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Abstract—In general, single-phase induction motors have
main and auxiliary windings on the stator which is an
asymmetrical circuit for the starting torque. Due to an
asymmetrical stator circuit, the torque pulsation is generated
with noise and loss. The paper proposes the open-loop V/f
control method for reducing the torque pulsation in a single-
phase induction motor. The proposed method uses a three-
leg inverter and power sharing controllers without the start
capacitor. The line-to-line voltages of a three-leg inverter
correspond to two winding voltages, and the active power
sharing of two windings is adjusted by the voltage ratio while
the reactive power sharing is adjusted by the phase angle
difference. With the proposed method, average active and
reactive powers on the stator windings are equal and thus the

torque pulsation is reduced in a single-phase induction motor.

The effectiveness of the proposed method is validated by
simulation and experimental results.

Index Terms—open-loop V/f control, power sharing,
single-phase induction motor, torque pulsation.

I. INTRODUCTION

Single-phase induction motors (SPIMs) are widely used
in low-power industrial and household applications such
as pumps, fans, refrigerators, air conditioners, and so on.
They are simple in structure and easy to repair. Small
SPIMs are cheaper than similar power-rating three-phase
motors. Therefore, low-power applications utilize SPIMs
instead of three-phase motors because of low cost, ease of
use and maintenance. On the contrary, there are several
disadvantages including low efficiency, low power factor
and torque pulsation. Also, an additional winding in most
SPIMs is required for the starting torque when supplied
with a fixed single-phase voltage source. As shown in Fig.
1, the SPIM has main and auxiliary windings displaced 90
electrical degrees on the stator. The capacitor-start
induction motor has a capacitor in series with the auxiliary
winding for the auto start-up. When the SPIM is connected
to a single-phase AC power supply, the start capacitor
produces stator currents with a phase angle difference for
generating the rotating magnetic field [1], [2].
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A voltage source inverter (VSI) is preferred in variable
speed drive systems because variable voltage variable
frequency (VVVF) operation offers not only energy
savings but also soft run/stop capabilities. When the three-
leg VSI drives the SPIM, the start capacitor is removed to
prevent resonance problem and over current occurrence, as
shown in Fig. 2, and the SPIM is considered an
asymmetrical two-phase motor in which two stator
windings have different impedances. For the SPIM drives,
line-to-line voltages of a three-leg VSI are connected to
main and auxiliary windings.

In most of the industrial applications, the open-loop
volt/hertz (V/f) control is the one of widely used control
methods for induction motor drives because of simplicity.
In a general V/f control, various information regarding
motor parameters isn’t required except for nameplate
values. It is a simple variable speed control technique
which maintains the ratio of voltages to frequency from
zero to rated speed without flux and current controllers. In
symmetrical induction motors, the rotating magnetic field
is kept uniform with the V/f control. However, SPIMs have
an asymmetrical stator circuit consisting of main and
auxiliary windings. Due to asymmetrical windings, it is
difficult to produce a uniform circular rotating magnetic
field with the two-phase balanced voltages shown in Fig.
3. Consequently, the distortion of rotating magnetic field
generates torque pulsations. In [3], the unbalanced
voltages are applied to stator windings for a uniform
circular rotating magnetic field.
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In this paper, the power sharing controller and the
modified modulation strategy are suggested to reduce the
torque pulsation in the V/f control for SPIM drives. The
validation of the proposed methods are demonstrated by
simulation and experimental results.

Il. PROPOSED METHOD FOR PULSATING TORQUE
REDUCTION

In general, the auxiliary winding has additional turns, a
greater resistance and a lower current when the SPIM is
supplied with balanced two-phase voltages. However, if
the stator windings are supplied with unbalanced voltages
considering impedances in stator windings, the torque
pulsation can be reduced. Each stator winding of the SPIM
is connected to the three-leg VSI as shown in Fig. 2. The
three-leg VSI allows the removal of the self-starting
capacitor and supplies unbalanced voltages to reduce the
torque pulsation. In the V/f control for SPIM drives, a
higher voltage is supplied to the auxiliary winding
considering the turns ratio of stator windings [4].

A. Condition for Torque Pulsation Reduction [3]

The equivalent model of the SPIM with asymmetric
main and auxiliary windings based on the double revolving
field theory [5], [6] is shown in Fig. 4. The average
electromagnetic torque T,,, developed using this model
is given by (1) and the peak amplitude of the pulsating
torque T, is given by (2).
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where w is the fundamental frequency and ¢ is the phase
angle difference between main and auxiliary winding
currents. I, and I, are main and auxiliary winding
currents, respectively. Ry and Xy are resistance and
reactance of forward impedances. R, and X, are
resistance and reactance of backward impedances. « is the
effective turns ratio of the auxiliary winding to the main
winding.

The main winding voltage V,, and the auxiliary
winding voltage V, can be expressed in terms of currents
and impedances in the equivalent model shown in Fig. 4.
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Fig. 4. Double revolving field theory model of SPIM.

According to (1) and (2), the torque is determined by
I,, I, and ¢. From (2), the torque pulsation can be
eliminated at speeds other than standstill when 1,,, equals

to al, and ¢ is 90° as follow.
I, = tjal, ©)

Also, T,,, reaches maximum value for the same I,
and I,. In other words, it is possible to drive the SPIM
with less currents under the same operating condition. The
relationship of 17, and V, isdetermined from (3), (4) and
(9) as follows.

Z3+aZ
Vo= Val = Vin [ 7501 = KV (10)
_ [(az+aas)?+(b3+aby)?
k= \/(az+aa1)2+(b2+ab1)2 (11)

Voltage ratio k of (11) with (9) produces circular
rotating magnetic field at any operating point and the
torque pulsation is eliminated, thus improving the
efficiency of the SPIM during variable speed operation.
However, the calculation of (11) is complex and contains
SPIM parameters. Therefore, it isn't suitable to be applied
to the V/f control since SPIM parameters are unknown
except for nameplate values. In [7], the relative amplitude
relation of two winding voltages is given by (13) instead
of (10) and is illustrated in Fig. 5.
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Fig. 5. Reference voltages of V/f control for a SPIM drive.



where V,greq and w,q:eq are the nominal voltage and
electrical frequency of the SPIM. w; is reference
electrical frequency for the V/f control. V; and V" are
reference voltage amplitudes of the main and auxiliary
windings.

The VI/f control is a simple variable speed control
method in which the stator supply voltage is dependent on
the frequency of the applied voltage. For the SPIM drive,
the auxiliary winding is supplied with a higher voltage
considering the turns ratio a of stator windings, as shown
in Fig. 5. The voltage ratio k of (11) is approximately equal
to the turns ratio o from impedance matching and winding
power balance perspective [8]. So, the voltage ratio of (13)
is expected to produce the maximum average torque with
reduced torque pulsation. However, in practice, without
additional parameter estimations, it is difficult to obtain
motor parameters including the turns ratio a except for
information on the nameplate. Thus, the V/f control shown
in Fig. 5 containing « is also impractical.

B. Proposed V/f Control for SPIM Drive with Pulsating
Torque Reduction

To improve simplicity, the proposed V/f control for a
SPIM drive determines the voltage ratio and the phase
angle difference without motor parameters. Assuming that
two winding impedances have the same ratio as o, each of
the complex power S,,, and S, isexpressed from (3) and
(4) as follows.

Sm = Vmim = lmrm(al +jby) + Iaim(az +jb,), (14)
Se = Vaia ~ Iaiaaz(al +jby) — Imia(az +jby)  (15)

where the bar placed above the complex humber means the
complex conjugate.

According to these power equations, when the active
and reactive powers of stator windings are balanced, stator
currents corresponding to (9) are generated and the voltage
ratio between two windings becomes «. Then, the air-gap
power P, is expressed as follows [5].

Py = 4I5R, (16)

P, of (16) contains no alternating power, same as the
air-gap power in a symmetric two-phase induction motor.
Due to constant air-gap power and symmetric windings in
the rotor circuit, the torque is constant similarly to the
general V/f control for a three-phase induction motor.
Therefore, when the stator circuits consisting of main and
auxiliary windings supplies balanced active and reactive
powers to the rotor circuit which are symmetric, the torque
pulsation can be reduced. In the proposed method, the
voltage ratio and phase angle difference between main and
auxiliary windings on the stator are determined by power
sharing controllers, as shown in Fig. 6, so that the balanced
active and reactive powers are supplied to the rotor circuit.

The power sharing controllers used in this paper are
similar to P—V and Q — f droop controls which
regulate the voltage amplitude for active power sharing
and voltage phase angle for reactive power sharing [9]. As
shown in Fig. 7, the active power sharing controller
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determines the voltage ratio V,,, from active power
difference P,..,. As shown in Fig. 8, the reactive power
sharing controller determines the phase angle difference S
from reactive power difference Q... Respective powers
are measured from output voltages and currents of a three-
leg VSI, and Low pass filter (LPF) is necessary to
eliminate the second harmonic component of stator powers
in main and auxiliary windings. All pass filter (APF) is
also necessary to generate the required quadrature currents
for calculating the reactive power.

Compared to conventional methods, the proposed
method doesn’t require motor parameters and generates
appropriate reference voltages V;, and Vj for stator
powers sharing which reduce the torque pulsation.

I1l. MODULATION STRATEGY FOR PROPOSED V/F
CONTROL

For a SPIM driven by a three-leg VSI, reference output
voltages should consider V.., and g which are
important for pulsating torque reduction in the proposed
method. In [10], as shown in Fig. 9, the voltage phasor
diagram shows the modulation scheme. The reference
output voltages v;, v, and v, are defined with respect
to the middle point of the DC-link voltage and are
generated by (17).



Fig. 9. Voltage phasor diagram for a SPIM drive.
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v, = V' cos(w;it)
vy = V' cos(wit +y) @an
vy = Vi"cos(wst — 0)
where 1;* is the amplitude of reference output voltage. y
and @ represent the phase angle of v, and v, ,
respectively.

V.*, y and @ are needed to generate reference output
voltages and calculated with (18), (19) and (20) using
trigonometry while w; is predetermined by the speed
command.
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From Fig. 9, 8, and ¢, are found to be
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Finally, the phase angles y, & and {are
Z =1 — 251,
6 =m—26, (20)
y =1 — 265

From (18), V;* is generated by V., Vigrio (OF V)
and p. Considering the DC-link voltage utilization, V,; of
(18) should be appropriately determined depending on
Viatio @nd p. If V; is not proper, V,q:i, OF S is limited
with the over-modulation, which is important factor for the
proposed method. For example, Fig. 5 shows that V,.,;;,
is limited at adjacent rated frequency. Therefore, in this
paper, modified modulation method is used for the V/f
control with the SPIM. For the modified modulation, V;*
is predetermined by the relationship between voltage
amplitude and frequency, as shown in Fig. 10, which is the
same as a general V/f control for three-phase induction
motor drives. Fig. 10 corresponds to the V/f controller of
Fig. 6 and determines V;* according to the frequency.
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Fig. 10. Reference phase voltage for the general \/f control.

Viax 1S % considering a three-leg inverter topology for

a SPIM drive, and limits V;* to prevent the over-
modulation.

Similarly, y and 6 are needed to generate v,;,, v, and
vy, While V* and w; are predetermined as shown in Fig.
10. From (18) and (20), v is expressed as follow.

y =2 (21)
And (22) is calculated using the Law of Cosines.
(G2 = ()2 + (1K) — 2(1")?cos (6) (22)

Thus, from (18) and (22), 6 becomes the function of
Vyatio @nd g as follow.

cos(2B)-1 + 1) (23)
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Predetermining V" in advance, modulation strategy is
modified for a V/f control with the SPIM. v;, v, and v,
are simply determined by (21), (23) and Fig. 10 while
maintain V.., and g in the overall operating region.

IV. SIMULATION RESULTS

To confirm the effectiveness of the proposed V/f control
for a SPIM, conventional and proposed methods were
carried out by the simulation using PLECS. The
simulation-based results of the proposed V/f control are
compared to the corresponding results of the conventional
V/f control. The motor parameters used in the simulation
are listed in Table | [11].

Fig. 11 and 12 show the simulation results of
conventional and proposed methods at the rated frequency
with the rated load.

TABLE |
1/4-HP 110-VRMSs 60-Hz 4-PoLE SPIM PARAMETERS
Parameters Value Parameters Value
Rim 2.02Q Rom 412Q
Ra 714 Q Rea 574 Q
Xim 2.79Q Xom 212 Q
X1a 3.22Q X2a 2.95Q
X v 66.8 Q o 1.18
Xya 929Q Inertia | 1.407x10° kg-m?

As simulation results of the conventional V/f control,
Fig. 11(a) shows balanced voltages v, and v; with the

constant amplitude 110 V (= V,./v2) considering the
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linear modulation range of a three-leg VSI for the SPIM
drive, and V;* is 77 V(= V,./2) determined by V/f ratio
shown in Fig. 10. i,, and i, inFig. 11(c) are unbalanced
currents with peak amplitudes of 4.16 A and 1.11 A. Stator
current trajectory is elliptical as shown in Fig. 11(d), but
i, 1stoo high when compared to ai,. This results in the
torque pulsation of 0.65 Nm in Fig. 11(b).

As simulation results of the proposed V/f control, Fig.
12(a) shows unbalanced voltages v;, and v; adjusted by
power sharing controllers, but V;* is same as that of the
conventional V/f control because the modulation strategy
is identical in both methods. i,, and i, in Fig. 11(c) are
also unbalanced currents with peak amplitudes of 2.66 A
and 2.14 A, but stator currents are relatively low compared
to Fig. 11(c). Stator current trajectory is appropriate
because current amplitude ratio of i,, and i, is 1.24

with error rate 5% (: ;—’i"— 1|) As a result, torque
pulsation is reduced as shown in Fig. 12(b). The amplitude

of the torque pulsation is 0.05 Nm reduced 92% from
torque pulsation shown in Fig 11(b). In practice, as
shown in Table I, the auxiliary winding impedance is not
exactly o times the main winding impedance.
Nevertheless, proposed method significantly reduces the
torque pulsation.

V. EXPERIMENTAL RESULTS

In this section, experimental results will be shown to
verify the proposed method using a three-leg VSI. The
structure of the experimental setup is depicted in Fig. 2,
and the asymmetrical SPIM removed a capacitor in a
capacitor-start induction motor with a rating of 2.2 kW,
220 Vrms, 18.7 Arms, 60 Hz, 4 P, 1765 r/min is used for
the test. The experimental setup doesn’t include a torque
meter and thus experimental results show output currents
of the three-leg VSI according to load torques, as shown
in Fig. 13 and 14.

Fig. 13 shows the experiment results of the
conventional method. At no-load torque, the peak
current of i, isabout 18 A which is considerably high
compared to the rated current, as shown Fig. 13(a). To
improve the efficiency, it is required to reduce the no-
load current. At 50% load torque, the peak current of i,
is already close to the rated current as shown Fig. 13(b).
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Fig. 13. Experiment results of conventional V/f control
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High current of about 35 A exceeding the rated current
occurs at 100% load torque. Moreover, since i,, and i,
in Fig. 13 don’t sufficiently satisfy the condition for
pulsating torque elimination corresponding to (9), the
torque pulsation occurs significantly. Similar to the
simulation result of Fig. 11, i,, in Fig. 13 is also too high
compared to i,.

Fig. 14 shows the experiment results of the proposed
method. The current amplitude in the proposed method is
proportional to the load torque, same as the general V/f
control. The proposed method drives the SPIM from no-
load torque to the rated torque without over current. In
particular, regardless of load torques, current amplitude
ratio is relatively constant and the phase angle difference
between main and auxiliary winding currents is almost

close to 90° compared to stator currents of the

conventional method in Fig 13. Consequently, the
proposed method reduces the torque pulsation and currents
with less noise and less loss. The effectiveness of the
proposed V/f control is confirmed with amplitude and
phase angle difference of stator currents compared to
results of the conventional V/f control.

VI. CONCLUSIONS

This paper has presented the proposed V/f control
reducing the torque pulsation for the SPIM drive. The
proposed method adds the power sharing controller to the
existing V/f control. For sharing active and reactive
powers of each winding, power sharing controllers adjust
the voltage ratio and the phase angle difference between
two stator windings. A three-leg VSI supplies two winding
voltages corresponding to line-to-line voltages and the
modified modulation strategy is used to generate output
voltages suitable to a three-leg VSI and a V/f control for
the SPIM drive. With the proposed V/f control method,
torque pulsation and stator currents can be reduced
compared to the conventional method. The effectiveness
of the proposed method was verified through simulation
and experiment results.
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