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 Variable frequency drives are used to provide reliable dynamic systems and 
significant reduction in usage of energy and costs of the induction motors. 
Modeling and control of faulty or an unbalanced three-phase induction motor 
is obviously different from healthy three-phase induction motor. Using 
conventional vector control techniques such as Field-Oriented Control (FOC) 
for faulty three-phase induction motor, results in a significant torque and 
speed oscillation. This research presented a novel method for vector control 
of three-phase induction motor under fault condition (two-phase open circuit 
fault). The proposed method for vector control of faulty machine is based on 
rotor FOC method. A comparison between conventional and modified 
controller shows that the modified controller has been significantly reduced 
the torque and speed oscillations. 
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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 [5]-[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. 
 
 

 
 

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

In Figure 1, fas can be current, voltage or flux and θe is the angle between q-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: 

 
ௗ݂ ൌ 	 ௔݂௦ ݊݅ݏ ௘, ௤݂ߠ ൌ 	 ௔݂௦ ݏ݋ܿ  ௘       (1)ߠ

 
Considering that the d and q axes are orthogonal, consequently their dot product has to be equal to 

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

 
ௗ݂ ൌ 0, ௤݂ ൌ ௔݂௦         (2) 

 
Therefore, the stator transformation matrix in the fault situation (two stator phases open-circuit) can 

be obtained as equation (3): 
 
ൣ ௤݂൧ ൌ ൣ ௦ܶ

௙௔௨௟௧൧ሾ ௔݂௦ሿ → 	 ሾ ௦ܶ
௙௔௨௟௧ሿ ൌ ሾ1ሿ      (3) 

 
The rotor transformation matrix is the same as rotor transformation matrix in the balanced condition. 

In equation (5), γ is the angle between rotor a-axis variable and d-axis. 
 

ሾ ௥ܶሿ ൌ ටଶ

ଷ
൤
ሻߛሺݏ݋ܿ ߛሺݏ݋ܿ ൅ 120ሻ ߛሺݏ݋ܿ െ 120ሻ
ሻߛሺ݊݅ݏ ߛሺ݊݅ݏ ൅ 120ሻ ߛሺ݊݅ݏ െ 120ሻ൨     (4) 

 
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): 
 

௦ௗܮ ൌ 0, ௦௤ܮ ൌ ௟௦ܮ ൅ ,௠௦ܮ ௥ܮ ൌ ௟௦ܮ ൅
ଷ

ଶ
,௠௥ܮ ௦௥ௗܯ ൌ ௦௥௤ܯ,0 ൌ ටଷ

ଶ
,௠௦ܮ ௦ௗݎ ൌ 0, ௦௤ݎ ൌ  ௦ (7)ݎ

 
The electromagnetic torque of faulty three-phase induction motor can be shown as follows: 
 

௘ܶ ൌ
௣௢௟௘

ଶ
൫ܯ௦௥௤݅௤௦௦ ݅ௗ௥

௦ െ ௦௥ௗ݅ௗ௦ܯ
௦ ݅௤௥௦ ൯      (8) 

 
In (5)-(8), Vds

s and Vqs
s are stator d and q axes voltages ids

s, iqs
s, idr

s and iqr
s represent the stator and 

rotor d and q axes currents λds
s, λqs

s, λdr
s and λqr

s denote the stator and rotor d and q axes Lms, Lmr, Lls and Llr 

represent the stator and rotor, mutual and leakage inductances. rsd, rsq and rr 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]. 

 

ሾ ௦ܶ
௠௥ሿ ൌ ൤

ݏ݋ܿ ௠௥ߠ ݊݅ݏ ௠௥ߠ
െ ݊݅ݏ ௠௥ߠ ݏ݋ܿ ௠௥ߠ

൨       (9) 

 
In this transformation matrix, θmr 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 (Msrd≠Msrq and Lsd≠Lsq). 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 

 
 

௠ܸ ൌ ܼ௟௠ܫ௠ ൅ ௙ܼܫ௠ െ ݆
ா೑ೌ
௡
൅ ܼ௕ܫ௠ ൅ ݆

ா್ೌ
௡

      (10) 

 

௔ܸ ൌ ܼ௟௔ܫ௔ ൅ ݊ଶ ௙ܼܫ௔ ൅ ௙௠ܧ݆݊ ൅ ݊ଶܼ௕ܫ௔ െ ݊			,௕௠ܧ݆݊ ൌ
ேೌ
ே೘

    (11) 

 
In (10) and (11), Zlm, Zla, Zf  and Zb, 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. Efa, Eba, Efm and Ebm are the voltage induced by its own fluxes λfa, λba, λfm, and λbm, 
which are forward and backward fluxes for main and auxiliary windings respectively. Moreover, the 
variables of Na and Nm 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 Vf, If, Vb and Ib which are the forward voltage, forward current, backward voltage and backward current 
respectively. 
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ቀ ௠ܸ െ ݆

௏ೌ

௡
ቁ , ௙ܫ ൌ

ଵ

ଶ
ሺܫ௠ െ ,௔ሻܫ݆݊ ௕ܸ ൌ

ଵ

ଶ
ቀ ௠ܸ ൅ ݆

௏ೌ

௡
ቁ , ௕ܫ ൌ

ଵ

ଶ
ሺܫ௠ ൅  ௔ሻ  (12)ܫ݆݊

 
To get the simplified equivalent circuit of the single-phase induction motor, it is necessary to define 

Vm, Im, Va and Ia as follows: 
 

௠ܸ ൌ ௙ܸ ൅ ௕ܸ, ௠ܫ ൌ ௙ܫ ൅ ,௕ܫ ௔ܸ ൌ ൫ ௕ܸ െ ௙ܸ൯
௡

ଶ௝
, ௔ܫ ൌ ሺܫ௕ െ ௙ሻܫ

ଵ

௝ଶ௡
   (13) 

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

௙ܸ ൌ
1
2
ሺ
ܼ௟௔
ܽଶ

െ ܼ௟௠ሻሺܫ௙ െ ௕ሻܫ ൅ ሺ2 ௙ܼ ൅ ܼ௟௠ሻܫ௙, 		 ௕ܸ ൌ
1
2
ሺ
ܼ௟௔
݊ଶ

െܼ௟௠ሻሺܫ௕ െ ௙ሻܫ ൅ ሺ2ܼ௕ ൅ ܼ௟௠ሻܫ௕,	 

௙ܸ ൅ ௕ܸ ൌ ൫2 ௙ܼ ൅ ܼ௟௠൯ܫ௙ ൅ ሺ2ܼ௕ ൅ ܼ௟௠ሻܫ௕ ,							
ଵ

ଶ
ቀ
௓೗ೌ
௔మ
െ ܼ௟௠ቁ ൌ ܼௗ   (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 Zd, 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 Vf and If in (12), it is easy to write: 
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In fact (15), demonstrates a transformation matrix from unbalanced situation (i.e. Vm and Va) to 

balances situation (i.e. Vf and jVf). Based on these equations we are able to use some substitutions as follows: 
 
ሺ݆ ↔ 	 ݊݅ݏ ௠௥ሻߠ , ሺ1 ↔	 ݏ݋ܿ ௠௥ሻߠ , ሺ	݆ ௙ܸ ↔ ௗܸ௦

௠௥ሻ, ሺ ௙ܸ ↔ ௤ܸ௦
௠௥ሻ, ሺ ௔ܸ ↔ ௗܸ௦

௦ ሻ, ሺ ௠ܸ ↔ ௤ܸ௦
௦ ሻ, 

ሺ݆ܫ௙ ↔ ݅ௗ௦
௠௥ሻ, ሺܫ௙ ↔ ݅௤௦௠௥ሻ, ሺܫ௔ ↔ ݅ௗ௦

௦ ሻ, ሺܫ௠ ↔ ݅௤௦௦ ሻ, ሺ
ே೘
ேೌ

≃
ெೞೝ೜

ெೞೝ೏
≃ ට

௅ೞ೜
௅ೞ೏
ሻ   (16) 

 
Based on these substitutions, the stator rotational transformation for the variables from stationary to 

rotor reference frame is as follows: 
 

ሾ ௩ܶ௦
௠௥ሿ ൌ ቎

ெೞೝ೜

ெೞೝ೏
ݏ݋ܿ ௠௥ߠ ݊݅ݏ ௠௥ߠ

െ
ெೞೝ೜

ெೞೝ೏
݊݅ݏ ௠௥ߠ ݏ݋ܿ ௠௥ߠ

቏ , ሾ ௜ܶ௦
௠௥ሿ ൌ ቎

ெೞೝ೏

ெೞೝ೜
ݏ݋ܿ ௠௥ߠ ݊݅ݏ ௠௥ߠ

െ
ெೞೝ೏

ெೞೝ೜
݊݅ݏ ௠௥ߠ ݏ݋ܿ ௠௥ߠ

቏  (17) 

 
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: 
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           (18) 
 
where, ids

-mr and iqs
-mr are the backward components of the stator currents that are obtained from: 

 

൤
݅ௗ௦
ି௠௥

݅௤௦ି௠௥
൨ ൌ ൤

ሺcos ௠௥ሻଶߠ െ sin ௠௥ߠ cos ௠௥ߠ
െ sin ௠௥ߠ cos ௠௥ߠ ሺsin ௠௥ሻଶߠ

൨ ൤
݅ௗ௦
௠௥

݅௤௦௠௥
൨    (19) 

 
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: 
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ௗ
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(20) 
 

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

௘ܶ ൌ
௉௢௟௘

ଶ
௦௥௤ሺ݅௤௦௠௥݅ௗ௥ܯ

௠௥ െ ݅ௗ௦
௠௥݅௤௥௠௥ሻ       (21) 

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

൤
ௗ௥ߣ
௠௥

௤௥௠௥ߣ
൨ ൌ ൤

௦௥ௗܯ 0
0 ௦௥௤ܯ

൨ ൤
݅ௗ௦
௠௥

݅௤௦௠௥
൨ ൅ ൤

௥ܮ 0
0 ௥ܮ

൨ ൤
݅ௗ௥
௠௥

݅௤௥௠௥
൨     (22) 

 
In order to apply rotor field-oriented control strategy, the d-axis of the rotational frame must be 

situated on rotor flux, its means: 
 

൤
ௗ௥ߣ
௠௥

௤௥௠௥ߣ
൨ ൌ ቂ|ߣ௥|

0
ቃ         (23) 
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therefore: 
 

݅ௗ௥
௠௥ ൌ

|ఒೝ|

௅ೝ
െ

ெೞೝ೏

௅ೝ
݅ௗ௦
௠௥, 	݅௤௥௠௥ ൌ െ

ெೞೝ೜

௅ೝ
݅௤௦௠௥      (24) 

 
By substituting (23) and (24) in (18), the stator voltage equations for rotor field-oriented control 

strategy can be obtained as follows: 
 

ௗܸ௦
௠௥ ൌ ௦௤݅ௗ௦ݎ

௠௥ ൅ ௦௤ܮ
ᇱ ௗ

ௗ௧
݅ௗ௦
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where,  
 

௥ܶ ൌ
௅ೝ
௥ೝ
, ௦௤ܮ

ᇱ ൌ ௦௤ܮ െ
ெೞೝ೜

మ

௅ೝ
       (27) 

 

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

௥ܶ
ௗ

ௗ௧
|௥ߣ| ൅ |௥ߣ| െ ௦௥௤݅ௗ௦ܯ

௠௥ ൌ 0, ௥ܶሺ߱௠௥ െ ߱௥ሻ|ߣ௥| െ ௦௥௤݅௤௦௠௥ܯ ൌ 0   (28) 

 
and the electromagnetic torque equation will be as follows: 
 

௘ܶ ൌ ሺ
௣௢௟௘

ଶ
ሻሺ
ெೞೝ೜

௅ೝ
ሻሺ|ߣ௥|݅௤௦௠௥ሻ       (29) 

 
The stator voltage equations can be divided into decoupling, reference and backward components 

as: 
 

ௗܸ௦
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௕ ,			 ௤ܸ௦௠௥ ൌ ௤ܸ௦
ௗ ൅ ௤ܸ௦

௥௘௙൅ ௤ܸ௦
௕      (30) 
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൬
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൰ , ௗܸ௦
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௠௥ ൅ ௦௤ܮ

ᇱ ௗ

ௗ௧
݅ௗ௦
௠௥, ௗܸ௦

௕ ൌ െݎ௦௤݅ௗ௦
ି௠௥ (31) 
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൰ , ௤ܸ௦
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ᇱ ௗ

ௗ௧
݅௤௦௠௥, ௤ܸ௦

௕ ൌ െݎ௦௤݅௤௦ି௠௥     (32) 

 
Defining these variables help us to design the control blocks. For this purpose, Vds

d and Vqs
d can be 

generated by the decoupling circuit and Vds
b and Vqs

b can be generated by backward block. Moreover, Vds
ref 

and Vqs
ref can be generated by two PI control blocks as follows: 

 

ௗܸ௦
௥௘௙ ൌ ௉ଵΔ݅ௗ௦ܭ

௠௥ ൅ ௉ଵܭ ௗ௦݅߂׬
௠௥ , ௤ܸ௦

௥௘௙ ൌ ௉ଶΔ݅௤௦௠௥ܭ ൅ ௉ଶܭ  ௤௦௠௥   (33)݅߂׬
 

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 f=50 Hz Pole=4 rୱ ൌ 20.6	Ω 
r୰ ൌ 19.15	Ω L୪ୱ ൌ L୪୰ ൌ 0.0814 H L୫ୱ ൌ 0.851 H J ൌ0.0038 kg.mଶ 

 
 
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. 

 
 

 
(a) 
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(f) 
 

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. 

 
 

 
(a) 

 

 
(b) 
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(c) 

 

 
(d) 

 
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 
 

 
5. 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. 
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