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Abstract—This paper investigates the vector control of a single-
phase induction motor drive to implement low-cost systems for
low-power applications. The static power converter side is imple-
mented using a single-phase rectifier cascaded with a four-switch
inverter. The vector control is based upon field orientation concepts
that have been adapted for this type of machine. Simulation and ex-
perimental results are provided to illustrate the system operation.

Index Terms—Field-oriented control, single-phase induction
motor.

I. INTRODUCTION

SINGLE-PHASE machines are widely used for fractional-
and subfractional-horsepower applications, although, for

example, units of up to 12 hp can be found in rural applica-
tions. In general, the single-phase machine has both main and
auxiliary windings, which usually have different impedances,
and a squirrel-cage rotor. Among the single-phase motors that
have two windings, the most common types are the split-phase,
capacitor-start, capacitor-run, and capacitor-start capacitor-run.
Only the split-phase motor does not use an auxiliary capacitor,
and when the auxiliary capacitor (startup capacitor) needs to be
cut out, this is done by a centrifugal switch.

The availability of low-cost static converters makes possible
the economic use of energy and improvement of the quality
of the electromagnetic torque in single-phase induction motor
drives [1]–[6].

This paper investigates the use of the scheme in Fig. 1 for
feeding a single-phase motor. The converter employed consists
of a single-phase rectifier in series with a four-switch inverter
(FSI) as was proposed in [7] and employed in [2] for a single-
phase induction motor drive. This paper employs the same con-
verter, but it investigates the use of the rotor-flux vector con-
trol in more detail, as well as the design of current and voltage
digital controllers for a single-phase motor drive. Note that the
scheme employed declines the use of capacitors, which are re-
moved when they exist in the motor.

Feeding of both main and auxiliary windings allows the
single-phase machine to be treated as a two-phase machine.
However, the use of field orientation to control an unbalanced
single-phase machine requires special attention because the
mathematical model for this type of machine is similar to that of
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Fig. 1. Single-phase induction motor drive system.

an asymmetrical two-phase machine. The approach presented
here can be applied to any single-phase machine that has two
windings. However, emphasis is given for the case in which the
main and auxiliary windings have different impedances. There-
fore, the proposed approach is recommended for applications in
which it is required an improvement of the overall performance
of a standard single-phase drive system when some physical or
economical constraint impose keeping the existing machine.

The proposed configuration provides bidirectional power
flow and power-factor control. The input and output converters
can be implemented with a single six-switch device package
in which one of the legs is used to implement the rectifier and
the other two to implement the inverter. The computing power
required to implement the techniques proposed fits quite well
for a general purpose microcontroller. The use of a reduced
number of power switches and a microcontroller while keeping
the existing single-phase motor results in a low-cost drive
system.

Simulation and experimental results are presented to demon-
strate the main characteristics of the proposed drive system and
to validate the methodology and the modeling approach em-
ployed in this work.

II. M ACHINE MODEL

The equations that define the dynamic model for the single-
phase induction machine are

(1)

(2)
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(3)

(4)

(5)

(6)

(7)

(8)

(9)

(10)

where , , , , , , , , and are the
-axes voltages, currents, and fluxes of the stator and rotor in

the stator reference frame (superscript), , and denote
the stator and rotor resistances,, , , and de-
note the stator, and the rotor self- and mutual inductances,,

and are the machine speed, and the electromagnetic and
the load torque, and , and are the machine pole pairs, the
inertia, and viscous friction coefficient.

This model was obtained using an approach similar to that
used to obtain the model for an unbalanced two-phase ma-
chine. It is written in the stator reference frame to eliminate the
terms that depend on the mechanical angle position [8].

III. ROTOR-FLUX MODEL

Due to the asymmetry of the stator main and auxiliary wind-
ings of the single-phase motor, the use of field-orientation prin-
ciples requires a special attention, unlike the symmetrical ma-
chine, there is no standard definition of the vector model in the
case of an asymmetrical machine. The asymmetry is a result of
different - and -axes parameters, which is very common with
standard single-phase machines. This asymmetry causes an os-
cillating term in the electromagnetic torque. Even whenand

have equal amplitudes and are phase shifted by 90, an ac
term in the torque still exists. This can be observed in the torque
equation (9), where different values of mutual inductances are
present, but, as will be demonstrated, it is possible to eliminate
the electromagnetic torque ac term by means of an appropriate
control of the stator currents.

The mathematical expression of the electromagnetic torque
written in terms of the machine parameters and rotor fluxes can
be derived from (7)–(9) and is given by

(11)

Assuming that the stator currents can be imposed as

(12)

(13)

with , then by substituting the variables and
for the auxiliary variables and into (11), the torque

can be expressed by

(14)

This expression is equivalent to that of the symmetric machine
in which the oscillating term does not exist in steady state.
Employing the current compensation given by (12) and (13),
a vector model can also be developed to define the control
strategy.

From (3), (4), (7), and (8) it is possible to derive dynamic
equations, which relate rotor fluxes to rotor currents, as

(15)

(16)

where .
This model is not symmetric ( ) and is, there-

fore, not suitable. However, by using (12) and (13), (15) and
(16) can be written as

(17)

(18)

Now, a vector model can be defined. From (17) and (18),
the rotor-flux model written for an arbitrary reference frame,
denoted by the superscript, is given by

(19)

where

and and are the speed and the position of the
arbitrary reference frame viewed from the stator, respectively.

The electromagnetic torque can be derived from (14), that is,

(20)

IV. ROTOR-FLUX-ORIENTED CONTROL

Based on the rotor-flux model derived previously, it is pos-
sible to use the field-orientation principles for decoupling the
control of the flux and torque as presented in the following.

Equation (19), written in the rotor-flux reference frame (su-
perscript ), can be decomposed into two equations

(21)

(22)

where is the rotor-flux amplitude, is the slip
frequency, and and are the frequency and the
position of the rotor-flux vector viewed from the stator, respec-
tively.
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Fig. 2. Block diagram of the proposed field-oriented controller.

The expression for the torque in terms of the-axis current
and the rotor-flux amplitude can be derived from (20)

(23)

From these results, it is possible to adopt the indirect field-ori-
ented control scheme, as illustrated in Fig. 2, whereand
represent the reference torque and the reference flux, respec-
tively. The block performs signal transformations from the
synchronous frame to the stator frame. Furthermore,and
represent the reference currents to be supplied to the machine.

V. CURRENT CONTROL

The rotor-flux control strategy presented here requires an
internal loop for current control. The models employed for
designing the stationary current controllers are obtained from
(1)–(8) and are given by

(24)

(25)

where and .
The terms and are the counter electromotive forces and
are given by

To implement the stator current control in synchronous co-
ordinates, a suitable model must be obtained. To derive such
a model, it is necessary to find a compensation factor for the

voltage components, as has been done for the current com-
ponents [see (12) and (13)]. An approximate voltage-compen-
sating factor can be found by analyzing (24) and (25). At high
speed, and dominate the other terms in the voltage equa-
tions and then . The term

represents an operator that extracts the amplitude of the
sinusoidal waveform . Thus, the compensated components of
the voltage and counter electromotive forces can be defined as

, , and Intro-
ducing these compensated voltage components in (24) and (25),
the following model can be written for an arbitrary reference
frame:

(26)

(27)

where

The model given by (26) and (27) is almost symmetric when the
machine unbalancing is only due to the difference in the number
of turns of the main and auxiliary windings. In this case,

and, consequently, . Then,
except in the low-speed range where is more
important, the residual voltages due to unbalancing represented
by and are very small.

The simplest way to implement the current control loop is to
use standard hysteresis controllers, as shown in Fig. 3(a), and
which are particularly suitable for analog implementation.

In this paper, the current control loop implemented by using
discrete-time proportional plus integral (PI) controllers is inves-
tigated in detail. Due to the machine asymmetry, the easiest so-
lution is to implement the controller in stator coordinates. Im-
plementing PI controllers in stator coordinates can be done as
shown in Fig. 3(b), which is meant to complement Fig. 2. In
this diagram, blocks and represent the PI controllers and
block PWM FSI IM represent the pulsewidth modulator, in-
verter, and motor.

The synchronous controller in rotor-flux vector coordinates
is based on (26) and (27) by making and replacing the
superscript by in the variables. In this case, the expressions
for the counter electromotive forces are

and
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Fig. 3. Current controller block diagrams. (a) Hysteresis. (b) Stationary. (c) Synchronous.

The current control diagram is shown in Fig. 3(c). In this dia-
gram, blocks represent the PI controllers, the references,

and are obtained from the diagram in Fig. 2, and

and

The continuous-time PI controllers are designed to compen-
sate the time constants

and

for the stationary controllers, and

for the synchronous controllers, and also to provide the
closed-loop performance according to the optimum damping
criteria [9], [10]. The discrete-time controllers were obtained

from the continuous-time controllers using Tustin approxima-
tion.

In this paper, the counter electromotive forces and the residual
voltages due to unbalancing are considered as disturbances. In
this case, the voltage decoupling [10] is achieved in a feedfor-
ward way at the output of the current controllers, as presented
in Fig. 3(b) and (c). The influence of the disturbances compen-
sation is discussed in Section VII.

VI. I NVERTERPULSEWIDTH MODULATION (PWM) CONTROL

The current control strategy presented in the previous section
needs the machine voltage control, which is obtained here by
using a modified space-vector PWM technique. Assume that the
conduction state of the power switches in the inverter of Fig. 1 is
associated to the binary variablesto ; binary “1” indicates
a closed switch and binary “0” an open switch. The pairs–
and – are complementary and, as a consequence, –
and – .

Using the two-phase machine with the converter in Fig. 1, the
voltages are given by

(28)

(29)
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Fig. 4. Voltage vectors in thedq plane.

TABLE I
SECTORSGROUPING BY THESIGN OF t

TABLE II
SECTORSGROUPING BY THESIGN OF t

The combination of the states of the switches originates four
different vectors in the plane

(30)

Vectors of same amplitude are phase shifted by from each
other. Using the above vector definitions, one may divide the
plane into four (I–IV) sectors, as shown in Fig. 4.

Let ( ) represent the reference voltage to
be synthesized by the inverter within one cycle time of length

. According to the space-vector technique

(31)

Fig. 5. Electromagnetic torque of the machine for (a) balanced voltages and
(b) for compensated currents.

with the time weights , , , and restricted to

(32)

The problem is how to find the values of the time weights
given by and . In order to simplify the algebraic manip-
ulation, introduce and

. Replacing the vectors
and into (31) results in

(33)

with and .
From (31), one determines and as follows:

(34)

(35)

Computation of the values of the time weights is an undeter-
mined problem. To overcome this, assume that only three of the
four vectors will be employed. In this case, one of the four time



CORREAet al.: ROTOR-FLUX-ORIENTED CONTROL OF A SINGLE-PHASE INDUCTION MOTOR DRIVE 837

Fig. 6. (a) Machine speed, (b) electromagnetic torque, and (c) rotor flux for the proposed field-oriented control.

weights must be set equal to zero, which serves to not only solve
the undetermined problem, but reduce the switching frequency
of the inverter as well.

For each one of the sectors of Fig. 4 there exist two groups
of three vectors that can be employed to compose the reference
voltage, as shown in Tables I and II. As the vectors have the
same amplitude, the utilization of Tables I and II produces sim-
ilar effects. Using the test conditions given in Tables I or II and
equations (32), (34), and (35) one may compute time weights

, , , and .
One should observe that, due to the asymmetry between the

stator windings, balanced operation of the single-phase machine
requires different modulation indexes per phase.

VII. SIMULATION RESULTS

Flux, torque, and current control were investigated with the
help of a simulation program.

The effect of the current compensation may be observed by
comparing the results obtained by feeding the machine with
two different sources: 1) voltage source, ,

and 2) current source with compensation,
, .

In Fig. 5, the torque waveforms for these two ideal sources
are presented. It can be seen that the current compensation
allows a continuous (nonoscillating) steady-state torque
[Fig. 5(b)], compared to the voltage-source excitation where
torque ripple is produced [Fig. 5(a)].

The simulation results obtained with the proposed field-ori-
ented control strategy, using current sources obtained by hys-
teresis controllers, are shown in Fig. 6; here, the reference flux
is kept constant at 0.4 Wb, while the reference torque is sub-
mitted to the step changes

N m, for s

N m, for s s

N m, for s s

N m, for s.

It can be seen that the flux and torque control are fairly appro-
priate.

Fig. 7 illustrates the influence of counter electromotive forces
in the performance of the current controller in four different sit-



838 IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS, VOL. 47, NO. 4, AUGUST 2000

Fig. 7. q-axis current errors obtained for the synchronous and stationary controllers with and without compensation. (a) Synchronous with compensation. (b)
Synchronous without compensation. (c) Stationary with compensation. (d) Stationary without compensation.

uations with two different control schemes. The control schemes
are presented in Fig. 3(b) and (c) and have been used to imple-
ment the field-oriented strategy. In all four cases, the reference
profiles used for the rotor-fluxand electromagnetic torque are the
same as used to obtain the waveforms of Fig. 6. Fig. 7(a) and (b)
presents the current error for theaxis ( – ) obtained with
the current controller implemented in the synchronous reference
frame with [Fig. 7(a)] and without [Fig. 7(b)] compensating for
the electromotive forces and . Fig. 7(c) and (d) presents
the current error for theaxis obtained with the current controller
implementedinthestationaryreferenceframewith[Fig.7(c)]and
without [Fig.7(d)] compensating for theelectromotive forces
and . The -axis current errors in Fig. 7(a) and (b) are less than
3% of the amplitude of the reference current. However, the errors
observed in Fig. 7(c) and (d) reach up to 9% and 50%, respec-
tively. From these results, we can conclude that compensating for
the electromotive forces and has a pronounced impact in
the improvement of the stationary controller performance. How-
ever, the improvement obtained by compensating for and

in the synchronous controller was not so impressive. More-

over, theperformanceobtainedwith thestationarycontrollerwith
compensation is worse than that obtained with the synchronous
controller with or without compensation. Although results for
the -axis current error are not presented, the same conclusions
are obtained by observing the waveforms for the current error in
the axis. Good performance of the current control loop in syn-
chronous coordinates, without compensating for and ,
is expected because, in this case, the disturbances are continuous
quantities and, consequently, the integrating term of the PI con-
troller can cancel their effects. The effect of compensating for the
residual voltages due to unbalancing is negligible, although not
shown in this paper.

VIII. E XPERIMENTAL RESULTS

The laboratory implementation of the control strategies dis-
cussed previously was carried out with the scheme sketched in
Fig. 1. The drive system is composed of a static power con-
verter, a 0.5-hp single-phase induction machine and a micro-
computer (PC-Pentium). The generation of the command sig-
nals for the converter, data acquisition, and the control law tasks
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Fig. 8. Stator currents and current errors for the stationary controller at 20 Hz.
(a) d axis. (b)q axis.

are implemented around the microcomputer-based platform that
is equipped with appropriate plug-in boards and sensors. The
angular speed is obtained from the absolute position encoder
that has a 9-b resolution. The stator currents are filtered by a
second-order anti-aliasing filter and sampled at each 100s, i.e.,

s. The asymmetry constantfor the single-phase in-
duction machine is 0.75. The generation of the PWM patterns
was obtained using the technique presented in Section VI.

Figs. 8–10 present the actual (, ) and reference ( , )
stator currents, which are superimposed, as well as their respec-
tive errors ( , – ) obtained with the current con-
trollers of Fig. 3(b) and (c) for three different values of stator fre-
quency , i.e., 20, 40, and 60 Hz. Only the controllers without
compensation were considered. The reference currents are given
by

for

for

Fig. 9. Stator currents and current errors ofd axis for the controllers at 40 Hz.
(a) Stationary. (b) Synchronous.

where is the total time of the experimental test and the
current amplitude is in amperes.

Fig. 8(a) and (b) presents the actual and reference stator cur-
rents and their respective errors, with the current controllers
of Fig. 3(b) at 20 Hz. One should observe that the controllers
present a maximum steady-state error of 22%. The results for
the controller implemented with synchronous coordinates are
not presented here, but they have been shown to have a max-
imum steady-state error less than 4%.

Fig. 9(a) and (b) shows the actual stator currents and their
respective errors for the main phase,, with the stationary con-
trollers and synchronous controllers at 40 Hz. One should ob-
serve that the maximum current error for the synchronous con-
trollers is smaller than that obtained with the stationary con-
trollers.

Fig. 10(a) and (b) shows similar test results at 60 Hz, but only
for the synchronous controllers. The maximum current error in-
creases with respect to those observed in Fig. 9(b), but remains
within acceptable margins (8%). The stationary controllers
present a maximum current error greater than 80%.
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Fig. 10. Stator currents and current errors for the synchronous controller at 60
Hz. (a)d axis. (b)q axis.

Fig. 11. Machine speed for the proposed field-oriented control scheme.

The results presented in Figs. 8–10 show that the current error
increases when the frequency of the reference waveforms in-
creases, particularly with the stationary controllers. Even at 60

Hz, the controller implemented by using synchronous reference
frame coordinates provides acceptable performance, whereas
the stationary one does not. The performance degradation seen
for the stationary controller confirms the results in the simula-
tion study.

Fig. 11 presents the machine speed when operating under
field orientation with the current control being implemented in
synchronous frame coordinates and without feedforward com-
pensation. For these results, the reference amplitude of the rotor
flux was kept constant and the reference torque was submitted
to step changes similar to those used in the simulation test of
Fig. 6. By observing the speed evolution, one can conclude that
the torque control is satisfactory.

IX. CONCLUSION

The rotor-flux-oriented control of a single-phase motor was
implemented and experimentally tested in the laboratory. It was
shown that it is necessary to supply the main and auxiliary ma-
chine windings with unbalanced currents to eliminate the ac
term of the electromagnetic torque. Furthermore, this unbal-
anced control is necessary to realize a balanced rotor-flux model
which enables vector control to be applied to the single-phase
motor.

The asymmetry of the single-phase machine also has an im-
portant impact on the design of the stator current control loop.
The use of digital current controllers in both the stationary and
synchronous reference frames has been investigated and has
shown satisfactory closed-loop behavior, but, as expected, the
synchronous controller provides the best performance at high
frequency.

The proposed PWM technique was adapted from the standard
space-vector modulation and is relatively simple to implement.

This paper has shown that is possible to implement high-per-
formance ac drive systems with a single-phase motor for low-
power applications. A prospective application of the proposed
approach is its use as an emergency scheme for the drive system
when a symmetric machine becomes asymmetric because of
some winding failure.
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