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Received: 2 April 2019 Five-phase fault-tolerant induction motor (FPIM) with open-end winding (OEW) can
Accepted: 15 August 2019 offer low torque ripple and it has a merit of high fault-tolerant capability due to its large
number of phases. In order to improve the operation performance under an open single-
phase. This paper proposes a Remedial Backstepping Control (RBSC) technique for a

Keywords: .
b 6,3: edial backstepping control, open-phase FPIM-OEW with the ability to run the system before and after fault condition. Hence, the
fault five-phase indu cti;)n motor FPIM-OEW losses are decreased, which improves the overall machine efficiency. The

proposed RBSC technique lies in the orthogonal reduced-order transformation matrix,
which is derived from the fault-tolerant current references, and a new zero-sequence
current related to torque ripple. Also, the effect of the open-phase fault on the motor model
under the transformation matrix is discussed. The simulation results of the proposed
technique under open single-phase are provided, wherein we demonstrate the
effectiveness of the proposed strategy with a fast dynamic and steady-state performances
as that under healthy operation.

transformation matrix, open end winding

1. INTRODUCTION motor through the inverters, which combines the advantages
of high fault tolerance of multi-phase machines and high

In recent decades, multiphase machines have attracted more power quality of multilevel inverters and induction machines.
and more interest for their use in applications where high This topology offers several advantages when compared with
reliability such as in electric vehicles [1], aerospace [2], the traditional single-sided two-level inverter supplied motor
electric ship propulsion and wind power generation systems [14, 15] such as higher redundancy, no clamping diodes or
[3]. Current interest in these machines is mostly the capacitors are needed and the possibility of the reduction of
consequence of their advantages, when compared to a power common mode voltage [4, 13]. However, an unexpected fault
equivalent three-phase machines in terms of: reducing the may occur due to improper operation. According to statistics
amplitude and increasing the frequency of torque pulsation, from [16], among all types of faults, an open-phase or broken-
reducing the current per phase without increasing the voltage phase of machines, short-circuiting of stator windings [17] and
per phase, and providing higher flux density and more output damage to switching devices in the five-phase bridge inverter
torque [4-6]. They have another distinguished advantage are the most common. In FPIM with one phase open, when
which is the improved reliability and continuous system open-circuit fault occurs, a unbalanced currents are generated,
operation even in the fault condition [7]. Among the available which increases the induced torque ripple [18] and distorts the
multiphase machines that have been proposed by Mengoni et air gap flux distribution causing eventual motor breakdown
al. and Immovilli et al. [8-10], the five-phase induction [19]. In order to meet the requirement of high reliability
machines (FPIM) are now recognized as a practical selections applications, FPIM-OEW offers more degrees of freedom,
in safety-critical high power applications, because of their which can be used with fault-tolerant control for compensation,
ability to increase at least 10% of torque compared to its three- thus ensuring the machine ability to continue to operate under
phase counterpart of the same active volume [11], in addition fault conditions. Furthermore, many fault-tolerant control
to the fact that they present a serious option that offers better strategies for multiphase motors have been proposed in five
machine performance under fault conditions [12]. [20], six [21], and seven phases [22], using permanent magnet
On the other hand, multilevel inverters are used in single- synchronous motors and induction machines. A global fault-
sided supply mode for adjustable speed drive application. tolerance control technique is proposed by Mohammad and
However, conventional multilevel inverters have some Parsa, and Scharlau et al. [23, 24], which can be applied to
drawbacks such as dc link voltage balancing problems and the analyze all possible fault cases in any multi-phase motor
use of high rating capacitors [13]. Alternative solution for regardless of the configuration of the motor’s stator windings.
obtaining multilevel output is by supplying an open-end Regarding the existing control techniques, the scalar control
winding (OEW) machine using dual inverter [4]. The star method (V/f) is simpler and still widely used in industrial
point is opened and the supply is given from both sides of the fields. In the literature, the control of multiphase induction
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motor using V/f is addressed in healthy [25] and faulty
operation [26]. The Rotor-Field Oriented Control (RFOC)
method, based on PI controller loop, which requires accurate
machine parameters, is the most widespread control technique
in the multiphase case. This technique has been applied in
FPIM in healthy [27] and faulty operation [28]. Another
widely used control technique is the Direct torque control [29,
30]. Other well-known non-linear controller like Backstepping,
has not been so deeply extended to the multiphase case, where
only healthy operation of FPIM is considered [31]. Improving
the fault-tolerant capability is a hot topic in FPIM [28, 18],
[32-34]. However, this fault-tolerant capability using
Backstepping methods has not been stated yet, being this a
main contribution of our work. This paper proposes a
Remedial BSC (RBSC) technique using a reduced-order
transformation matrix for a FPIM-OEW. This strategy
depends on choosing a Lyapunov function. The proposed
orthogonal reduced-order transformation matrix can reduce
the design complexity and can minimize torque ripple.
Therefore, the proposed RBSC technique is conceptually clear
and easy to realize.

This paper is organized as follows. Section 2 presents the
FPIM-OEW detailed model. Section 3 presents the proposed
RBSC technique with the transformation matrix is deduced. In
Section 4, the simulation results will be given to verify the
RBSC technique performance, before and after the fault event.
The conclusions are finally summarized.

2. OPEN-END WINDING FIVE-PHASE INDUCTION
MOTOR

2.1 Modeling of five phase induction motor

This paper presents a FPIM with a squirrel-cage rotor and
symmetrically distributed stator windings (with a fixed spatial

displacement of a = 2?71 between windings), uniform air gap,

and sinusoidal MMF distribution are considered [4]. The basic
equations of FPIM under balanced condition are discussed in
[35]. Defining y=0.4x, the Clarke transformation matrix [19,
36], which transforms the phase variables into a-f§ and the
zero-sequence subspace, and it will be referred to as T¢ can be
written as:

1  cosy cos2y cos3y cosdy |
0 siny sin2y sin3y sindy
[TC]:g 1 cos3y cos6by cos9y cosl2y (1)
0 sin3y sin6y sin9y sinl2y
105 05 0.5 0.5 0.5

The five phase stator currents of FPIM during healthy
operation can be defined as following:

lsa =la1 _la2
gy =1p1 1y

lsc :lcl -102 (2)
g =l ~an

lse = lel -l

e2
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The total stator rotating magneto-motive forces (MMFs) is
determined by the following formula:

E
MMF =% MMF, =Ni , +aNi, +a’Ni +a’Ni, +a'Ni,  (3)
A

with: a=cosy+jsiny

The multiphase system modeling is usually simplified using
the Vector Space Decomposition (VSD) approach [37]. For d-
g-x-y reference, four independent variables divided in two
orthogonal planes called d-¢g and x-y. However first
components d-q are responsible for torque production, while x-
y remaining components do not generate electrical torque and
generates losses in the system [4]. An additional axis called z
is also defined related to the zero-sequence component of the
system. The dynamic equation of five phase induction motor in
the d-g-x-y reference frame after transformation can be written
in the following form [4]:

Chisa’:al_i_il/?d
dt oL, ~
di
J:az_;’_LVX
dt oL, ™ @
di
ZSX = RS l‘\'x +LVYX
a Ll LI
di
L R,
dte LI, ™ LI, 7
dy, L, v,
a T, " T,
5)
n2 n (
diw:pil//r_ipTL_Ea)
dt JL, J J
with:
LR, +RIL>. . Ly, L.
a :_%lds +a)lsq _}_’"7(//’_}_ m_sq
oL L, oLT, Ty,
_ Lszr+RsL}2f . . Lml//r isqiSdLm
o) =- L2L l‘vq-w(lsq-i_ L2 )_ T
O- r—s 0 r rl//r

where: Ry, R,, L, Lyand L, are the stator resistance, the rotor
resistance, the magnetizing inductance, the stator inductance
and the rotor inductance, respectively. Ll;=Ls-L, is the stator
leakage inductance, LI/.=L,-L,, is the rotor leakage inductance,
n, is the number of pole pairs.

2.2 Dual inverter open-end winding with one DC source

The proposed dual two-level inverter feeding the open-end
stator winding of the five-phase induction motor is shown in
Figure 1 [4], where only one DC source is used. The dual
inverter are identified with indices 1 and 2. Inverter legs are
denoted with capital letters A, B, C, D, E with their suffix 1 and
2, O is assumed virtual neutral point.
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Figure 1. The dual five-phase voltage source inverter
connected FPIM with one DC source

The phase voltages of the two inverters can be given as
follows:

V=V =V
Vg =V =V,
Vi =Vei=Ve, (6)
Vi =Vp1 =V
Ve =Vg1 =V

where, (Vai, Va1, Vei, Vi, Ver) are the five phase output
voltages for inverter 1, (Vas, Vio, Vca, Vpz, Viz) are the five
phase output voltages for inverter 2.

3. FAULT-TOLERANT OPERATION

3.1 Robust backstepping control based on field-oriented
control

The basic idea of the Backstepping control (BSC) design is
the use of the so-called virtual control to systematically
decompose a complex nonlinear control design problem into
simpler, smaller ones. BSC design is divided into various
design steps [6, 38]. In each step we essentially deal with an
easier, single-input-single-output design problem and each
step will provide a reference for the next step. Stability and
performance of our system will be studied using Lyapunov
theory [4-6, 39]. The synthesis of this control can be achieved
in two steps.

Step 1: Computation of the reference stator currents

Since the rotor speed and the rotor flux module are our
control variables, we define the errors e, and e, representing
the error between the actual speed and the reference speed and
the error between the rotor flux module and its reference, the
tracking errors are defined by:

*
e,=w -

*
eylzl//r-l//)‘
. kA (7)
€,=0 -@
ex//:y/r_!r//r

Accounting for Eq. (5), Eq. (7) turns to be:

2
. noL

e =@ - i +—ow+-—+tn
. ¥ l//r Lm
e, =V, 5:*'3:*lm

The first Lyapunov function associated with the speed and
rotor flux errors can be defined as following:

V,= O.S(e; +e;)

V1=(-Kwe;-KmeZ)) ®

The pursuit of goals are achieved by choosing the references
of the current components representing the stabilizing
functions as [4]:

P Tr .k r

iy =7 [Kwewﬂy +?]

: : T,n

i :2L7’ @ +Kwew+@+ Lr (10)
' on,L,y, J J

i:’( :0

i, =0

where, K, and K, are positive constants that determine the
closed loop dynamics. To satisfy equation (10), we must
choose the dynamic errors as the following form:

> —_— 2
ew— Kwew
e =-K ez

®

w o

an

Thus, the tracking objectives will be satisfied if we choose.
So, the control ig; and i5, are asymptotically stabilizing and
are considered as references for the next step.

Step 2: Computation of the reference stator voltages:

To calculate the control law Vg,, Vig, Vi and Vg, of the
complete system, we will define in the second step the new
errors e;_,, eisq,eisxand €igy» which represent respectively the
errors signals between stator the current and their references
as follows:

L
eij(, Sl "l

.k
elq :lﬂi -lsq

. (12)
€. Tl lu

*

sd
S
elq =lsq _lsq
. (13)
ezY Sl g



Accounting for Eq. (6), Eq. (12) turns to be: rotor flux and of the stator currents, which is given by the
following expression:

. di 1
€, = Lsa - - de .
dt oL, Vv, :—(ej +e, +el +el +el +el ) (15)
. di, 1 2
ei\.q = - 27 sq
dt oL, (14) By using (15), the derivative of the Lyapunov function is
dii, R 1 i :
é, = Lox _ s igx _ 7V?X glVel’l by
“ dt LI, LI
di* R 1 V2 :(ewéw +e.€, +e;,é;, +e, €, +e, e, +el.’e',.”) (16)
¢ Uw R % Wiy i T T
Wooode LICY LI Y

By replacing Eq. (14) in Eq. (16), one can obtain:
The final Lyapunov function V, based on the errors of speed,

: L di v
—(_ 2 _ 2 _ 2 _ 2 _ 2 _ 2 “m_ lsd _lds
V2 _( Kl//eW Kﬂ’ew Kimeiwl Ki.\‘qeivq Kiue"w Kisyei\y )+ei\u (T e'// + dt a O'Lr +eileiwl)
+e. (ny.e +di; a Vo +e, K. )+e (di:‘ R, 1 V +e K. ) (17)

_ -a, - K. ) e et v . K,
isg ny, o dt 2 O'Ly [ [~ dt Ll5 sx Ll5 sx [

+e, Y| -—7V_ +e, K,
ig ( dt Llé sy LlA K iy iy, )

To ensure that the derivative of the Lyapunov function V>
must be negative:

Backstepping Control
; 2

2 2 2 2 2 2\ _
(Kol -Kel Kol K, el K, el K, el )=0

I Lk s
(Zze +dlszi_a]_Vsd +e, K, )=0 T
T, d e,
vl iy o Vo Kk =0
= ‘e(u + -a, - +ei i = @ i i
NGL da oL, ' (18) M EI ‘ DR AR
d. *‘ R 1 Block of Calculation N -«
( L iy - Vi+e K, )=0 =
ac LI LI o
dil R

G Ry Ly v &, )=0

a LT e Figure 2. The basic scheme for fault-tolerant Backstepping

control of OEW-FPIM

The control voltages based on currents errors are given by: 3.2 Orthogonal reduced-order transformation matrices

system can continue operation in satisfactory manner under
fault condition [19]. Under open-circuit conditions, the currents
i} L in the remaining healthy phases can be continued, due to its
v, =ol, (K i€, "o rny.e, +di / dt ) independence of phases, we assume phase “A;-4>” as the open
R j (19) phase. As a consequence, the injected currents can be expressed
s
l SX

sd

I The fault-tolerant capability of a motor means that the drive
V' =0lL, {K,.“lei -a e, +dil, /dt]

”

V' =o(Ll,+L,)| K, e, +di_ [dt- as:
sx E sxo ber h Lls l. — 0
* * R [ — 1 - — 7
V:=o(Ll, +Lm)[1<,\_ei\_ +di!, Jdi - isyj i,, =1.382sin(wt -36) =-i, (20)
’ e Li i, =1.382sin(wz -144) =i,
To ensure the control stability, the gains kisq, Kisq, kisx and kigy For a FPIM-OEW with line ‘4;-4,> assumed open, the
should be cons1dered' positive by selecting the appropriate remaining healthy phase currents that maintain the same rated
values. The block diagram of the proposed fault-tolerant fundamental MMF, thus providing the desired torque. The

RBSC for OEW-FPIM under single-phase open is shown in resultant MMF after the fault can be expressed as:
Figure 2.

E
MMF =% MMF, =aNi, +a’Ni_ +a’Ni, +a'Ni,  (21)
B
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It is worth noting that a disturbance-free operation can be
achieved if the MMFs, produced by the phase windings, do not
change in both healthy and fault conditions. Therefore, by
using transformation, it can be derived as [40]:

For the healthy conditions

Lus 1 0

i cos sin .
o Z ) ; cosf —sin@)| i, -
i, |=|cos sin
“ 4 . " sine  coso i @2)
i cos3y sin3y *

i, | \cosdy sindy

For the fault conditions

Iy cos0.5y sin0.5y

i cos2 sin?2 cos@ —sin@)|i,

R ETEI A Y3

iy cos3y  sin3y |\sinf cos@ )i

i, cos4.5y sind.Sy

It can be noted from (22) and (23) that the amplitudes of the
healthy phase currents enlarge to 1.382 times at fault-tolerant
operation, and the phasors of Ci-C, phase and D;-D, phase
remain their original places. Meanwhile, the phasor angles of
Bi-B; phase and E-E; phase shift 0.2x, and A41-A» phase phasor
disappears. Hence, the current phasors under fault-tolerant
condition are different from that under healthy condition. The
use of the normal decoupling transformation matrices results
in coupling currents [41]. Therefore, in order to perform BSC
in the fault-tolerant operation, the transformation matrices
have to be redefined. The production of the transformation
matrix and its inverse matrix should be an identity matrix, the
orthogonal reduced order transformation matrix can be derived
as:

cos4.5y |
3.618
sin4.5y

[ cos0.5y
3.618
sin 0.5y

cos2y
3.618
sin 2y
1.91 1.91 1.91 1.91
sin y sindy sin6y  sin9y
5 5 5 5
1 1 1 1

L J

cos 3y
3.618
sin3y

24)

The inverse transformation matrix is:

c0s0.5y sin0.5y siny 0.181
sin4y 0.181
sin6y 0.181

sin9y  0.81

cos2y
[[]'=1.382] cos3y
cos4.5y

sin2y
sin 3y (25)

sin4.5y

To introduce the BSC strategy into fault-tolerant operation,
the FPIM model should be rewritten under phase (41-42) open-
circuit fault:
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. di, .
VW = ZWRS +L, idt -a)LSZW
, di, _
V =i R +L ——+woLi,
" dt ‘ (26)
v —ir +r1 %
: ‘ dt
V. =0

By applying (23), the voltage references can be obtained as:

Vbs V»‘.‘f?/ €,
4% V. ,
es | F—IH—I sfq + € (27)
de Vz ed
Ves VO ee
where:

€, sin(6—0.5y)
e, sin(@ -2

ooy | (0-2y) 28)
e, sin(@—-3y)
e sin(@ —4.5y)

The proposed RBSC technique is different from the
previous published works [3, 22, 34, 42], in which the reduced
order transformation matrix of the post-fault have been
identified. The proposed strategy simplifies the matching
design of the transformation matrix. Also, it needs no solution
to the generalized zero-sequence current, thus the fault-
tolerant RBSC technique can be easily realized.

4. SIMULATION RESULTS AND DISCUSSION

In this section, to prove the viability the efficiency of the
proposed RBSC scheme, the Matlab/ Simulink software
package has been used for the purpose of testing the motor
under healthy as well as open phase cases. The parameters of
the studied OEW-FPIM for simulation are listed in the
following: R~10Q, R~=6.3Q L~0.4642H, L,=0.4642H,
M;,=0.4212H, 1=0.02 Kg/m?, F=0N.m.s The reference rotor
flux used is 1 Wb. The performed test considers that the open-
phase fault condition occurs in phase ‘4i-4>’ and the fault
occurrence is emulated by opening a power relay connected in
series with the faulty phase. When open-circuit fault occurs in
phase (41-A42), the Park transformation matrix and their inverse
matrices are replaced by (22), (23) and their inverse matrices.
It is assumed that a step reference speed of 100 rad/s is applied
with the machine mechanically unloaded and then it is loaded
with its load torque of 7 N.m at 1s. The resulting waveforms
for RBSC are shown in Figure 3 to Figure 7, side by side,
speeds, torque, d-q rotor flux, d-q stator current and flux
trajectory are recorded. During the BSC method of the FPIM-
OEW drive, the phase open-circuit fault occurs at 1 s, and then
the RBSC method is activated at 2s. The reference and real
speed are shown in Figure 3. The fault occurs at time t=1.5 s,
it is observed that the real speed has more vibration suggesting
that the loss of phase “A4-4,” cause more serious asymmetry
for the motor. After one second. The motor speed ripple are



decreased, when the proposed RBSC algorithm is applied, as
it is illustrated in Figure 3.

w Wref
=100~
2 /
= 100
= 99.98 g
0w Y |
o ggoa T
‘ 12 14 16 18 2 22
0 | | | |
0 05 1 15 2 25
Time (sec)
Figure 3. The reference and real speed
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Figure 4. The electromagnetic torque
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Figure 5. The d-q rotor flux

The load torque and the developed electromagnetic torque
by the studied motor are shown in Figure 4. As a result of the
improper control, the remaining phase currents are distorted,
thus resulting in significant torque oscillation (3.73 N.m).
When the RBSC is activated, it is also observed that the
proposed controller reduces the torque oscillation
considerably (2.37 N.m). Therefore, the proposed RBSC can
retain the steady-state torque performance as the healthy
operation (2.28 Nm), ensuring high performance for torque
control under single-phase open. According to Figure 6 which
presents the d-g-axis stator current response, before and after
the fault appearance. It can be seen that iy is constant, while
isq 1S approximately proportional to the electromagnetic torque.
Therefore, in fault condition, the frequency of the torque
fluctuation is the same as that of the q-axis current fluctuation,
as illustrated in Figure 6. The performance of the trajectory of
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the o- rotor flux is also shown in Figure 7. In fault condition,
due to d-axis stator current disruption, the trajectory of the
rotor flux is elliptical. When the RBSC is activated, the
trajectory of the rotor flux with RBSC is circular, which
coincides with that under healthy condition.

20 \
[
—_ d
<5 sq B
10t ]
?c_: e
= Ul 1
w
1 1
1.5 2 25

Time (sec)

Figure 6. The d-q stator currents of OEW-FPIM
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096 097 098 o.gg/
-1 | —— N _'/,/"
L L L L
1 05 0 05 1

Figure 7. The trajectory of the a-f rotor flux

According to the elaborated results. It can be seen that the
transition from the pre-fault to the post-fault situation is almost
unnoticeable. So, the RBSC strategy is effective during the
loss of one phase, offering a similar performance as in healthy
condition.

5. CONCLUSION

The single-phase open fault being the most common type of
faults, it is next analyzed in a generic multiphase machine with
an odd number of phases. This paper has proposed a RBSC
strategy for the FPIM-OEW with single-phase open. Its unique
contribution is the derived orthogonal reduced-order
transformation matrix. Firstly, the effect of an open-phase
fault condition has been modeled, showing that it is necessary
to modify the transformation matrix. Next, a phase domain
motor model has been presented, which has the ability to
provide insight into the behaviour of a FPIM-OEW after loss
of A; — A, phase. The transformation matrix has been derived
from the optimal fault-tolerant currents. Finally, the
simulation results conclude that the proposed control
technique can operate the machine after the fault occurrence
using the healthy phases. Also, the compensation strategy
ensures disturbance-free operation, and has the same dynamic
and steady-state performances as that under healthy operation.
Additionally, the RBSC strategy requires no extra hardware,
except the transformation matrices. Therefore, the proposed



RBSC strategy is simple and easy to be implemented.
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APPENDIX

Acronyms

RBSC: Remedial Backstepping Control

BSC: Backstepping Control

FPIM: Five phase induction motor

OEW: Open-end winding

FPIM-OEW: Five phase induction motor open-end winding
RFOC: Rotor-Field Oriented Control

MMFs: Magnetomotive forces

VSD: Vector Space Decomposition
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