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Abstract— This paper discusses the performance of a single-phase induction motor drive under nominal load in a closed-loop vector-
controlled system. The control strategy to be applied is known as indirect field oriented control. Single-phase induction motor when
operating as two-phase motor has its dynamic performance increased. By applying this methods, an induction machine can be analyze
and operate similar to the dc machine as this method provides the decoupling effect to the motor. By controlling the d-axis and g-axis
current, the speed and torque of the single-phase induction motor can be controlled independently. With the use of a voltage-source

inverter, space vector pulse width modulation can be implemented.

Index Terms—Indirect field oriented control, induction motor, single-phase induction motor, motor drive, vector control, Speed control.

1 INTRODUCTION

Traditionally in fractional and sub-fractional horse power
applications, the single-phase induction motor (SPIM) is

usually found in several home, office, shopping, farm, and
industry appliances such as air conditioning systems, mixers,
washers, blowers, compressors, fans, vacuum cleaners,
pumps, etc. The main advantage of these motors is their abil-
ity to operate from a single-phase power supply. Therefore,
they can be used wherever a single-phase source is available.
There are also other aspects for their popularity: low manufac-
turing cost, and simplicity. However, compared with three-
phase systems, they offer lower efficiency. In many applica-
tions it may be desirable to change the speed of the motor, e.g.
if we want to control the air-flow of a ventilator. Then it is use-
ful to use some techniques for varying induction motor (IM)
speed.

Different inverter topologies for single-phase induction
motor drive have been proposed. Commonly, three types of
topologies are studied: two-leg, three-leg and four-leg two-
phase inverters [4], [5].

The first topology is known as H-bridge voltage inverter
with two-legs and a mid-point provide by a capacitive divider.
The second is composed of three-legs with the mid-point pro-
vided by the common leg. The third possibility has the great-
est number of switches, so the losses of the system are in-
creased.

The application of power electronic inverters, along with
pulse width modulation (PWM), increased the performance of
single-phase induction motors. The most widely use PWM
techniques are sinusoidal PWM and space vector PWM. In [7],
[8] and [9] some PWM strategies are discussed when applied
to a single-phase induction motor drive.

The purpose of this paper is to examine the operation of a
single-phase induction motor when operated from a variable
frequency power supply under load condition.

There is no doubt that most single-phase induction motors
(split-phase, capacitor-start, capacitor-run and capacitor-start
capacitor-run) usually have a main and auxiliary stator wind-
ing asymmetrical and displaced 90 degrees apart from each
other. These papers use the @4 model to derive the motor

equations and treat the single-phase induction motor, without
startup and running capacitor, as an asymmetrical two-phase
induction motor.

The performance of a single-phase induction motor drive
under field oriented control has been analyzed in [1], [2] and
[3]. The control method to be applied is the indirect field ori-
ented control (IFOC).

2 MATHEMATICAL MODEL OF THE SINGLE PHASE
INDUCTION MACHINE

The derivation of the motor model is based on classical as-
sumptions: linearity of the magnetic circuit, constant air-gap
length and the motor windings produce sinusoidal distribu-
tion of magnetic field in the air-gap.

Figure (1) shows the layout of the motor under study. The
stator windings are unsymmetrical but they are orthogonal
with a 90 electrical degree phase shift, and thus they are as-
sumed to represent the d-q axis. Stationary reference frame is
considered to facilitate the inclusion of the power inverter.
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Fig. 1. Single phase-motor circuit: (a) Auxiliary and main windings of
the single-phase motor, (b) DQ transformation of the motor.
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The rotor has a squirrel cage winding and is represented

by equivalent two coils transformed to the d-q axis as shown
in Fig 1.b. Since the two stator windings; namely, the main
and auxiliary coils, have different numbers of turns, they will
yield different mutual reactances.
Consistent with these assumptions the dynamic model of the
single-phase induction motor is derived following the ap-
proach presented in [6], which describe an asymmetric single-
phase induction machine in the stationary reference frame.

2.1 In a stationary reference frame:

Neglecting the core saturation, the dynamic model of single
phase induction machines in a stationary reference frame can
be represented as [6]:

dir
dﬁfd = —Rgq * Isqg + Vaq 1)
s
4 = Rsq *Isq + Vs 2
ds
0= d:d‘l'Rr*Ird‘l'mm*'-prq 3)
dis
0= d:q+Rr*Irq_mm*q’rd (4)

The fluxes are related to the currents by the following equa-
tions:

I Wsd = Lsg * Log + Mgpg * Lig 5)

M Wsq = Lgq * Isq + Mgpq * Lig ©6)
My =Ly #Ig + Mg * Isq @)
P Wrg = Le * Lig + Myrg * Isq ®)

Wed & qu'q
Req & qu &R,
Leg & qu &L,

: torque and the mechanical equation are

M -2
Tem =P= (Msrqlsqlrd - MsrdIsdIrq) (9)
ld;u_tm:P*Crm_Tr)_F*mm (10)
P&JandF -ariables are
L &1 auxiliary and main currents of the rotor,
1y I’
Wy & '-Bs auxiliary and main fluxes of the stator,
Upg & qu: auxiliary and main fluxes of the rotor,

the stator and rotor resistances,
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metry in the model. This asymmetry is due to the unequal
resistances and inductances of the main and auxiliary wind-
ings. However, to use the field orientation control of unbal-
anced two-phase induction motor, some asymmetries of the
model can be eliminated using a transformation as presented

N N N,
Vo= Tsdyr P Ted I =281
a7 N, 'S4 Usq Naq Vg sa = N, s

v Nsd v Nad v Nad
Viga = N, Vig Yrg = N, L% lIj'r-:| N lJJ:-q
N N I
Ig=-—"1 Vig = =2V, Iy =——1
rd Nag rd rg N, 'Fd rqa ~ N, T4

' sd
Liq =52 Lag

Ly = (%)21%
r

N, N,

R.. = (=9R R = (=42R,
sq (qu) ¢ r Nr) T
R,q'l'de

R, = ——

in [2]:

In these equations:

represent the number of stator and rotor windings respective-
Nyg & Ny &N, 1y,

and theratio |, will be approximately equal to  Nea

Mera o
Thus, the transformation employed corresponds
approximately to refer the auxiliary winding variables to the
main winding. In the above equations if the stator inductances
are slightly different it can be shown that Thus
the asymmetry in the flux equa- tions (5) and (6)

will be eliminated.

Msrq

sd = Lsq-

2.2 In a rotating reference frame:

Using (1) to (9) equations, the dynamic model of single
phase induction machines in a synchronously rotating refer-
ence frame can be described by the following equations [10]:

BU58 — Ry g+ 0 Ve ()
d‘::q =’—Rs * Igg — oy * Ygg + Vg (12)
0=V LR w Ty — g Pl (13)
0= L R g+ g Yl (14)

The fluxes are related to the currents by the following
equations:

Woq = Lgg * Lyg + Mg * I1g

Req & Ry &R, ' i i (15)
=L I M I
Leg & Lgg & L, the stator and rotor self-inductances, $f‘“ _ Lf" :I'sq:M srd **I rq (16)
Mg & Mgpq the mutual inductances, lpfd _ er N Ifd T Msr: . [fd (17)
rq T r srd T s
Wy & Ty & T, the machine speed, the load torque, and the e & 4 (18)
electromagnetic torque. . . )
P&JandF are the machine pole pairs, the moment of The electromagnetic torque and the mechaslcal equation
inertia, and viscous friction coefficient, re- are P . , gtven by:
spectively Tem = e # Mgra(I5qWra — LsaWrg) 19)
' de
Note that: equations from (1) to (9) are general equations I d,m =P+ (T —Ty) —Fropy (20)
for the two-phase machine. It is seen that there is an asym-
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Consequently the model (11)-(19) is very useful for further
vector applications.

3 FIELD ORIENTED CONTROL:

Although there are various methods of driving single-
phase machine one of the known methods to acquire low-cost
and high performance is to remove the capacitor from the aux-
iliary winding so the motor can be viewed as a two-phase ma-
chine [1], [2]. That way is possible to implement the field-
oriented control. Vector control, also called field-oriented con-
trol (FOC), is a variable frequency drives (VFD) control meth-
od which controls three-phase AC electric motor output by
means of two controllable VFD inverter output variables:

v" Frequency

v" Voltage magnitude

In vector control, an IM or synchronous motor is controlled
under all operating conditions like a separately excited DC
motor. That is the AC motor behaves like a DC motor in which
the flux linkage created by the respective field and armature
(or torque component) currents are orthogonally aligned such
that, when torque is controlled, the field flux linkage is not
affected, hence enabling dynamic torque response.

There are two vector control methods, direct or feedback
vector control(DFOC) and indirect or feed-forward vector con-
trol (IFOC), IFOC being more commonly used because in
closed-loop mode such drives more easily operate throughout
the speed range from zero speed to high-speed field-
weakening. In DFOC, flux amount and angle feedback signals
are directly calculated using so called voltage or current mod-
els.[2]

In IFOC, flux space angle feed-forward and flux magnitude
signals measure stator currents and rotor speed then deriving
flux space angle proper by summing the rotor angle corre-
sponding to the rotor speed and the calculated reference value
of slip angle corresponding to the slip frequency.[2]

I -=Integration

B > Rotor angle

w,-> Rotor speed

uh,, > Calculated slip speed
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Fig. 2. &) Simplified indirect FOC
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Fig. 2. b) Simplified direct FOC

For indirect rotor flux oriented control, the d-axis of the
reference frame is oriented along the rotor flux vector which is
set be equal to the rated flux, and, consequently, W, =1,
and ¥+. = 0. After arranging the equations (11) to (19), the
new mathematical model of single phase induction motor can
be represented according to the usual d axis and q axis com-
ponents in a synchronously rotating rotor flux reference frame
as:

From eq. 13, and 17

Mopq pf _ Uy, diyp
o ]sd - T + dr (21)
From eq. 14, and 18
MS?- ¥
T.d ‘rs;f = P * wy (22)

Using eq. 19 the expression for the torque can be calculated by:

P .
Tom = 3~ * Myra * I (23)
Where
lpr is the rotor-flux magnitude,
Wep = W — Wy is the slip frequency,

are respectively the frequency
and the position of the rotor-flux
vector.

_ 8y
w = dt,andﬁrf

Expressions (21 and 23) shows that, if rotor flux is kept
constant, I4 can be used to control the flux magnitude and L.
can be used to control the electromagnetic torque.
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Fig. 2. Block diagram of the indirect rotor field oriented control of SPIM.

4  SIMULATION RESULTS

The speed control of the single-phase induction motor was

implemented in accordance with Fig. 3.

Validation of the proposed control schemes for Single-
Phase Induction machine was performed by simulation in or-
der to evaluate the performance of the control strategy.

The parameters of the used machine model are given in

Table 1. Selected results are presented in Figure (3).
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Fig. 4. Simulation results of the system under load and no-load.

Firstly, it can be seen that when the system is started, the
motor was set to run with no load attached to the shaft.

Figure 3(a) shows the actual motor speed (w,.) and refer-
ence speed (w;,) under the IFOC system. The actual motor
speed can track the reference speed at time less than 0.4 sec.
Fig. 3(b) shows the electromagnetic-torque of the motor. Fig.
3(c) shows the motor currents I;, and [, in stationary reference
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frame. The asymmetry of the motor can be verified by the dif-
ference in amplitude of the stator currents.

When the load (4.5 N.M) is applied at t=0.6 sec and
t=1.4 sec, the actual speed sense slightly the disturbance as it
is seen in Fig 3(a), then at t=1 sec and t=1.8 sec the load
torque was removed. It is evident that the magnitude of stator
current reduces according to electro-magnetic torque in no-
load conditions.

TABLE 1
THE PARAMETERS OF SINGLE PHASE INDUCTION MACHINE.

Machine rating Machine parameter

R.; =714 10 L, =56mH
R,y = 12020

Power: 730 W

Voltage: 220 V Myg = 148 mH

Frequency: 50 Hz Lsg = 205 mH Mgq = 181.2mH

Ly =17.4mH

Speed: 1445 rpm J=15.6*10-3 Kg.m2

F=2.02.10-4

R.=
" N.m.srad ™t

Number of pole pairs: 2 4221

5 CONCLUSION

This paper investigated the field oriented control for sin-
gle-phase induction motor drive system with and without
load. Due to the natural asymmetry of the single-phase induc-
tion motor some transformations were carried out so the IFOC
method could be implemented.

For any single phase induction machine field oriented con-
trol technique is one of the best techniques for the speed con-
trol. It allows the decoupled control of the motor flux and elec-
tromagnetic torque. After decoupling, the induction motor can
be controlled as a DC motor and the electromagnetic torque
and current can be control independently.

In order to show the effectiveness of the control systems
when driving a single-phase induction motor, tests under load
condition were performed. The IFOC presented good dynamic
behavior during the load transients. When the disturbance
was sensed, the control systems could keep up the reference
speed.

The obtained results were considered satisfactory and showed
the performance of a single-phase induction motor drive un-
der load does not differ from the performance without load.

6 REFERENCES

[1] M. B. R. Corréa, C. B. Jacobina, A. M. N. Lima and E. R. C. da Silva
“Rotor-flux-oriented control of a single-phase induction motor
drive,” IEEE Trans. Ind. Electron., vol. 47, no. 4, pp. 832-841, Aug.
2000.

[2] M. B. R. Corréa, C. B. Jacobina, A. M. N. Lima, and E. R. C. da Sil-
va,”Vector Control Strategies for Single-Phase Induction Motor Drive

[4]

[5]

[6]

[7]

8]

[9]

[10]

IJSER © 2016
http://www.ijser.org

975

Systems,” IEEE Trans. Ind. Electron., vol. 51, no. 5, pp. 1073-1080,
Oct. 2004.

M. Popescu, D.M. Ionel and D.G. Dorrell, “Vector control of unsym-
metrical two-phase induction machines,” in Conf. Rec. IEEE
IEMDC'01, 2001, pp. 95-101.

D. G Holmes and A. Kotsopoulos, “Variable speed of single and two
phase induction motors using a three phase voltage source inverter”
in Conf. Rec. of IEEE-IAS Annual Meeting 1993, Vol. 1, pp. 613 - 620.
S. S. Wekhande, B. N. Chaudhari, S. V. Dhopte and R. K. Sharma, “A
Low Cost Inverter Drive for 2-Phase Induction Motor” in IEEE 1999
International Conference on Power Electronics and Drive Systems,
PEDS'99, July 1999, Hong Kong.

Krause, P. C., Wasynczuk, O., Sudhoff, S. D., and Pekarek, S., “Anal-
ysis of Electric Machinery and Drive Systems” (Vol. 75). John Wiley
& Sons, (2013).

M. B. R. Corréa, C. B. Jacobina, A. M. N. Lima and E. R. C. da Silva,
“A Three-Leg Voltage Source Inverter for Two-Phase AC Motor
Drive Systems,” Transactions on Power Electronics, vol. 17, no. 4, pp.
517- 523, July 2002.

J. Do-Hyun and Y. Duck-Yong, “Space-Vector PWM Technique for
Two-Phase Inverter-Fed Two-Phase Induction Motors,” IEEE Trans.
On Industry Applications, vol. 39, no. 2, pp. 542-549, Mar/ Apr 2003.
M. A. Jabbar, A. M. Khambadkone and Z. Yanfeg, “Space-Vector
Modulation in a Two-Phase Induction Motor Drive for Constant-
Power Operation,” Transactions Ind. Electron., vol. 51, no. 5, pp.
1081-1088, Oct. 2004.

Vaez-Zadeh S., Reicy S.H., “Decoupling vector control of single-
phase induction motor drives”, 36th Power Electronics Specialists
Conference PESC (2005),pp. 733-738.





