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1. INTRODUCTION

AC motor drives are widely used in industry. In these drives, AC motors like Induction Motors
(IMs) and permanent magnet synchronous motors are used. These drives are employed applications such as
Heating, Ventilation and Air Conditioning (HVAC), fans, mixers, robots etc. Squirrel cage IM offers many
advantages to DC motors. The main problem with a DC motor is its commutators and brush maintenance,
which renders this type of motor inoperable in dirty environments. In recent years, DC motors have been
replaced by AC motor drives. There are many types of controlling methods for 3-phase IMs [1]. One of the
most common methods for controlling the speed and torque of 3-phase IMs is Field Oriented Control (FOC).
In last four decades many researchers have investigated this method [2], [3].

Open circuit is one of most familiar failures in the IM stator windings. Blown fuses, the opening of
coils, mechanical shaking of the machine and etc. causes this fault. Recently, different techniques have been
developed to detect stator-winding faults in IMs [4]-[8]. In [4] an approach based on look up tables and
neural networks, in [S] a method based on negative sequence current estimation and in [6], a technique based
on unknown input observer and Extended Kalman Filter (EKF), have been presented for stator windings fault
detection in IM. Fault detection in this paper is implemented using on-line calculations that require motor
voltage and current as introduced in [7]. The method enables almost immediate detection depending on the
sampling of the system by reconstructing the current space phasor based on the IM equation and comparing it
with its actual measured value. Variables that are needed to generate the detection signal are available from
the vector control algorithm, thus detection can be performed almost immediately [7]. Another method that is
used to detect open stator winding is introduced in [8] whereby a balanced 3-phase high frequency signal
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with small amplitude was used to detect faults. Both methods provide almost immediate open stator winding
detection and are assumed in this paper.

Modeling of a faulty or unbalanced 3-phase IM is extremely important in some critical applications,
such as traction drive in military and space exploration, to ensure fault-tolerant operation. In order for the
same control algorithms as used in the balanced 3-phase IM to be directly applied to the faulty motor, a
model of the faulty motor should have the same equation structure as the balanced 3-phase IM model. The
model of the unbalanced 3-phase IMs is, in principle, similar to the single-phase IM model. Several
controlling methods have been introduced to control single-phase IMs, which can also be applied to the
unbalanced or faulty 3-phase IMs [9]-[16]. In [9], Rotor Field Oriented Control (RFOC) of single-phase IM
with hysteresis current controller has been presented. In [10], Stator Field Oriented Control (SFOC) of
single-phase IM with current double sequence controller was presented. The use of a current double sequence
controller causes the controlling system to be very complex. Asymmetry in the stator main and auxiliary
winding in single-phase IM causes torque and current oscillations, even in the vector control of single-phase
IMs. To solve this problem, in [11] a new decoupling vector control of single-phase IM has been proposed.

n [12], [13] Direct Torque Control (DTC) method for single-phase IM has been discussed. In [15], a
technique for sensorless single-phase IM efficiency maximization control using variable speed drives has
been proposed and implemented. In [16], SFOC for two-phase induction motor with rotor speed estimation
using Model Reference Adaptive System (MRAS) has been shown. Using the MRAS technique does not
yield good results in the low speed IM drive operation. Moreover, this method is sensitive to resistance
variations. In [17]-[21], several methods for 3-phase IM in faulty mode or single-phase IM were shown. By
introducing new rotational transformations for stator current and voltage variables, these papers offer some
method to control faulty or single-phase motors. By using the transformation matrices, it is shown in [17]-
[21] that the equations of the unbalanced 2-phase IM for RFOC control strategy can be transformed into a
structure of equations, which are similar to the balanced RFOC IM. It was shown that the exact RFOC block
diagram used for balanced IM could be directly used for the unbalanced IM provided that some adjustments
are made to the machine parameters [17]-[21].

Accurate speed estimation is an essential requirement for robust and highly accurate IM control.
Using optical and mechanical sensors (such as tachometer, encoders etc) increases the complexity, cost, and
drive system size. In addition, using these sensors decrease the reliability and robustness of the variable
frequency drives. These disadvantages can be removed by rotor speed estimation. In recent years, speed
estimation of single-phase IMs (unbalanced 2-phase IMs) techniques has attracted the interest of researchers
[14]-[16] and [22]. In the work of Jemli et al. [14], a new method to estimate rotor speed by measuring stator
currents and the reference g-axis current for single-phase IM has been presented. In [15] a speed estimation
technique for single-phase IMs based on a machine model in the stator flux reference frame is proposed. In
[22], speed sensorless RFOC of single-phase IM by using Extended Kalman Filter (EKF) has been presented.

The performance of the previous FOC for single-phase IMs or faulty IMs strongly depends on the
load disturbances, unknown parameters, parameter variations (such as rotor and stator resistance), tuning of
PI controller coefficients etc. Many researchers have been done on the IM drives to protect the performance
of the controlling system under parameter variations such as neural control [23], fuzzy control [24], adaptive
control [25], [26] and genetic algorithm [27]. One of the methods to overcome the parameter variation and
system uncertainties in IMs is the use of adaptive sliding mode [28]-[30]. This method can provide a fast
dynamic response, can be used in the observers design and can be employed for speed control of AC motor
drives. The suggested method in [28] showed that using adaptive techniques could satisfy aching conditions.
In this paper, the zero tracking error is obtained in the case of unfamiliar upper bound on norm of
uncertainties as well as demonstrating the stability of a closed loop system. In [29], a new sensorless second
order sliding mode control is applied to current fed IM. In addition to speed, load torque, rotor flux and rotor
time constant are also estimated in this work. The proposed Higher Order Sliding Mode (HOSM) decreased
the chattering problem, which causes an increase mechanical stress. The method presented in [29] requires an
accurate knowledge of motor parameters. Paper [30] proposed a robust vector control for 3-phase IM drives
with an adaptive sliding mode control. In this paper, the proposed variable structure with adaptive algorithm
to calculate the sliding gain value is used. The results of [30] showed the proposed controller provides
dynamic, high performance characteristics and it is robust with respect to parameter variations and external
load disturbances.

In the proposed speed sensorless RFOC strategy for faulty IM, based on equivalent circuit of single-
phase IM, rotational transformations are obtained and applied to the faulty 3-phase IM equations. Using these
rotational transformations, the structure of the unbalanced 3-phase IM begins to resemble the balanced mode.
Therefore, with some modifications in the conventional vector control of balanced 3-phase IM, vector control
of unbalanced IM is possible. In the proposed speed sensorless RFOC method for faulty motors, for the
robust vector control of faulty 3-Phase IM, an adaptive sliding mode control based on [30] is employed. As
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the upper bound is used in the calculation of switching gain in the sliding mode control method, this method
requires previous information of the upper bound for the system uncertainties. Choosing an accurate upper
bound simply cannot be found in practical control systems as the uncertainties are very complicated [28],
[31]. This research employs an adaptive sliding mode control with on-line estimation of sliding gain with the
purpose of compensating for the system uncertainties. This report is organized as follows:

In section 2, the mathematical model of faulty IM in the dg frame is presented. The RFOC equations
for faulty 3-phase IM are then presented using conventional rotational transformation. In section 3, the main
idea behind using new rotational transformations and equations of RFOC for faulty IM by using proposed
rotational transformations is provided. A method for speed estimation of faulty IM is presented in section 4.
Vector control of faulty IM with adaptive sliding mode control and checking the stability of presented
controller is shown in section 5. In section 6, the performance of the proposed method is evaluated and
checked using Matlab software and section 7 concludes the paper.

2. MATHEMATICAL MODEL OF FAULTY IM
Suppose that a phase cut off fault has occurred in phase “c” of a 3-phase IM. The dq equations of
faulty IM can be described as following equations:

S ;S dﬂ’;’s S +S d/l;S N .S +S N - .S

Vas = Flag T a Voo =Tl + . Ay = Lydy, + Mty A =L +M i, 0

.5 dﬂfd N .S d ;V N N .5 .S N EX .5

O=ri, + to .k, ,0=ri, + ok, A, =M +Li, , A =Mi +Li

dt dt ' ! o v

Where:
3 1 3 V3

Lds = L/s + Lmd’LqS = L/s + Lmq’Lmd = ELm:’Lmq = ELm:’Md = ELms’Mq = 7Lms (2)

Moreover, Vi, Vg, s Lgs Par Pgrs Adss Aqsr Aar and A’ are the dg axes voltages, currents, and
fluxes of the stator and rotor in the stator reference frame (superscript “s”). r; and r. denote the stator and
rotor resistances. Ly, Ly, L, Myand M, denote the stator, the rotor self and mutual inductances. o, is the
machine speed. Electromagnetic torque and moving equation are as following equations:

r - g(M i = M i)

q-95

T, T, = i(Jd&+ erj
P dt

3

As can be seen from (1)-(3), the equations of the unbalanced motor are similar to the equations of
the balanced one. In fact, by substituting M;=M,=M=3/2L,,; and L;=L,=L,=L;+3/2L,, in the unbalanced
equations, we can obtain the familiar equation of balanced motor. It can be said that the two stator windings
of "a," and "b," with an equal number of turns and a spatial displacement of 120°, are transformed to "d," and
"g," windings with an unequal number of turns and a spatial displacement of 90°.

3. RFOC EQUATIONS OR FAULTY IM

In the RFOC method and in the balanced condition, conventional rotational transformation
(balanced rotational transformation), which is applied to the machine equations is as follows (in RFOC
method, the motor equations are transferred to the rotor reference frame) [1]:

[T:]: { cos@, sin He} @

—sinf, cosd,

In this equation, 6, is the angle between the stationary reference frame and the rotor flux oriented
reference frame. By applying Equation (4) to the faulty IM equations (Equation (1)), faulty motor equations
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are divided into forward and backward components [19]. The backward components are created because of
different inductances in faulty IM. Controlling faulty IM is possible by split control of forward and backward
components but the control system will be complex. To solve this problem (generating backward terms in the
faulty IM equation), transformation matrixes can be applied to the faulty motor equations, and by applying
these matrixes, faulty motor equations are obtained as balanced motor equations. Using these rotational
transformation matrixes is obtained from the steady state equivalent circuit of single-phase IM. The single-
phase IM circuit is shown in Figure 1 [32].

Figure 1. Steady state equivalent circuit of the single-phase IM

In this figure, V,,, V,, I,, and I, are the main and auxiliary voltages and currents, "a" is the turn ratio
(a=N,/N,,) and "j" is the square root of "-1". E,rand E,, are the forward magnetizing branch voltages of the
main and auxiliary winding. E,, and E,, are the backward magnetizing branch voltages of the main and
auxiliary winding. R, and R, are the forward and backward stator resistance in main winding. Xy and X, are
the forward and backward stator inductance in main winding. R;,, R, X}, and X}, are the leakage resistant
and inductance of the main and auxiliary winding. From Figure 1, the following equations can be written:

J J
V,=2,1 +Efm——Eﬁl+Ebm+—Eba

Im*m a a (5)
V,=2,1, +E_/a + jaEﬁn +E,, —jak,,
Where:
2 2
Efm :Z/']m H Ebm :Zblm H E/iz = Z/']a H Eba =a Zbla (6)
Zj = Rf +jX/' , Zy=R,+jX, , Z,=R,+jX,, , Z,=R,+jX,
By applying the following change of variables,
1
I, = —(Il +12)
2 (7

J
I =-L(1-1I
a 26((1 2)

Ratio of windings currents is obtained as follows:
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1, Z,+a*(Z,+Z)+ja(Z,-Z,)

I, Z+tZ,+Z,-joa(Z,-Z,) )
1L, aZ,+jl,+2aZ(aj+])

I, -aZ,+jZ,+2aZ (aj-1)

2

By using the following change of variables,
N=2V,+JjZJy, ©)

Figure 1 can be simplified as Figure 2.

Figure 2. Simplified equivalent circuit of single-phase IM

In Figure 2:
Z(Z, +2Z )+ Z,(Z,, +2Z
Z:(Z3+Z4)( l( Im f) 2( Im b))
27,
Zo=aZ, +jZ, +2aZ,(aj+1) (10)

Z,=-aZ,+jl,+2aZ (a j-1)

Moreover, Z; and Z, are the function in terms of M, and M,. As shown, the equivalent circuit of a
single-phase IM is changed into a balanced circuit. Equation (7) and (9) can be rewritten as the following

equations:
N, ]
- 11
[1 — ] N" 1 [m ( )
N

le _ _Z4 sz_ Va
Vl jZ4 Zz_ Vm

With the following substitutions:

m

N, M, ) . .
H ]Vl _>vds H I/l _>qu (12)

j—sing, , 1>cosb, , —L=
Nd Md

a

s s . e e s B
V,—>v, , V, > Vs s g, -1, , I, > Iy 1, —>i, ,1,—> Ly

The rotational transformations for stator voltage and current variables are obtained as follows:

.S
iy

M, cos 0, sin 6, |:A:| (13)

HEZHER
Lys Lgs - Md sin 6, cos 6,

q
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{v;} B [T“]{V‘;‘}— {—24 cos 0, Z,sin Qe}{v;} (14)
1% Ve Z,sin@, Z;cosb, ||v,

Equation (13) and (14) are transformation matrixes for variable transformation from unbalanced
mode to the balanced mode. It is expected that by using these transformation matrixes, the unbalanced faulty
IM equations become similar to the balanced motor equations. In RFOC method, the rotor flux vector is

aligned with d-axis (44" = |4, 4, = 0). With this supposition and by applying (13) and (14) to the faulty
motor equations and after simplifying, RFOC equations are obtained as:

Mqi; o, =0, + Mqi;‘? s T, = B%
T)" ﬂ'r 2 Lr

1+Td/dt

Al

e 7| gs

(15)

In (15), 7, is rotor time constant. As shown by using the proposed rotational transformations
(Equation (13) and (14)), RFOC equations for faulty IM begin to resemble balanced equations. The only
difference between these equations and balanced IM equations is that in the balanced mode, we have M

instead of M,. Necessary modifications to the conventional vector control, to make it suitable for the
unbalanced motor, are summarized in Table 1.

Table 1. Comparison between Two Vector Control Methods

Conventional Vector Control for the Balanced Motor Modified Vector Control for Faulty IM
3 to 2 transformation of the stator currents: 2 to 2 transformation of the stator currents:
PX las + 1 - - las .8 .
Iy —[T] il= 2 2 2 |, i | N2 |1 =1,
5 B R I o Y33 il 2 (1 1|
S . — . qs s
l(s 2 2 l(s
Balanced rotational transformation of the stator currents: Unbalanced rotational transformation of the stator currents:
M .
y ST Lcos 0, sin @, |
e . s IS 1
i cos €, sin @, || i .‘f = a ff
o | T . s Lgs _M, sin @, cos 6, |L'e
i —sin 8, cos 0, || i, M e e
q
Mutual inductance: Mutual inductance
3 NG
M ==L _ _
2 ms M - M q 2 L ms

In this paper, rotor flux oriented faulty IM control with hysteresis current controller has been

presented. Based on Equation (15) and Table 1, a block diagram of the fault-tolerant RFOC can be shown as
Figure 3.

I I T e

Bl

| Batanced M . H T e
i Balanced Motor —» M Py L, . ilile)
iUnbnlnncetl Mator —» AF — EL’M; =

: 2 i .:’(_

Figure 3. Block diagram of the fault-tolerant RFOC
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4. ROTOR SPEED CALCULATION

In this section a method for an accurate estimation of rotor speed based on motor voltages and
currents in the stationary reference frame is presented. Based on (1), the angle 6, (the angle between the
stationary reference frame and the rotor flux oriented reference frame) and its derivation can be defined as
follows:

Ay o 4o A2
ﬂ«s dr r
0, = arctan[ i j = 9. _ o — _dt " dt (16)

s e 2 2
dr dt ﬂ’;r + ﬂ’;r

From Equation (1), it is obtained:

ady L e Ll o L M L o X, (17
da M, "~ M, da)” T.° T
dx M
ar _ LV;Y _ L r+o,L, d [ _iﬂ; ol (18)
a M, " M, tdt)" T " T
Where,
MZ
o,=1-—"1
LL, (19)
MZ
o,=1-—4
LrLds
Substituting Equation (17)-(19) in Equation (16) obtains:
e r T’, ﬂZVZ I ﬂ‘;rz

Then, substituting Equation (16) in Equation (20), @, can be written as (21).

[4)

r

da " 4 T

r

U Ny g g dhy M Al — My 2D
¢ 2 ; 2
22

Therefore, in terms of the stator measured currents, voltages, and the rotor flux, w, is obtained as (22).

1 ((L ., L d\. ).
a)r = 2 M vqx - M rA + O-qus E qu ﬂ’dr
|ﬂ’r| q q (22)
, ML —M, A i
_ﬂ‘sr iv‘; - Lr rs + o-des i l(;s - e —
! Md Md dt ]—;"
Where,
;2 .2
PAREY A (23)

The structure of Equation (22) is like the structure of balanced IM. The only difference between
these equations and balanced IM equations is that, in the balanced mode we have: M instead of M, and L,
instead of L.
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5.  VECTOR CONTROL OF FAULTY IM WITH ADAPTIVE SLIDING MODE

From Figure 3, the controlling of faulty IM is sensitive to the variation of speed PI controller
coefficients. In other words, from balanced mode to unbalanced mode, the coefficients of speed PI controller
should change. In this paper, an adaptive sliding mode observer is replaced instead of speed PI controller.
The mechanical equations of an IM can be written as:

re—r,zJ%+Fa)m , a)nga), 24
dt P
Equation (24) can be shown as:
do, taw, +c=bi, (25)

dt

In the RFOC and for faulty IM the parameters of a, b and c are defined as:

M
a=F , p=L2u, , el (26)
J 2 L, J
Equation (25) is considered with uncertainties as follows:
900 _ (a+Aa)w, +(b+AB)EE. —(c+ Ac) 27)

Where the terms Aa, Ab and Ac denote the uncertainties of the terms a, b and ¢ which depend on
system parameters. The speed error can be shown as:

elt)=,(t)-,(t) (28)

Where. w,,*(¢) is the reference speed. Taking the derivative of Equation (28) yields:

o) % — ael)+u(t)+ () (29)
Where:

u(t) = big, (1) - aw, ()= a, (t)-c(r) (30)

d(1)= Abi¢ (0)- Aaw, () Ac(r)
. The switching surface with integral component for sliding mode speed control is considered as
OlIOWS!:

S()=el0)+ [(a+ K)elr)dz =0 &)

Where, & is constant gain. The speed controller, which is considered in this paper, is as:

u(t)=—ke(t)— plt) o sgn(S(¢)) (32)
In Equation (32):
50)=a]s0)]
+1 S@E)o (33)

RCOR A
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Moreover, p(f) and a are estimated switching gain and a positive constant respectively.
Theorem 1. The adaptive structure speed controller with the adaptation algorithm (33) makes the

controlled system (32) convergent to the switching surface S (f) = 0 and the stability for the speed control can
be guaranteed as well.

Proof: Choosing a Lyapunov function candidate:
1 2 A2
V)= 25200+ ) (4)
Where:

plr)=pr)-p (33)

Taking the derivative of the Lyapunov function:

P ()= S()5(0)+ 5()p ()

()(&(e)+ (a+k)e(t)+ p)5(0)

(N aele)+ u(e)+ )+ (a+ k)e()+ ap(e)| SC)|

SENu(e)+ d(e)+ ke()+ a((0)- p)| ()| (36)
(tXd
(
(

=S
S

t)d()-p(t)asgn(S()+a(p()- p)| S¢)]
Nd(6)- p)a| @) )+ a(B()- )| S()
t)d(t)-ap|S(t)|

<|S(@)]d(t)|-ap|Se)]

Assumption 1: p > dmax
Therefore, from Equation (36):

S(t)d(t)-ap| S(t)|<| S(t)] d(t) |- duer| SE)| =] S() \Q d(t)|- d,.c) (37)

=S
=S
=S

Assumption 2: o> 1
Therefore, from Equation (37):

1S ()|~ dpe)<0=V(e)<0 (38)

Using Lyapunov theorem, the controlled system is stable. Since S() is bounded, e(f) is also
bounded. From Equation (30):

S(t)=eélt)+(a+k)elt) = kelt)+ult)+d(t) (39)

Because e(7), u(f) and d(t) are bounded, S(¢) is also bounded. From equation (36) it is deduced that:

()= $(0)d )+ 56)- ap L] jt(f)‘ (40)

Equation (40) is also bounded. Barbalat’s lemma lets us conclude that,

V >0=>S()—>0 (41)

t—o >

When the sliding mode occurs on the sliding surface, then:

S()=S()= 0= é(t)=—(a+k)e(r) “2)
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Assumption 3: a+k > 0
From Equation (17) and Assumption 3, it is obvious the tracking error e(f) converges to zero.
Therefore, we have:

i, (t)= 11) (— ke(t)— p(t) asgn(S(t))+ aw, () + @, () + c) (43)

Therefore, the proposed structure of the speed control with adaptive sliding mode resolves the
sensitivity of the proposed RFOC to the speed PI controller coefficients and system parameters variations.
The block diagram for the speed control with adaptive sliding mode can be presented, as in Figure 4.

+ 1 it

ref e Adaptive Sliding | 95 ;
Mode Control
. ja)

r

Figure 4. Block diagram of the speed control with adaptive sliding mode

In conclusion, based on Figure 3 and Figure 4, Figure 5 can be recommended as a speed sensorless
vector control of the faulty 3-phase IM with adaptive sliding mode control.

@ lal it
T\ | =

%;@ L] _,:4’_:1.;‘.::%;_ putses
T 4| R | {i *

m? 3 i
Balanced Motor —» A — — [ : Ll
i
T A
. 2 o ! _
. linbalanced Motar —s A8 ? I‘”"i .}\_ l[ .
& @+ . g [ — A
" _/' < ; L, [
¥ T F N
= - If
tor «
* e
[ Coleulation.” — Tage
o Ee—=
~ T
e -

Figure 5. Block diagram of the proposed speed sensorless vector control of the faulty 3-phase IM with
adaptive sliding mode control

6. SIMULATION RESULTS

A 3-phase IM which is fed from a 3 hysteresis band current SPWM (Sine Pulse Width Modulation)
Voltage Source Inverter (VSI) was simulated by Matlab software. Motor data are presented in Appendix A.
The controller, which was used for the speed control of the balanced motor, is a conventional RFO vector
controller as can be seen in Figure 5. To verify the effectiveness of the proposed speed sensorless control
method for faulty 3-phase IM, vector control drive system based on Figure 5 is also simulated. To
demonstrate the better performance of the proposed drive system, an uncertainty of around 10% in the system
parameters after applying load torque moreover and an uncertainty of around 10% in the system parameters
after fault occurrence is supposed.

Figure 6 shows the simulation results of the conventional vector controller. In starting and loading,
the motor is healthy. At time t=0.5s the load torque steps from ON.m to 1N.m (in 3-phase IM and under open
phase fault, the maximum permissible torque is about 30% of the rated motor torque as mentioned in [33]). A
phase cut out fault then occurs and the motor becomes unbalanced (a phase cut off occurs at t=1.5s).

Speed Sensorless Vector Control of Unbalanced Three-Phase Induction Motor with... (Mohammad Jannati)
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Simulation shows that the conventional vector controller cannot properly control the unbalanced motor. A
considerable oscillation is seen in the electromagnetic torque (about 1N.m around the average amount of

IN.m).
3 3,
<2 < 2
§ 1 g ol ]
I Sl
I 111 NN
- 5 !
% 05 1 15 2 25 % 05 1 15 2 25
Time (s) Time (s)
(a) (b)
6 ; 600 . :
) 4 l J 400_"; \Nmf,._
g 0 LWW“ W § 200 \“M‘W J“
g 2 e :
0
4
0.5 1 15 2 25 206 05 1 15 2 25
Time (s) Time (s)
(c) (d)

Figure 6. Simulation results of the conventional speed sensorless R.F.O vector controller; Speed reference =
500rpm, Load torque = 1N.m (a) Stator a-axis current, (b) Rotor a-axis current, (c¢) Electromagnetic torque,
(d) Speed

Stator a-axis current (A)
- o
——
et
__“3—
—_—
—
—_—
=
———
—
—
Roter a-axis current (A)
- [=1 ey
e
=
_
=
]
——

2! 2
% 05 1 15 2 25 % 05 1 15 2 25
Time (s) Time (s)
(@) (b)
6 . : : . : 600, . -
4 f [l
_ 400 |
= 2 -
z Jm g
s O : = 2000 |
o i Refeience speed ---
S 2 E ) Real speed —
[77]
0/
4
05 1 15 2 25 200 o i s 5 5e
Tims {s) Time (s)
(c) (d)

Figure 7. Simulation results of the proposed speed sensorless R.F.O vector controller; Speed reference =
500rpm, Load torque = IN.m (a) Stator a-axis current, (b) Rotor a-axis current, (¢) Electromagnetic torque,
(d) Speed
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In Figure 7, the same process is repeated but this time after the fault occurrence the proposed
modifications in the vector controller are applied (Figure 5). Simulation results show that the proposed vector
controller reduces the torque oscillation considerably (this time the torque oscillation is about 0.4N.m around
the average amount of 1N.m).

Using sliding mode control in the proposed faulty 3-phase IM drive causes the drive system to
become insensitive to variations in load torque disturbances and motor parameters. Due to the variable
structure control nature, this proposed drive system is robust under uncertainties caused by changes in the
load torque and parameter errors.

7. CONCLUSION

In this paper, a new scheme for the robust vector control of 3-phase IM under open phase fault has
been presented. In the proposed method for controlling faulty motor, two new transformation matrixes are
invented which are different for the current and the voltage variables. With these new transformations the
transformed equations of the unbalanced motor are obtained, such as the balanced motor equations. Using
this similarity we present a new vector control, which is obtained from the conventional one by applying a
few modifications. Moreover, in this paper, based on current, voltage and flux equations in the stationary
reference frame, the rotor speed for both balanced and unbalanced IM is estimated. In the proposed method,
we need to change the speed PI controller coefficients from balanced mode to unbalanced mode. To solve
this problem, the sliding control scheme with on-line adaptive law is used in the presented adaptive sliding
mode control in order to calculate the sliding gain. In the presented sliding control system, previous
knowledge of the upper bound for the system uncertainties is not necessary. The stability of the adaptive
sliding mode control in this work has been proven through Lyapunov stability theory. The advantage of the
presented method is that this method can be used for the vector controlling of the single-phase IMs as well. In
fact, a single-phase IM with dissimilar main and auxiliary windings is an unbalanced IM. The performance of
the presented RFOC scheme is highly satisfactory for controlling faulty 3-phase IM especially in decreasing
the torque ripples. In this way, this technique seems to be suitable method for critical industrial applications
where there is a need a fault-tolerant control.

APPENDIX A
Ratings and parameters of 3-phase IM:

v=125V, f=50HZ , Pole=4, r,=20.6Q2, r.=19.15Q
L,=0.0814, L, =00814H , L =0.851H , J=0.0038kg.m’
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