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1. INTRODUCTION

The AC drives, are used in a wide range of industrial applications as they are more reliable than the
DC drives. Indirect Vector Control (IVC) method is one of the useful methods for implementing high
performance vector control of Induction Motor (IM) drive systems [1]-[5]. IVVC is widely used for electrical
drives since it provides very accurate and quick responses. However, this technique does not have good
dynamic performance under fault conditions such as open-phase/short-circuit fault in stator/rotor windings
(for wound rotor type) and/or mechanical/electrical fault in sensors [6]-[17].

In the recent years, the reliability of the electric machine drives, particularly in some critical
applications has become a very interesting research topic. In the literature, many researches have been
presented on the fault-tolerant control strategies of electric machine drives [6]-[17]. In [6]-[9], some methods
to control a 3-phase IM under speed-sensor fault, in [10]-[14], different methods to control a 3-phase motor
under open-circuit fault and in [15]-[17], some techniques to control an IM under inverter faults have been
proposed.

In this article, we propose speed control of a star-connected 3-phase IM under open-phase fault and
speed sensor fault supplied by wind turbine using IVC method (It can be pointed out none of the presented
methods in [6]-[17] proposes an analysis in the case of two types of faults for a 3-phase IM). The proposed
method can be employed in applications where require fault-tolerant control. Simulation tests are presented
to show the good performance of the proposed strategy. This paper is organized as follows: after introduction
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in section 1, in section 2, the system under study is presented. In section 3, the vector control of a 3-phase IM
under normal and open-circuit fault conditions is presented. The proposed method to estimate motor speed is
shown in section 4. To check the performance of the proposed methodology, simulation results are presented
in section 5. Conclusions are listed in section 6.

2. SYSTEM UNDER STUDY

The system under study consists of wind turbine which plays as a prime mover to a connected DC
generator. PWM is used to obtain 3-phase AC voltage from the DC generator output. The 3-phase AC
voltage of PWM is supplied to the IM. The proposed controller based on IVVC is used to speed control of IM.
The block diagram of the system is shown in Figure 1.

Induction motor PWM DCGenerator jg—{ Wind turbine

T

Controlles

Figure 1. Block diagram of the system

2.1. Wind Turbine Model
The wind turbine is characterized by no dimensional curves of the power coefficient as a function of
both the tip speed ratio and the blade pitch angle [19],[20].

Cp(ﬂ,,ﬁ)zcl(cz/& _Cs-IB_C4)e(_C5//1’|)+C6'ﬂ“ @
where [19],
C,=05176 , C,=116 , C,=04 @)

C,=5 , C,=21 , C,=0.0068
A=oRIV, ®)

Moreover, £ is the blade pitch angle, 4 is the tip speed ratio, R is the wind turbine rotor radius, V,, is
the wind speed, Cyr is the wind power coefficient and « is the mechanical angular rotor speed of the wind
turbine. The equation between A and £ can be expressed as [19],[20]:

1 1 003 4
4 A+0088 B+l

The maximum value of Cp characteristics is achieved for =0 and A=8.1. This particular value of A
is defined as the nominal value. The power output equation of wind turbine can be expressed as:

1
R =7 AIIC,V (1, ) R I 735 ()

where, Py is the wind power, p is the air density, V is the wind speed and R, is the area of turbine blades.

2.2. DC Generator Model
The DC generator can be written in terms of following equations [19]:

di
vV, :Rfif+Lfd—t‘ (6)
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where, i,, V, are the armature generator current and terminal voltage. i;, V; are the field generator current and
voltage. R,, L, are the armature resistance and inductance. Ry, L; are the field resistance and inductance. My
is the mutual inductance between stator and rotor. @ is speed. R=R,+R,. Li=L,+L,. R, L, are the load
resistance and inductance.

2.3. 3-Phase IM Model

For the purposes of the present study, the 3-phase IM is described by the following equations (in
these equations superscript “s” indicates the use of a stationary reference frame):

Stator voltage equations:

s r+L, d 0 is M, d 0 s
Vs _ s s dt lgs n dt Iy (9)
Vs 0 TS [ R VIR
o+ Ly m Vgt
Rotor voltage equations:

d d
{vgr:l:{o}: Mda oM, [igs:|+ rr+Lra oL, [i;} (10)
Vol 10 |_om, m O] | oL r+L% Iy

r'hd th r-r r T

Torque equations:

ole s s
Te = p2 (Mqlqsldr - Mdldslqr) (11)
T, -T, :—2 (J ia)r + Ba)rj (12)
pole\ dt

where, Vg, Vigs, Viar, Vigr, i°as, 1°ss 1°ar 1°gr @re the stator voltages, the rotor voltages, the stator currents and the
rotor currents. r, rr, Lgs, Lgs, Lr, Mg, Mg are the stator and rotor resistances, the stator and rotor self and
mutual inductances. « is the motor electrical speed. Te, T,, J and B are the electromagnetic torque, the load
torque, the moment of inertia and the viscous friction coefficient respectively. Notice that (9)-(12) indicates
normal 3-phase IM if [18],

M, =L, M, =L

3
0= =L+ L

S Is

3
L$=%+§%S (13)

ms !

and faulty 3-phase IM (3-phase IM under stator winding open-circuit fault) if [13],

My =1Ly, My=""L

2ms' q 2 ms'Lds:L+§L

L :L+%L (14)

3. IVC OF A3-PHASE IM

Among the various control techniques, IVC technique is more convenient. Due to the
unsymmetrical structure of a 3-phase IM under open-circuit fault, the regular VVC technique cannot be used
for faulted IM. If regular VC technique is used to control faulted IM significant oscillations in the motor
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torque are produced [10]-[13]. It was recommended in [10], using suitable transformation matrices it is
possible to remove the unsymmetrical structure of a 3-phase IM under open-circuit fault. These
transformation matrices for the stator voltage and current variables are as (15) and (16):

%cosee sin 6,
- @)
——4sin @, cosb,
q
M
—3Lcosd, siné,
(16)

[ s?/]: :
——3sing, coso,
d

where, &, is the angle between the stationary reference frame and the rotating reference frame (in this paper,
the superscript “e” indicates the variables are in a rotating reference frame). Using (15) and (16), the new
mathematical model of the 3-phase IM can be written as [10]:

Stator voltage equations:

d d 9
e = - o = - e |5, 0 e
[Vds] _ r, + qu at (0N qu [Ids} N Mq dt CUqu [Idr} N Mdz [!ds ] (17)

d d

|:O:| _ Mq a - (a)e -0 )Mq |:|§S:| N r+ I-r a _(a}e _wr)Lr |:|§r:| (18)

O (a)e - wr )Mq Mq % IC|S (we - wr )Lr rl’ + LI’ N IC|I'
Torque equation:

ole s s
T, = p—(l\/lqlqsldr — Mqldslqr) (19)
where,
Igs _| cosd, sing, I4s
ii, | |-sing, cosd, ||i, 20)

gs

i | | cos’d,  —sind,cosh, ||is
i.$| |-sin6,coso, sin® 6, i,
In (17), we is the angular velocity of the rotor field-oriented reference frame. Since in the rotor field-
oriented control method Aq°=|4,| and 44,°=0, from (17)-(19) we can write:

M, ig
—_ads (21)
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In (26), T,=L,/r,. From the equations (21)-(26), it is possible to adopt the IVC scheme for a 3-phase
IM under open-circuit fault condition. The block diagram of the IVC for a 3-phase IM under open-circuit
fault condition is shown in Figure 2. In Figure 2 [10]:

(26)
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Figure 2. Block diagram of the IVC for a 3-phase IM under open-circuit fault condition
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Notice that by only changing in motor parameter as given in (13) and changing in the transformation
matrix as given in (28) the proposed scheme can be used for VC of the 3-phase IM under normal condition.
In this condition, Figure 2 can be simplified as Figure 3 which is the same as regular controller.

1 1

R (28)
-, 4k
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Figure 3. Block diagram of the regular 1VC for a 3-phase IM
M = g Lms
2 (29)
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4. SPEED ESTIMATION OF A 3-PHASE IM

In order to compensate speed-sensor fault, this paper investigates a method that uses an estimator for
estimation of the rotor speed. In this paper, a technique based on measurable stator variables (currents and
voltages) is proposed to estimate the angular velocity of the rotor field-oriented reference frame (we). Then,
using (23), the motor speed is estimated.

The d-axis voltage is given by:

MZ

e _ e A ose oA e q e

Vs = Flgs _a)equlqs _wquIqr +[M 2 I =15 flas
d

MZY) (M (30)
VSS = rsigs - Cbeigs qu _Tq + Miqz ri— 1 Id_se
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From these equations, an estimate of the motor speed, can be calculated by:

M i€
&, =, —— (31)

T'ﬂ’r|

Notice that (31) can be used for estimation of motor speed in the normal and open-circuit fault
conditions by only changing in motor parameter as given in (13) and (14).

5. SIMULATION RESULTS AND DISCUSSION

The regular (based on Figure 3) and proposed (based on Figure 2 and equations (30), (31))
controllers for a star-connected 3-phase IM is developed and simulated using Matlab software. The
parameters of the simulated motor are as follows:

v=125V, f=50HZ , P=4, r,=206Q, r =19.15Q
L, =0.0814 , L;, =00814H , L,, =0851H , power =475

Simulation results of the conventional and proposed controllers such as stator a-axis current, torque
and motor speed are shown in Figures 4-6. Figure 4 shows simulation results of the conventional technique
(based on Figure 3) for VC of a 3-phase IM under open-circuit fault (Figure 4(a): stator a-axis current,
Figure 4(b): torque and Figure 4(c): speed). Figure 5 shows simulation results of the proposed controller
without speed estimator (based on Figure 2) for VC of a 3-phase IM under open-circuit fault (Figure 5(a):
stator a-axis current, Figure 5(b): torque and Figure 5(c): speed). Figure 6 shows simulation results of the
proposed controller with speed estimator (based on Figure 2 and equations (30), (31)) for VC of a 3-phase IM
under open-circuit fault and speed sensor fault (Figure 6(a): stator a-axis current, Figure 6(b): torque and
Figure 6(c): speed). To analyze dynamic and steady-state performance of all cases the motor is started on no-
load with speed of 450rpm. At t=2s an open-phase fault is happened in phase “c”. The simulation carried

\Mr’l’ \ﬁwth‘{)M'
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Stator a-axis current (A)
o
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é,'hﬂ}«k* ﬂ wh* &JN&&\ §M5(\Aan}M\mmva ”m
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Figure 4. Simulation results of the conventional technique for VC of a 3-phase IM under open-circuit fault;
(a) Stator a-axis current, (b) Torque and (c) Speed
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As can be seen both regular and proposed schemes are able to reach steady state 450rpm (see
Figure 4 (c) and Figure 5 (c)). It can be observed from Figure 4 and Figure 5 that the dynamic performance of
the proposed controller is better than regular controller. Using conventional controller, the pick to pick torque
oscillation is ~ 2.4 N.m (see Figure 4 (b)) but using proposed controller, the pick to pick torque oscillation is
~ 0.2 N.m (see Figure 5 (b)). It is also evident from Figure 6 that using proposed IVC technique, the
estimated speed of the 3-phase IM under open-circuit fault can follow the real speed without any steady-state
error. In this case the pick to pick torque oscillation is ~ 0.3 N.m (see Figure 6 (b)). The presented results

show a considerable reduction in speed and torque ripples and better steady-state behaviour when the
proposed controller is used.
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Figure 5. Simulation results of the proposed controller without speed estimator for VC of a 3-phase IM under
open-circuit fault; (a) Stator a-axis current, (b) Torque and (c) Speed
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Figure 6. Simulation results of the proposed controller with speed estimator for VC of a 3-phase IM under
open-circuit fault and speed sensor fault; (a) Stator a-axis current, (b) Torque and (c) Speed
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6. CONCLUSION

This paper presented speed control of a 3-phase IM under fault conditions supplied by wind turbine
using I\VVC strategy. This paper has shown that with some changes in the regular 1\VC strategy it is feasible to
use same controller for VC of a star-connected 3-phase IM under open-circuit fault and speed-sensor fault.
The simulation results have shown the correctness and possibility of the proposed methodology. The results
demonstrate that in comparison with the regular IVC strategy, the performance of the proposed technique is
satisfactory for VC of a 3-phase IM during fault conditions particularly in reduction of the motor speed and
torque ripples.
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