479-3488,
Jun. 2016.

X. Sun, Z. Shi, L. Chen, and Z. Yang, “Internal model control for a
bearingless permanent magnet synchronous motor based on inverse system
method,” IEEE Trans. Energy Convers., vol. 31, no. 4, pp. 1539-1548,
Dec. 2016.

X. Sun, C. Hu, G. Lei, Y. Guo, and J. Zhu, “State feedback control for a
PM hub motor based on grey wolf optimization algorithm,” IEEE Trans.
Power Electron., to be published.

X. Sun, L. Chen, Z. Yang, and H. Zhu, “Speed-sensorless vector con-
trol of a bearingless induction motor with artificial neural network
inverse speed observer,” IEEE/ASME Trans. Mechatronics, vol. 18, no. 4,
pp. 1357-1366, Aug. 2013.

R. Bojoi, G. Griva, and F. Profumo, “‘Field oriented control of dual three-
phase induction motor drives using a Luenberger flux observer,” in Proc.
Conf. Rec. IEEE Ind. Appl. Conf. 41st IAS Annu. Meeting, Tampa, FL,
USA, Oct. 2006, pp. 1253-1260.

R. Gregor and J. Rodas, “Speed sensorless control of dual three-phase
induction machine based on a luenberger observer for rotor current esti-
mation,” in Proc. 38th Annu. Conf. IEEE Ind. Electron. Soc. (IECON),
Montreal, QC, Canada, Oct. 2012, pp. 3653-3658.

L. Sheng, G. Xiaojie, and Z. Lanyong, ‘“Robust adaptive backstepping
sliding mode control for six-phase permanent magnet synchronous motor
using recurrent wavelet fuzzy neural network,” IEEE Access, vol. 5,
pp. 14502-14515, 2017.

A. S. Morsy, A. S. Abdel-khalik, S. Ahmed, and A. Massoud, “‘Sensorless
field oriented control of five-phase induction machine under open-circuit
phase faults,” in Proc. IEEE Energy Convers. Congr. Expo., Denver, CO,
USA, Sep. 2013, pp. 5112-5117.

M. Taherzadeh, M. Joorabian, S. Carriere, R. Kianinezhad, and F. Betin,
“Speed adaptive flux Luenberger observer used in sensorless vector con-
trol of an unbalanced six-phase induction machine,” in Proc. 5th Annu.
Int. Power Electron., Drive Syst. Technol. Conf. (PEDSTC), Tehran, Iran,
Feb. 2014, pp. 1-6.

W. Kong, J. Huang, B. Li, M. Kang, and L. Zhao, “‘Improved sliding-mode
observer for sensorless control of five-phase induction motor,” in Proc.
Int. Conf. Elect. Mach. Syst. (ICEMS), Busan, South Korea, Oct. 2013,
pp. 2024-2027.

L.Zhang, Y. Fan, C. Li, A. Nied, and M. Cheng, ‘‘Fault-tolerant sensorless
control of a five-phase FTFSCW-IPM motor based on a wide-speed strong-
robustness sliding mode observer,” IEEE Trans. Energy Convers., vol. 33,
no. 1, pp. 87-95, Mar. 2018.

H. S. Che, M. J. Duran, E. Levi, M. Jones, W.-P. Hew, and
N. A. Rahim, ‘‘Postfault operation of an asymmetrical six-phase induction
machine with single and two isolated neutral points,” IEEE Trans. Power
Electron., vol. 29, no. 10, pp. 5406-5416, Oct. 2014.

VOLUME 7, 2019

(25]

[26]

(27]

[28]

(29]

(30]

(31]

(32]

Y. Zhao and T. A. Lipo, “Space vector PWM control of dual three-phase
induction machine using vector space decomposition,” IEEE Trans. Ind.
Appl., vol. 31, no. 5, pp. 1100-1109, Sep./Oct. 1995.

D.-W. Chung, J.-S. Kim, and S.-K. Sul, “Unified voltage modulation
technique for real-time three-phase power conversion,” IEEE Trans. Ind.
Appl., vol. 34, no. 2, pp. 374-380, Mar. 1998.

H. Rehman, A. Derdiyok, M. K. Guven, and L. Xu, “A new current model
flux observer for wide speed range sensorless control of an induction
machine,” IEEE Trans. Power Electron., vol. 17, no. 6, pp. 1041-1048,
Nov. 2002.

V. I. Utkin, “Sliding mode control design principles and applications to
electric drives,” IEEE Trans. Ind. Electron., vol. 40, no. 1, pp. 23-36,
Feb. 1993.

X. Sun, Y. Shen, S. Wang, G. Lei, Z. Yang, and S. Han, “Core losses
analysis of a novel 16/10 segmented rotor switched reluctance BSG motor
for HEVs using nonlinear lumped parameter equivalent circuit model,”
1EEE/ASME Trans. Mechatronics, vol. 23, no. 2, pp. 747-757, Apr. 2018.
M. S. Zaky, M. K. Metwaly, H. Z. Azazi, and S. A. Deraz, ““A new adaptive
smo for speed estimation of sensorless induction motor drives at zero
and very low frequencies,” IEEE Trans. Ind. Electron., vol. 65, no. 9,
pp. 6901-6911, Sep. 2018.

H. Wang, X. Ge, and Y.-C. Liu, “Second-order sliding-mode MRAS
observer-based sensorless vector control of linear induction motor drives
for medium-low speed maglev applications,” IEEE Trans. Ind. Electron.,
vol. 65, no. 12, pp. 9938-9952, Dec. 2018.

L. Sheng, W. Li, Y. Wang, M. Fan, and X. Yang, “Sensorless control
of a shearer short-range cutting interior permanent magnet synchronous
motor based on a new sliding mode observer,” IEEE Access, vol. 5,
pp. 18439-18450, 2017.

YIWEN GENG was born in Jiangsu, China,
in 1977. He received the B.S., M.S., and Ph.D.
degrees from the School of Electrical and Power
Engineering, China University of Mining and
Technology, Xuzhou, China, in 2000, 2004, and
2014, respectively. From 2006 to 2016, he was
a Lecturer with the School of Electrical and
Power Engineering, China University of Mining
and Technology. Since 2016, he has been with
the Department of School of Electrical and Power

Engineering, China University of Mining and Technology, where he is
currently an Associate Professor. His current research interests include motor
control, photovoltaic inverters, and power electronics.

ZOU LAl was born in Henan, China, in 1993.
He received the B.S. degree from the College of
Electrical Engineering and Control Science, Nan-
jing Tech University, Nanjing, China, in 2017.
He is currently pursuing the M.S. degree in elec-
trical engineering with the School of Electrical
and Power Engineering, China University of Min-
ing and Technology, Xuzhou, China. His current
research interests include sensorless and fault tol-
erant control of multiphase motor.

YONGGANG LI was born in 1994. He received the
B.S. degree from the School of Electrical and Elec-
tronic Engineering, Shanghai Institute of Tech-
nology, Shanghai, China, in 2015, and the M.S.
degrees from the China University of Mining and
Technology, Xuzhou, China, in 2019. His research
interests include analysis and control of multi-
phase machine driving system, direct-drive, and
doubly fed wind power converter control.

110101



IEEE Access

Y. Geng et al.:

Sensorless Fault-Tolerant Control Strategy of Six-Phase Induction Machine

110102

DING WANG was born in Henan, China, in 1994.
He received the B.S. degree in electrical engineer-
ing and automation from Northwest A&F Uni-
versity, Yangling, China, in 2017. He is currently
pursuing the M.S. degree in electrical engineering
with the School of Electrical and Power Engineer-
ing, China University of Mining and Technology,
Xuzhou, China. His research interest includes in
the area of multiphase motor drive.

RUICHENG CHEN was born in Jiangsu, China,
in 1992. He received the B.S. and M.S. degrees
in electrical engineering from the China Univer-
sity of Mining and Technology, Xuzhou, China,
in 2015 and 2018, respectively. He is currently
with the China University of Mining and Technol-
ogy, Xuhai College, where he is currently a Lec-
turer. His current research interests include the new
energy electric vehicles and related technologies.

PENGFEI ZHENG was born in Anhui, China,
in 1993. He received the B.S. degree in electri-
cal engineering and automation from the Nan-
jing University of Posts and Telecommunications,
Xuzhou, China, in 2016, and the M.S. degree from
the China University of Mining and Technology,
Xuzhou, in 2019. His current research interests
include a bidirectional three-level LLC resonant
converter and its control.

VOLUME 7, 2019



