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Abstract: - The magnetic performance of a capacitor-run single-phase induction motor under triac-based
voltage control is examined and compared with that accomplished by the nominal voltage supply. The
magnetic field is calculated through two-dimensional finite elements in steady state, including the effect of
rotor rotation. Selected calculated results are presented and the effect of a non-sinusoidal voltage supply on
magnetic performance of the single-phase induction motor is discussed.
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1 Introduction

Single-phase induction motors (SPIMs) are widely
used in various domestic and light-duty industrial
applications where a three-phase supply is not
readily available [1]. Although they are smpler in
construction, they are inherently more complex to
model and analyze through equivalent circuits.
Moreover, the complexity of the model analysis is
increased, if a SPIM is excited through a non-
sinusoidal voltage. Thus, the finite e ement approach
could be an effective tool for facilitating and
expediting SPIMs performance analysis.

In SPIMs, the unbalanced operation lays on the
fact that both main and auxiliary stator windings are
fed by the same supply unit. The function of the ca-
pacitors (i.e. start and running capacitors) is to gen-
erate a leading phase current in the auxiliary wind-
ing so that the motor can produce a sufficient high
starting torque and operate as a balanced two-phase
machine. However, the impedance of the auxiliary
winding changes considerably from starting to run-
ning mode and also depends on the load condition
during the period of normal operation [1]. Therefore,
symmetrical and balanced operation of a SPIM
cannot be ensured through altering the two fixed
value capacitors.

Since hundreds of thousands SPIMs are being
used in various applications, the interest for cost
effective design, high efficiency and high motor

performance are of great importance [2].
Specifically, design considerations for improving
SPIMs efficiency and performance were presented
in [3] and [4]. A dynamic model of an integral-
cycle SPIM by properly choosing a stationary d-q
reference frame was described in [5] and unified ap-
proaches to SPIMs analysis were presented in [6]
and [7]. A circuit simulation for both qualitative and
quantitative analysis of SPIMs with triac-based sup-
ply voltage control was given in [8]. A computer
simulation of SPIM in motoring, generating and
braking modes using two-dimensiona finite ele-
ments was presented in [9] and a finite element
time-harmonic simulation based on the double re-
volving field theory was developed in [10]. Finaly,
investigation of harmonic influence and studies for
toque performance improvement of SPIMs were
conducted in [11] and [12], respectively.

In this paper, the magnetic performance of a
SPIM with triac-based voltage control to achieve
adjustable speed operation is investigated and
compared with that accomplished by the nominal
voltage supply. Triac-based voltage controllers tend
to introduce harmonics that may reduce motor
efficiency and increase torque pulsations, however
they satisfy the prerequisites of simplicity, reliability
and cost effectiveness for low horsepower rating
SPIMs. Also in this paper, modern FEA tools are
employed for the modeling of the SPIM. FEA



analysis includes transient simulations and rotor
rotation is included to enable accurate simulation
analysis of the SPIM unbalance operation, hence
aleviating the need for the double revolving theory
approach. The driving functions for the finite
element motor model are experimentally obtained.
Findly, the effect of the non-sinusoidal voltage of
the triac-based voltage controller on the SPIM
performance was discussed.

2 General Concepts

2.1 Field and Torque Formulations
The steady-state two-dimensional magnetic field
diffusion equation is given by
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where u is the magnetic permeability, ¢ is the
conductivity, and A, and J, are the axial components
of the magnetic vector potential and the source
current density respectively. The instantaneous
electromagnetic torque T, and the rotor angular
acceleration dw, /dt (where o, is the mechanical

angular velocity) are related by

Te = ‘]r dd% +TL (2)

where T_ is the load torque and J; is the rotor and
load body inertia.

The finite element solution of the diffusion
eguation (1) calculates the magnetic field at distinct
time steps. The time stepping is automatically
adjusted with coupling to the mechanical equation
(2) and relative motion between rotor and stator, so
that the calculated error is much less the desired
tolerance. For the SPIM finite element ssimulation,
the RM module of the commercial software package
OPERA from Vector Fields is employed, that
provides coupling to voltage driven circuits and
allows for rotor rotation under a user- defined
mechanical |oad coupled to therotor [13].

2.2 Mode Description

A SPIM is provided with two stator windings (i.e.
main and auxiliary winding) and a squirrel cage
rotor. The two windings are wound 90° apart along
the air gap space. If the two sets of space symmetric
windings are excited by a two-phase symmetrical
ac-voltage, a smooth rotating field will be produced.

Stator
windings

Stator

Fig. 1. SPIM cross-section without frame.

TABLE 1
1-HP, 4-POLES SPIM NAMEPLATES AND PARAMETERS

SPIM nameplates

Vi=220V I,=56A

n,= 1420 rpm

Cyuan = 150 uF Cpun = 25 uF
SPIM parameters

Fem=3.2Q Fea= 1.2 Q

Lns=0.175 H

Ly = 11.5 mH L = 6.68 mH

r=2Q L/ =102 mH

However, the two windings are fed from a common
single-phase source. Hence, a capacitor is connected
in series with one phase winding (auxiliary winding)
in order to generate a leading phase current, so that
the motor can produce a sufficiently high starting
torque.

The most common SPIM types are split-phase,
capacitor-start and capacitor-start-and-run [1], [2].
The split-phase motors have the problem of poor
starting torque that is solved by using a capacitor-
start in series with the auxiliary winding. The start
capacitor may be disconnected after starting by
means of a centrifugal switch. In capacitor-start-and-
run SPIMs, one more capacitor is permanently
connected to the auxiliary winding for improving
motor performance.

The cross section of the 4-pole, 1-hp SPIM used
in the computations and experiments is shown in
Fig. 1. Exploiting model and circuit symmetry in
the machine, only one pair of pole pitches was
modeled. The field pattern is repeated in the
symmetric sections of the machine. The design
characteristics of the modeled 1-hp SPIM are
recorded in Table 1.
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Fig. 2. Block diagram of the triac-based SPIM drive.
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Fig. 3. Magnetization curve and core laminations.

3 System Configuration

To improve the SPIMs performance, power
electronic means have been employed increasingly
in recent years to achieve adjustable speed
operation, in various demanding applications [14],
[15]. Although, various PWM control techniques,
that exhibit improved performance such as VIf
control or field-oriented control, have been recently
developed for three phase machines [16], the simple
triac-based converters are often employed for
SPIMs. Thisis because the complexity and high cost
of the newly developed controllers are not justifiable
for SPIMs with low horsepower rating. Therefore, a
SPIM coupled with a simple, reliable, and cost-
effective drive is an ideal solution for most of the
commercia and residential applications[2].

The control algorithms for SPIMs can be
categorized into phase control and integral-cycle
control methods [15]. In the phase control, the
effective stator voltage is adjusted by means of a
triac-based circuit, which conducts for a portion of
half-cycle. In the integral-cycle, thetriac is

T=2Nm
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Fig. 4. Experimental stator voltage waveforms (nominal
and triac output circuit voltage) used as driving functions
for the finite element motor model.

aternately switching on and off the supply voltage
for a number of cycles a a time. In integral-cycle
systems, less voltage distortion is produced on the ac
supply, compared to phase-controlled regulators,
however speed fluctuations may be objectionable
and stepless speed control is not possible. Therefore,
phase control method offers selective advantages
and is desired as a control strategy for SPIMs
operation.

The block diagram of the triac-based SPIM drive
is illustrated in Fig. 2. Voltage control is
accomplished by varying the triac-conducting angle.
The two-dimensional magnetic field problem is
solved a steady state taking into account the
nonlinear magnetic characteristic of stator and rotor
cores, asshown in Fig. 3.

The driving functions for the finite element
motor model are experimental voltage waveforms
obtained with a data acquisition measuring System.
Fig. 4 illustrates in a common diagram the
sinusoidal voltage with nominal amplitude (dashed
curve) and the output voltage of the triac-based
controller (solid curve), for a load torque 2 Nm in
the 1-hp SPIM. In triac-phase control, the gating
signal is delayed so that the device blocks for part of
each half-cycle of the supply voltage and thus,
fundamental voltage excitation is reduced.

4 Magnetic Field Analysis

Figs. 5 (@) and (b) show the spatia magnetic flux
digribution in the 1-hp SPIM with nominal
sinusoidal voltage supply and non-sinusoidal voltage
of the triac controller respectively, for constant load
torque 2 Nm. The magnetic flux distribution of the
triac-controlled operation is illustrated in two
diagrams, for triac-blocking (at t=Tg/5, where Ts
is the time period of the voltage source) and triac-
conducting (at t=2Tg/5). The voltage waveform
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Fig. 5. Flux distribution and equipotential linesin the 1-hp SPIM cross-section, for load torque 2 Nm: (a) nominal

voltage and (b) triac-based voltage control.
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Fig. 6. Air-gap flux density and flux waveforms

obtained from finite element analysis, in the 1-hp SPIM
with nominal voltage supply.

for the two modes of triac operation is experimen-
tally obtained (Fig. 4). As shown in Fig. 5, the
saturated regions (flux density above 1.5T) are
substantialy reduced, since the mean supply voltage
to the motor is reduced with the triac controller.
Thus, the saturation regions are confined in a small
portion of the stator and rotor air-gap teeth ends and
in the outer end edges of the stator dots.

Figs. 6 and 7 portrays the radia air-gap flux
densities and the corresponding air-gap flux profiles
obtained through the finite element analysis, for a
load torque of 2 Nm. Specificaly, Fig. 6 is referred
to nominal voltage supply and Figs. 7 (a) and (b) are
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Fig. 7. Air-gap flux density and flux waveforms
obtained from finite element analysis, in the 1-hp SPIM
with triac controlled voltage supply: (@) triac is blocking
and (b) triac is conducting.
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Fig. 8. Harmonic analysis of stator current for nominal
(sinusoidal) voltage supply in the 1-hp SPIM, for load
torque 2 Nm and speed 1,482 rpm (experimental results).
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Fig. 9. Harmonic analysis of stator voltage and current

for triac control in the 1-hp SPIM, for load torque 2 Nm
and speed 1,430 rpm (experimental results).

referred to triac voltage control; specifically, when
triac is blocking and conducting respectively. The
effect of the dlot openings is clearly visible. The
maximum values of the nominal and the average
triac controlled air-gap flux are 3 mVs and 1.85
mV's respectively. The maximum value of the triac
controlled air-gap flux is lower than the nominal by
1.15 mVs. Note that in the triac control, there is a
small fluctuation of the maximum values of the air-
gap flux, due to switching operation of the triac.

5 Harmonic Analysis
Figs. 8 and 9 illustrate the harmonic analysis of the
nominal and triac controlled voltage supply,
respectively, of the 1-hp SPIM for aload torque of 2
Nm. It can be seen that triac introduces voltage
harmonics and increases stator current harmonics.
Consequently, lower power factor values are
expected with triac voltage control compared with
the nominal stator voltage.

Figs. 10 (@ and (b) illustrate the freguency
spectra of the caculated air-gap flux, in dB and
linear scale, respectively, with nominal and triac-
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Fig. 10. Frequency spectra of the calculated air-gap flux
with nominal and triac controlled voltage supply, of the
1-hp SPIM for load torque 2 Nm: (@) in dB and (b) linear
scale.

controlled voltage, for the case of load torque 2 Nm.
For the dB scae, reference flux level is the
fundamenta flux value of 2.9 mVs. It can be seen
that the principal harmonic is the third, at 150 Hz.
This is due to magnetic saturation and the non-
sinusoidal voltage, for the nominal and triac
controlled voltage supply, respectively.

The triac generates high frequency flux harmon-
ics. However, the amplitudes are low compared to
the relative higher voltage excitation harmonics,
since the amplitudes of the flux harmonics are
reduced by the factor 1/h, where h is the harmonic
order. Thus, athough the 3 and 5™ order air-gap
flux harmonics of the optimal-triac controlled
operation are excited by 19.5% and 14% of the
nomina supply voltage respectively (Fig. 9), their
amplitudes are approximately 6.5% and 2.8%
respectively of the nominal air-gap flux fundamental
component 2.9 mVs (Fig. 10). Therefore, the
magnetic performance of a SPIM is not considerably
affected by the triac control.

It should be noted that high performance in SPIM
drives could be expected with PWM control
techniques (i.e. V/f and vector controlled), since the
amplitudes of the high carrier-frequency flux
harmonics are insignificant. However, a SPIM



coupled with a triac converter offers a far more cost
effective drive satisfying most of the commercial
and residential applications.

6 Conclusion

In his paper, the magnetic performance of capacitor-
run triac voltage controlled SPIM is studied. The
magnetic field analysis demonstrates that magnetic
saturation is considerably decreased due to the
reduced supply voltage, through the triac control.
Although triac-based controller introduces voltage
and current harmonics, the amplitudes of the flux
harmonics are not significant and the magnetic
performance of the SPIM is not considerably
affected. Selected simulation results are presented
obtained through two-dimensional finite element
analysis of a SPIM in steady state operation and
including the effect of motor rotation.
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