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1. INTRODUCTION

Three-phase induction motors are utilized in wide range of applications as a means of transforming
electric power to mechanical power. The alternating current is provided to the stator winding directly
whereas supply the voltage to the rotor winding is by induction; consequently it is named induction machine.
The induction machine has the ability to function as a motor and as a generator. Nevertheless, it is rarely
employed as a generator providing electrical power to a load. The overall performance features as a generator
are not good enough for most usage. The induction machine is broadly applied as a motor in many
applications. The induction motor is employed in different sizes. Small single-phase induction motors are
applied in many domestic appliances, such as lawn mowers, juice mixers, blenders, washing machines, stereo
turntables, and refrigerators. Large three-phase induction motors (in 10's or 100's of horsepower) are applied
in fans, compressors, pumps, textile mills, paper mills and so forth. The linear type of the induction machine
has been created mainly in order to use in transportation systems [1].

Over the past decades, many control techniques have been proposed for induction motors drive
system. One of the most well-known control method for controlling the speed and torque of the induction
motor is Field-Oriented Control (FOC) [2]. Modeling and control of faulty induction motor, is obviously
different from the conventional balanced three-phase induction motor. As such, new modeling and control
approaches have to be applied at the instance the faulty is detected. By applying the conventional balanced
three-phase induction motor control strategy, such FOC to faulty induction motor, significant oscillations in
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the torque output will be presence; this is because of the unequal inductances in the d and q axis of the
unbalanced induction [3], [4]

Important works has been developed concerning the implementation of vector control methods for
electrical machines under open-phase fault [S]-[18]. Most of the pervious works have focused on developing
vector control methods of faulty multi-phase induction motors (five and six phases) [5]-[9], faulty Permanent
Magnet Synchronous Motors (PMSMs) [10]-[12], and three-phase induction motor under 2-phase condition
(one-phase open circuit fault) [3], [4], [13]-[18] but none of them presented in the case of vector control
method for three-phase induction motor drive with two stator phases open-circuit.

This research presented a new method for vector control of three-phase induction motor under fault
condition. Main objectives of this research are as follows: (1): To develop a model of a faulty three-phase
induction motor when two-phases of the stator are open circuit, which can be controlled using rotor FOC
technique, (2): To modify a conventional rotor FOC of induction motor, so that it can be applied for
unbalanced three-phase induction motor (while two-phase of stator are open circuit).

2. THREE-PHASE INDUCTION MOTOR MODEL WITH TWO STATOR PHASES OPEN-
CIRCUIT
In this section the d-q model of three-phase induction motor when two phases of stator are open-
circuit is presented. Figure 1 shows the d-q axes and stator a-axis.
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d

Figure 1. d-q axes and stator a-axis

In Figure 1, f,, can be current, voltage or flux and &, is the angle between g-axis and a-axis variable
of stator. Based on Figure 1, stator a-axis variable is formulated in terms of d and q axes as follows:

fa= fasSineeafq = fascos b, (D
Considering that the d and q axes are orthogonal, consequently their dot product has to be equal to

zero. As a result, 8, can be equal to zero or (/2). In this study it is assumed, 6, is equal to zero then d and q
axes can be written as equation (2):

fa =0'fq = fas ()

Therefore, the stator transformation matrix in the fault situation (two stator phases open-circuit) can
be obtained as equation (3):

[fq] = [Tsfault][fas] - [Tsfault] =[1] 3)

The rotor transformation matrix is the same as rotor transformation matrix in the balanced condition.
In equation (5), y is the angle between rotor a-axis variable and d-axis.

_ [2[cos(y) cos(y +120) cos(y —120)
[T:]= \/; [sin(y) sin(y +120) sin(y — 120) “)

By applying stator and rotor transformation to voltage equation of the motor, the voltage equation of
faulty motor in stationary reference frame can be shown as follows [14]:
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where, the parameter of the model are defined as the values of (7):

3 3
Lgg =0, qu =L+ Lns Ly=Lis + ELmrr Msq =0, Msrq = \/;Lms’rsd =0, Tsq = Ts @)
The electromagnetic torque of faulty three-phase induction motor can be shown as follows:
! s s .
T, = ? (Msrqléslrsir - Msrdl;;slér) (8

In (5)-(8), V4 and V" are stator d and q axes voltages i,', i, i and i,’ represent the stator and
rotor d and q axes currents 14, A", 44" and 4, denote the stator and rotor d and q axes L, Ly, Li; and L,
represent the stator and rotor, mutual and leakage inductances. ry,;, 7, and r, are the stator and rotor d and q
axes resistances. As presented, the model of three-phase induction motor with two phases open-circuit has
the same structure of equations compared with balanced three-phase induction motor except the value of the
parameters of the model.

3. ROTOR FOC OF THREE-PHASE INDUCTION MOTOR MODEL WITH TWO STATOR
PHASES OPEN-CIRCUIT
To apply the rotor FOC strategy, the equations of the induction motor should be transformed to the
rotor reference frame. For this purpose, the rotational transformation matrix as shown in (9) should be
applied to the variables of the motor [19].

cos 0, SinG,,

mrij] —
751 = —Sin 6By, €OS Oy,

©)

In this transformation matrix, 6, is the angle between rotational reference frame and the stationary
reference frame. Also the superscript "mr" shows that the variables are expressed in rotational reference
frame. In the open phase fault, this transformation matrix cannot be applied to the motor variables, since the
motor is unbalanced (M, #M,,, and L. #Ly). Applying this matrix generates forward and backward
components in the motor equations [4]. To solve this problem, in this research, it is proposed unbalanced
transformation matrices. The purpose of using these transformation matrices is changing the unbalanced
faulty motor equations to the balanced equations. So it is possible to control the faulty induction motor by
using some changes in the conventional controller. The idea of using these transformation matrices is adapted
from equivalent circuit of single-phase induction motor. This motor is typically unbalanced with two stator
windings, main and auxiliary windings which are actually displaced orthogonal. Figure 2(a) shows the
equivalent circuit of main and auxiliary windings of stator for single-phase induction motor [2]. The voltage
equations of the main and auxiliary windings are defines by (10) and (11).
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Figure 2. (a) Equivalent circuit of main and auxiliary windings of stator for single-phase induction motor,
(b) Simplified equivalent circuit of main and auxiliary windings of stator for single-phase induction motor

.Efa .E
Vin = Zimb + Zply = j L2+ Zy Ly + j =22 (10)

Vo = Ziala +12Zflo + jnEpy +1*Zylg = By, 1 =% (11)

m

In (10) and (11), Z,,, Zis, Zr and Z,, are the leakage impedance of main winding, the leakage
impedance of auxiliary winding, the impedance of forward direction and the impedance of backward
direction respectively. Eg, Ey,, Es and E,, are the voltage induced by its own fluxes Ag, Apg, As, and App,
which are forward and backward fluxes for main and auxiliary windings respectively. Moreover, the
variables of N, and N, are the auxiliary and main windings number of the stator. By using some change of
variables, the simplified equivalent circuit of single-phase induction can be obtained. The defined variables
are Vy, I, V), and I, which are the forward voltage, forward current, backward voltage and backward current
respectively.

1 . Vg 1 , 1 Vs 1 .
Vp = E(Vm _];)'If = Um = jnly), Vy = E(Vm +]?),Ib =2 (I + jnly) (12)
To get the simplified equivalent circuit of the single-phase induction motor, it is necessary to define
Vs In, Vo and 1, as follows:

1
j2n

Vm=Vf+Vb,1m=1f+1,,,Va=(Vb—vf)21j,1a=(Ib—lf) (13)

by substituting (13) in (10), (11), it can be concluded that:

17Z la 17z la
Ve = > (E —Z)Up —1y) + 2Zs + Zi)lr, V) = E(F —Z)Up —Ig) + (22 + Zyy) 1,
1(Z14

Vi + V= (22 + Zun)ly + 225 + Zun)lys (22— Zyw) = 24 (14)

Based on the (14), the simplified equivalent circuit of main and auxiliary windings of stator for
single-phase induction motor can be shown as Figure 2(b). According to Figure 2(b), if we neglect Z,, then
the equivalent circuit will be divided into two circuits, which both of them indicate a balanced motor with
forward direction and backward direction. Therefore, based on Vyand Irin (12), it is easy to write:
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. N :
J]Zf]z _]N;IV_; [V ]If] I ]1“11:1] (15)

In fact (15), demonstrates a transformation matrix from unbalanced situation (i.e. V,, and V) to
balances situation (i.e. Vyand jV). Based on these equations we are able to use some substitutions as follows:

(j © sin gmr) ’ (1 © cos emr) (ij « Vgslr) (Vf « er) (V « V(;s)! (Vm « Vzic):

. Mgy L
Gly & 1, U & G, Ua © i35), Uy © i55), G2 = 520~ f220) (16)

Based on these substitutions, the stator rotational transformation for the variables from stationary to
rotor reference frame is as follows:

M Msrd

srq . .
. cos Onr Sin6O,, T COS O SN0,
[Tel=| "y T3 = oo 17
vs Mqu 9 0 ’ s _ Msrq . 9 9
- ——sin0B,, cos0O,, TSI Opy COS Oy
srd srq

In order to transform the model of the faulty induction motor to rotor reference frame, first the new
transformation matrices for the stator variables (17) are applied. As a result the stator voltage equations in
rotor reference frame can be as follows:

d

V‘;;lr . (qu + qu o ) — WL sq lds srq i _wmrMsrq l-g;r —Tsq 0 l;smr
er - d imr + 0 _r l—mr

as Wiy Lsq qu + Lgq Wiy Msrq Mgyq i ar gs- tas

Backward
Forward
(18)
where, i, and i,,™" are the backward components of the stator currents that are obtained from:
[i;smr] _ [ (cos Oy )? — sin 6,,, cos Hmr] [iggr] 19)
igs" — 5in O, €OS O,y (sin 6,,,)? igs

To transform the rotor voltage equation to rotor reference frame the rotor transformation matrix (9),
must be applied to rotor voltage equation. As a result the rotor voltage equations in rotor reference frame can
be as follows:

d d
[0] _ Msrq at — (W — wr)Msrq [ ] o+ L, at —(wmr — wp)Ly [Ldr ]
= d
(wmr - wr)Msrq Msrq dt qu (wmr - wr)Lr o+ Ly dat Lqr

(20)

The electromagnetic torque of the faulty motor in rotor reference frame will be as follows:

Pol
T, = ﬂMsrq (lqs lgr — igs lmr) (21

2

The rotor flux equation in rotor reference frame can be shown as follows:

e =[5 il [s 2] @

In order to apply rotor field-oriented control strategy, the d-axis of the rotational frame must be
situated on rotor flux, its means:

(]
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therefore:

mr _ 1Al Msra imr Msrq .mr

mr _
ar = L las» lgr = L, ‘las (24)

By substituting (23) and (24) in (18), the stator voltage equations for rotor field-oriented control
strategy can be obtained as follows:

. d . . d [ 12+ .
mr _ mr 4 mr I.mr ' r mr
Vds - rsq lgs + qu Elds - wmrqu lqs + (qu - qu )E(MS“) - rsq lgs (25)
VI = i 4 Loy S im0 Lo 1T+ ey (Lsg — Lsg') (22 ) = g™ (26)
qs — 's'gs Sq gt “4s mrtsq tds mr\Fsq sq Msrq sq'qs
where,
o=t =, M @7
r ’ sa — Lsq Ly )

The rotor voltage equations for rotor field-oriented control strategy can be obtained as follows:

.4

T dt Mrl + Mrl - Msrqig?sr = O' Tr(wmr - wr)l/lrl - Msrqig.qsr =0 (28)

and the electromagnetic torque equation will be as follows:

pole, M .
T, = B (A ligr (29)
The stator voltage equations can be divided into decoupling, reference and backward components
as:

Var = Vi + Vi + Ve, Vi = Vi 4 VT s (30)
Ve = — L '-mr_l_(L L. a (14l vref = mro4r rd mr Vb = —p iTmr (3]

ds = —Wmr sq lqs sq sqa J qt \m »Vas T:sqlds Sq g¢ lgs » Vas = rsqlds ( )

srq
I ’ 124 re . rd . .

]/;1% = wmrqu imr 4 wmr(qu — qu (Ms:q) , Vqs f_ Tsl{{g + qu EL‘T{;T’ V;;l; = _qulqsmr (32)

Defining these variables help us to design the control blocks. For this purpose, V4 and Vqsd can be
generated by the decoupling circuit and V,b and Vqsb can be generated by backward block. Moreover, Ve
and ¥,/ can be generated by two PI control blocks as follows:

Vol = Kpy Al + Kpy [ AT Vo = Kpp ATV + Kpy [ ALY (33)

Consequently, the rotor field-oriented control block diagram of faulty three-phase induction motor is
represented in Figure 3. According to this figure the red blocks show the parts in the conventional vector
control that must be changed for in order to be used for the unbalanced or faulty three-phase induction motor.
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Figure 3. Block diagram of proposed rotor FOC of faulty three-phase induction motor

4. SIMULATION RESULTS

In this section, simulation results are discussed in order to verify the effectiveness of the proposed
control method for a faulty three-phase induction motor. To show the dynamic behavior of faulty motor,
simulation is conducted by using MATLAB (M-File) software. The fourth order Runge-Kutta algorithm is
used for solving the balanced and faulty induction motor equations. The parameters and ratings of the
simulated motor are as Table 1.

Table 1. The Parameters and Ratings of the Simulated Motor
Voltage=125 v =50 Hz Pole=4 rg =20.6 Q
r,=19.15Q L = L, = 0.0814 H Lms = 0.851 H ] =0.0038 kg. m?

Figure 4 shows the comparison between conventional and modified vector controller for faulty
three-phase induction motor under no-load condition. In this case the speed reference is set at 500rpm.
According to this Figure, the reference speed is set at 500rpm. From t=0s to t=1s, motor is working under
healthy condition and from t=1s to t=3s motor is working under faulty condition. This Figure shows using
modified controller in comparison with conventional controller the torque and speed oscillation has been
reduced.
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o] 05 1 1.5 2 25 3
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Figure 4. Simulation results of the three-phase induction motor vector control under faulty condition (no load
condition); (a): Torque (conventional), (b): Torque (modified), (c): Speed (conventional), (d): Speed
(modified), (e): Stator A-Axis Current (conventional), (f): Stator A-Axis Current (modified)

Figure 5 shows vector control of three-phase induction motor based on modified controller and
under load condition. According to this Figure from t=0s to t=1s motor is working under healthy condition
and from t=1s to t=3s motor is working under faulty condition. The speed reference is set at 500rpm. While
the motor is working under faulty condition at t=2s a load equal to 0.2N.m is applied. Figure 5 shows the
good performance of the proposed controller for vector control of faulty induction motor even under load
condition.
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Figure 5. Simulation results of the three-phase induction motor vector control under faulty condition
(load condition); (a): Speed, (b): Zoom of Speed, (c): Torque, (d): Stator A-Axis Current

CONCLUSION
This paper has presented a vector control method for faulty three-phase induction motor (three-

phase induction motor when two phases of the stator are open circuit). It is shown the d-q model of faulty
three-phase induction motor has the same structure of equations as the balanced three-phase induction motor.
In this study, by using some modifications to the conventional controller, a novel technique for three-phase
induction motor while two phases of the stator are open circuit has been presented. A comparison between
conventional and modified controller indicated that, the modified controller has significantly reduced the
torque and speed oscillations. Beside the implementation of this control strategy for three-phase induction
motor, this method can be also used for vector control of single-phase induction motor when works with just
main winding and vector control of asymmetrical two-phase induction motor under open-phase fault.

REFERENCES

[1]
(2]

P.C. SEN, “Principles of Electric Machines and Power Electronics”, John Wiley & Sons, 1997.

K. Satyanarayana, P. Surekha, and P. Vijaya Prasuna, “A New FOC Approach of Induction Motor Drive Using
DTC Strategy for the Minimization of CMV”, International Journal of Power Electronics and Drive System
(IJPEDS), vol. 3, no. 2, pp. 241-250, 2013.

Z. Yifan and T.A. Lipo, “An approach to modeling and field-oriented control of a three phase induction machine
with structural imbalance”, In Proc. APEC, San Jose, TX, 1996, pp. 380-386.

M. Jannati, N.R.N. Idris, and M.J.A. Aziz, “A New Method for RFOC of Induction Motor Under Open-Phase
Fault”, in Industrial Electronics Society, IECON 2013, 2013, pp. 2530-2535.

Y. Zhao and T.A. Lipo, “Modeling and control of a multi-phase induction machine with structural unbalance”,
IEEE Transactions on Energy Conversion, vol. 11, no. 3, pp. 570-577, 1996.

Huangsheng Xu, H.A. Toliyat, and L.J. Petersen, “Resilient Current Control of Five-Phase Induction Motor under
Asymmetrical Fault Conditions”, Applied Power Electronics Conference and Exposition (APEC), 2002, pp. 64-71.

IJPEDS Vol. 6, No. 2, June 2015 : 282 —292



IJPEDS ISSN: 2088-8694 0 292

[7]

(8]

(9]

[10]

[11]

D. Casadei, M. Mengoni, G. Serra, A. Tani, and L. Zarri, “Optimal fault-tolerant control strategy for multi-phase
motor drives under an open circuit phase fault condition”, In 18th International Conference on Electrical Machines,
ICEM 2008, 2008, pp. 1-6.

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 Transactions on Industrial
Electronics, vol. 55, no. 5, pp. 1966—1977, 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 Transactions
on Industrial Electronics, vol. 61, no. 9, pp. 4474-4484, 2014.

S. Dwari and L. Parsa, “An optimal control technique for multiphase PM machines under open-circuit faults”, IEEE
Transactions on Industrial Electronics, vol. 55, no. 5, pp. 1988-1995, 2008.

A. Gaeta, G. Scelba, and A. Consoli, “Sensorless vector control of PM synchronous motors during single-phase
open-circuit faulted conditions”, I[EEE Transactions on Industry Applications, vol. 48, no. 6, pp. 1968-1979, 2012.
A. Gaeta, G. Scelba, and A. Consoli, “Modeling and control of three-phase PMSMs under open-phase fault”, /EEE
Transactions on Industry Applications, vol. 49, no. 1, pp. 74-83, 2013.

A. Sayed-Ahmed, B. Mirafzal, and N.A.O. Demerdash, “Fault-tolerant technique for A-connected AC-motor
drives”, IEEE Trans. Energy Convers., vol. 26, no. 2, pp. 646—653, 2011.

S.H. Asgari, M. Jannati, and N.R.N. Idris, “Modeling of three-phase induction motor with two stator phases open-
circuit”, In 2014 IEEE Conference on Energy Conversion (CENCON), 2014, pp. 231-236.

D.K. Kastha and B.K. Bose, “On-line search based pulsating torque compensation of a fault mode single-phase
variable frequency induction motor drive”, IEEE Transactions on Industry Applications, vol. 31, no. 4, pp. 802—
811, 1995.

A. Saleh, M. Pacas, and A. Shaltout, “Fault tolerant field oriented control of the induction motor for loss of one
inverter phase”, In 32nd Annual Conference on IEEE Industrial Electronics, IECON, 2006, pp. 817-822.

M. Jannati, A. Monadi, N.R.N. Idris, and M.J.A. Aziz, “Speed Sensorless Vector Control of Unbalanced Three-
Phase Induction Motor with Adaptive Sliding Mode Control”, International Journal of Power Electronics and
Drive Systems (IJPEDS), vol. 4, no. 3, pp. 406-418, 2014.

A. Sayed-Ahmed and N.A. Demerdash, “Fault-Tolerant Operation of Delta-Connected Scalar- and Vector-
Controlled AC Motor Drives”, IEEE Transactions on Power Electronics, vol. 27, no. 6, pp. 3041-3049, 2012.

P. Vas, “Vector Control of AC Machines”, Clarendon press Oxford, 1990.

Vector Control of Three-Phase Induction Motor with Two Stator Phases Open-Circuit (Mohammad Jannati)



