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Abstract

Most types of electrical machines such as Induction Motors (IMs) can be modeled by an
equivalent 2-phase machine (d-q model). For instance a single-phase IM with two main and auxiliary
windings can be modeled as an equivalent 2-phase IM. Also a faulty single-phase IM (single-phase IM
under open-phase fault) can be modeled as an unbalanced 2-phase IM. This study confirms this concept
by modeling a single-phase IM with one of its stator phases, open. In addition the study shows that the
vector control of this faulty IM can be performed by some modifications in the vector control of healthy IM
(the proposed vector control in this paper is based on Indirect Flux-Oriented Control (IFOC)). MATLAB
simulation results show the good performance of the proposed technique.
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1. Introduction

One of the most known failures in stator windings of the Induction Motors (IMs) is open
circuit. Some causes such as mechanical stirring machine, blown fuses, open coils and etc.
make this failure. Recently, various techniques have been developed to indicate stator winding
failures in IMs [1-3]. In [1] based on query tables and neural networks and in [2], a technique
based on unfamiliar input observer and Extended Kalman Filter (EKF) have been proposed for
detection of fault in IM stator windings. In [3], a balanced 3-phase small amplitude signal with
high frequency was used to detect open-phase fault in stator windings. This method provides
almost immediate open stator winding detection and is assumed in this paper.

One of the most general techniques for controlling the speed and torque in IMs is Flux-
Oriented Control (FOC). In the last decades, various control methods were introduced for
controlling single-phase IMs ( or 2-phase IMs) which are listed as follows: In [4-6], Rotor Flux-
Oriented Control (RFOC) of 2-phase IM with hysteresis current controller has been presented.
In [7], Stator Flux-Oriented Control (SFOC) of single-phase IM with current double sequence
controller was presented. A novel decoupling vector control of single-phase IM was suggested
in [8]. Common problems encountered in the conventional vector control of single-phase IMs
has been discussed in paper [9]. In this paper, a method based on FOC for a symmetrical 2-
phase IM as replacement has been proposed. In [10-12], several exact models for vector control
of 2-phase IMs based on FOC have been peoposed. High performance FOC of 2-phase IM with
rotor speed estimation using Model Reference Adaptive System (MRAS) in [13], EKF in Ref,
[14-16] and motor model in [6, 17] has been presented.

In spite of excellent performance of conventional vector control for IMs, its ability in
controlling faulty motors is not good [19, 20]. This study concerns with the problem of modeling
and vector control of faulty IMs. This paper explains a modeling method for a single-phase IM
under open-phase fault. Based on this modeling, a new vector control method based on FOC is
proposed. This control technique can be used to control a single-phase IM under healthy and
faulty conditions (the fault condition in this paper is limited to open-phase fault). This study
shows that the vector control of healthy and faulty single-phase IM can be performed by using
transformation matrices and some modifications in the conventional FOC for 3-phase IM.
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2. Modeling of a Single-phase IM with One Opened Phase

Suppose that a phase cut off fault has been occurred in the auxiliary winding of a
single-phase IM (b axis). Assuming sinusoidal waveform for the spatial distribution of the
windings, stator and rotor flux axes can be shown as follows:

;;ds

Figure 1. Stator and Rotor Winding's Flux Axes

d and g components of the stator fluxes can be written as following equations:
d,=¢.c0868, , 0, =@,.Sinb, (1)

In (1), 6, is the angle between as; and ds axes. The transformation vectors must be
perpendicular to each other, therefore from Equation (1):

sing,cosd, =0=6,=0 or % (2)

If we suppose that 6,=0, the following normalized transformation matrix for the stator
variables ([T]) is obtained.

[.1= m 3)

Because the rotor variables are still in the balanced condition, the decomposition matrix
for rotor variables ([T,]) remains unchanged as follows [21]:
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In (4), vy is the angle between a, and ds axes. By applying (3) and (4), the d-q model of
single-phase IM under open-phase fault is obtained as following equations:
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As can be seen from Equgation (5)-(7), the single-phase IM equations under open-
phase fault is the same as the healthy single-phase IM equations with two main and auxillary
windings (the healthy single-phase IM equations with two main and auxillary windings are as
Equation (8)-(10)). The only difference between equations of faulty and healthy IM is that, in the
faulty mode: L,s=M,s=R,s=0 but in the healthy mode we have different values of Lgs, Lgs, Mgs,

Mas, Ras and Rys (Las#Lgs, Mas#Mes and Rys#Rqs).

Stator and rotor voltage equations:
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In (8)-(10), V'as, Vigs, s I°gss Iar, Fqr Aas, Ags, A’ @nd A, are the d-q axes voltages,
currents, and fluxes of the stator and rotor in the stationary reference frame (superscript s). Rgs,
Rgs and R, denote the stator and rotor resistances. Ly, Lqs, L, Mgs and Mys denote the stator,
and the rotor self and mutual inductances. o, and 1, are machine speed and electromagnetic
torque.

3. Vector Control of a Single-phase IM with One Opened Phase Based on IFOC

In the FOC technique for 3-phase IM and in the healthy mode, conventional or balanced
rotational transformation ([T°]) which is applied to the machine equations is as follows
(conventional or balanced rotational transformation is a transformation matrix to transfer
equations from stationary reference frame to rotating reference frame) [22]:

[T:]z{ cosd, sin HE} (1)

—-sing, cosé,

In this equation, 6, is the angle between the stationary reference frame and rotating
reference frame (in this paper, the superscript e indicates the variables are in the rotating
reference frame). Because of unequal inductances and resistances in the single-phase IM
model, this matrix can not be used for single-phase IMs vector control. In this study, the
following unbalanced rotational transformation for both stator voltage and current variables is
proposed (in this paper, a vector control technique for single-phase IM with different values of
Lgs, Lgs, Mas, Mgs, Ras @and Rys is proposed. It is obvious by substations Lg=My=R4=0 in the
equations, this method can be used for faulty single-phase IM).

Proposed unbalanced rotational transformation for stator voltage and current variables:
M o
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Using (11)-(13) and after simplifying, the equations of single-phase IM are obtained as
following equations:

Where,
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Rotor flux equations:
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After simplifying, Equation (14) can be written as Equation (15).
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After simplifying, Equation (16) can be written as:
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Electromagnetic torque equation:
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After simplifying Equation (18) can be written as:

Based on Equation (15), (17) and (19), RFOC equations of single-phase IM are
obtained as following equations (in RFOC method, the rotor flux vector is aligned with d-axis;
A =IA) and Ag° =0):

- d (20)
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In Equation (20), T, is rotor time constant (T,=L/R,). As shown by using the proposed
rotational transformation, RFOC equations of single-phase IM change into balanced equations.
Based on Equation (20)-(22), Figure 2 can be proposed for IRFOC of both healthy and faulty
single-phase IM. In this block diagram, the arrows illustrate the parts that require to be modified
for controlling faulty single-phase IM (as mentioned before by substations Lqgs=Mgs=R4=0 in the
equations, this method can be used for faulty single-phase IM). In summery, Table 1 shows the
comparison between two vector control techniques.
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Figure 2. Block Diagram of the Proposed IFOC for Controlling Healthy and Faulty Single-phase
IM

Table 1. Comparison between Two Vector Control Techniques

Transformation Proposed unbalanced rotational transformation for
matrix for stator stator voltage and current variables based on PI Controllers
variables equation (12):
M .
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4. Simulation Results

To verify the effectiveness of the proposed drive system for both healthy and faulty
single-phase IM, a vector control drive system is simulated using MATLAB software. The
controller, which was used for the speed control of the balanced and unbalanced motor, is
based on Figure 2. Runge—Kutta algorithm is used for solving the healthy and faulty single-
phase dynamic equations. A single-phase IM is fed from a Sine Pulse Width Modulation
(SPWM), 2-leg Voltage Source Inverter (VSI) as used in [4]. In simulations, the reference speed
is 500rpm.

Figure 3 shows the simulation results of the conventional vector controller. At time t=2s,
a phase cut out fault occurs and the single-phase IM becomes unbalanced. Simulation shows
that the conventional vector controller can not properly control the unbalanced motor (see
Figure 3(b)). A considerable oscillation is also seen in the electromagnetic torque after fault
condition (about 0.8N.m around the average amount of ON.m). In Figure 4, the same process is
repeated but this time after the fault occurrence the proposed modifications in the vector
controller are applied. Simulation results of the Figure 4 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 ON.m).
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Figure 3. Simulation Results of the Conventional IFO Controller

Indirect Flux-Oriented Control of Faulty Single-Phase Induction Motors (M. Jannati)



7174 = ISSN: 2302-4046

Current (A)

3 | 700
600
= 500 G
1 E
IVRRMRIEIRANY < 4
“ “ HI H | Esou
- a Ref ----
? 20 Real —
100
% i 2 3 4 5 ) 1 2 3 4 5
Time (s) Time (s)
(a) Stator current (b) Speed
4 T
- 2
£
=
o 0
g
Q |
Ll 1
% 1 2 3 ¥ 5
Time (s)
(c)Torque

Figure 4. Simulation Results of the Proposed IFO Controller

5. Conclusion

In this paper, a modeling method and a new scheme for vector control of both single-

phase IM and single-phase IM under open phase fault (faulty single-phase IM) based on using
transformation matrices has been presented. The performance of the presented IFOC scheme
is highly satisfactory for controlling faulty single-phase IM especially in decreasing the speed
and torque ripples. In this way, this technique seems to be suitable method for critical industrial
applications where we need a fault-tolerant control system.

References

(1]
(2]
(3]
4]
(3]
(6]

(7]
(8]

RM Tallam, TG Habetler, RG Harley, DJ Gritter, BH Burton. Neural network based on-line stator
winding turn fault detection for induction motors. Industrial Application Conference 1. 2000; 375-380.
M Ghazal, J Poshtan. Robust stator winding fault detection in induction motors. In Power Electronics,
Drive Systems and Technologies Conference. 2011; 163-168.

A Gaeta, G Scelba, A Consoli. Modeling and Control of Three-Phase PMSMs under Open-Phase
Fault. IEEE Transaction on Industry Applications. 2013; 49(1): 74-83.

MBR Correa, CB Jacobina, AMN Lima, ERC da Silva. Rotor Flux Oriented Control of a Single Phase
Induction Motor Drive. IEEE Transactions on Industrial Electronics. 2000; 47(4): 832-841.

M Jannati, A Monadi, NRN Idris, MJA Aziz, AAM Faudzi. Vector Control of Faulty Three-Phase
Induction Motor with an Adaptive Sliding Mode Control. Prz Elektrotech. 2013; 89(12): 116-120.

M Jannati, A Monadi, NRN Idris, MJA 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). 2014; 4(3): 406-418.

MR Correa, CB Jacobina, ERCD Silva, AMN Lima. Vector control strategies for single-phase induction
motor drive systems. IEEE Trans. Ind. Electron. 2004; 51(5): 1073-1080.

Sh Reicy Harooni, S Vaez-Zadeh. Decoupling Vector Control of Single-Phase Induction Motor Drives.
Power Electronics Specialists Conference. 2005; 733-738.

TELKOMNIKA Vol. 12, No. 10, October 2014: 7167 — 7175



TELKOMNIKA ISSN: 2302-4046 m 7175

[9]1 D Jang. Problems Incurred in Vector Controlled Single-phase Induction Motor, and a Proposal for a
Vector Controlled Two-phase Induction Motor as a Replacement. IEEE Trans Power Electron. 2013;
28(1): 526-536.

[10] M Jannati, NRN Idris, MJA Aziz. A new method for RFOC of Induction Motor under open-phase fault.
In Industrial Electronics Society, IECON. 2013; 2530-2535.

[11] M Jannati, NRN Idris, MJA Aziz, A Monadi, AAM Faudzi. A Novel Scheme for Reduction of Torque
and Speed Ripple in Rotor Field Oriented Control of Single Phase Induction Motor Based on
Rotational Transformations. Research Journal of Applied Sciences, Engineering and Technology.
2014; 7(16): 3405-3409.

[12] M Jannati, A Monadi, SA Anbaran, NRN Idris, MJA Aziz. An Exact Model for Rotor Field-Oriented
Control of Single-Phase Induction Motors. TELKOMNIKA Indonesian Journal of Electrical
Engineering. 2014; 12(7): 5110-5120.

[13] HB Azza, M Jemli, M Boussak, M Goss. Implementation of Sensorlee Speed Control for Two-Phase
Induction Motor Drive Using ISFOC Strategy. IJST, Transactions of Electrical Engineering. 2011;
35(E1): 63-74.

[14] M Jannati, E Fallah. A New Method for Speed Sensorless Vector Control of Single-Phase Induction
Motor Using Extended Kalman Filter. Conf. Proc. Of ICEE. 2011.

[15] M Jannati, SA Anbaran, IM Alsofyani, NRN Idris, MJA Aziz. Modeling and RFOC of Faulty Three-
Phase IM Using Extended Kalman Filter for Rotor Speed Estimation. 8th International Power
Engineering and Optimization Conference (PEOC02014). 2014; 270-275.

[16] M Jannati, SH Asgari, NRN Idris, MJA Aziz. Speed Sensorless Direct Rotor Field-Oriented Control of
Single-Phase Induction Motor Using Extended Kalman Filter. International Journal of Power
Electronics and Drive Systems (IJPEDS). 2014; 4(4).

[17] M Jemli, HB Azza, M Boussak, M Gossa. Sensorless Indirect Stator Field Orientation Speed Control
for Single-Phase Induction Motor Drive. IEEE Transaction on Power Electronics. 2009; 24(6): 1618-
1627.

[18] M Jannati, NRN Idris, MJA Aziz. Indirect Rotor Field-Oriented Control of Fault-Tolerant Drive System
for Three-Phase Induction Motor with Rotor Resistance Estimation Using EKF. TELKOMNIKA
Indonesian Journal of Electrical Engineering. 2014; 12(9).

[19] M Jannati, E Fallah. Modeling and Vector Control of Unbalanced induction motors (faulty three phase
or single phase induction motors). 1st. Conference on Power Electronic & Drive Systems &
Technologies (PEDSTC). 2010; 208-211.

[20] M Jannati, NRN Idris, Z Salam. A New Method for Modeling and Vector Control of Unbalanced
Induction Motors. IEEE Energy Conversion Congress and Exposition. 2012; 3625-3632.

[21] AE Fitzgerald, C Kingsley, SD Umans. Electric Machinery. McGraw-Hill. 2003.

[22] P Vas P. Sensorless vector and direct torque control. Oxford University Press. 1998.

Indirect Flux-Oriented Control of Faulty Single-Phase Induction Motors (M. Jannati)



