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A Study on the Torque Performance to Capacitance of a
Capacitor-run type Single Phase Induction Motor

Cherl-Jin Kim' , Chul-Yong Choi* and Soo-Hyun Baek**

Abstract - Various kinds of practical machines using the single phase induction motor (SPIM) are
utilized to control both speed and torque. In particular, the capacitor-run type SPIM has the
characteristic that allows the motor torque to be altered by auxiliary capacitance variation. In this study,
we manifest an equivalent model having a more simplified configuration, and clarify the relationship
between torque and capacitance. Also, we design an experimental controller that is able to perform
speed control with ease by the phase angle control of the AC input voltage. Validity of this study is
confirmed through the simulation and experimental results obtained.
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1. Introduction

The SPIM is used in common power devices such as
most types of general electric in-home appliances. But this
kind of motor cannot achieve the rotational magnetic field
by itself since it is unable to start up, making it different
from the three phase induction type machine.

However, by connecting the capacitor in series with the
auxiliary winding, which is parallel connected to the main
winding, the current phase of auxiliary winding becomes
the leading phase permitting the start of the SPIM. After
starting, it generates a pulsated magnetic field as the time
passes, and the torque is produced continuously by this
magnetic field.

We must consider the generated torque characteristics of
driving when optional capacitance is selected for this SPIM,
because the starting torque is relatively low in cases of low
capacitance. If excessively large capacitance is applied to
the SPIM during starting and normal running conditions,
efficiency is remarkably decreased to no load or light load.
Furthermore, there is the concern of saturation of auxiliary
winding and magnetic vibration by unstable driving. Thus
the appropriate selection of capacitance should be paid
close attention to.

In this study, the torque performance to capacitance
variation is analyzed based on the phase analysis of the
proposed equivalent model. In this model, both voltage and
current of capacitor run type SPIM are divided by the
positive or negative phase substance. As well, the
generated torque is altered by capacitance and this relation
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is able to be predicted by MATLAB simulation. In this
paper, the above mentioned phenomena are analyzed by
computer simulation and confirmed by experiments of a
self-designed speed controller using a TRIAC device.

The validity of the proposed model and torque analysis
depending on capacitance are verified by comparison and
consideration through simulation and experiments.

2. Capacitor-run type SPIM
2.1 Motor Characteristics

The capacitor-run type SPIM is able to start and rotate
continuously, according to the capacitor that is connected
in series with the auxiliary winding, until the phase
difference of 90° appears between the main and auxiliary
winding. Fig. 1 represents the equivalent circuit of the
capacitor-run type SPIM applied to this study. Here, Z,
indicates forward impedance and Z, indicates backward
impedance. The voltage is induced at the main and auxiliary
winding by the magnetic field as shown in Equation (1).

Fig. 1 Equivalent circuit of SPIM
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Here, ais the winding ratio that is equal to the induced
voltage ratio of the auxiliary winding to the main winding.
The reflected voltage to the main winding is induced by the
magnetic field of the auxiliary winding, whose voltage is
1/a times that produced in the auxiliary winding.
However, because of the spatial relative position of the two
windings, the induced voltage of the main winding by the
positive direction field of auxiliary winding is 90° delayed.
Therefore, the induced voltage of the main winding is
delayed by comparison with the positive direction voltage
of the auxiliary winding. Furthermore, the induced voltage
to the main winding by the negative direction field of the
auxiliary winding is 90° ahead by comparison with the
induced voltage to the auxiliary winding by the same
magnetic field.

The mutual relations of the above mentioned voltage are
shown in Equation (2). Here, the currents are divided by
main winding and auxiliary winding components and this
relation is simplified in Equation (3).

Ve=0,2+1,Z,~jal Z +1I Z, + jal Z, @)
V,=12,,+1Z +a'l,Z,+ jal,Z, +a’l,Z, + jal ,Z,
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2.2 Induction of Occurrence Torque

Induced voltage to the main winding by the magnetic
field of positive and negative directions is indicated by
Equation (4).

E, =(Im—].‘aI”)Zf @)
E, =(I,+ jal )Z,

Fig. 2 presents the phase relation of currents in the
capacitor-run type SPIM.

The torque produced by both magnetic fields is
calculated from multiplying the squared current by the
resistance caused by each magnetic field. Here, currents by
the positive and negative directed magnetic fields are
shown respectively in Fig. 2, and the phase ¢ signifies the

phase difference of the current between the main and
auxiliary winding.

~jal] fmial,
Fig. 2 Current phase of SPIM

Since the driving torque in the capacitor-run type SPIM
is produced by the difference between the positive and
negative directed torque, the total produced torque is
represented by Equation (6).
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3. Characteristics Analysis
3.1 Characteristics Analysis by the Parameter

In this study, torque performance depending on
capacitance change is analyzed using (6).

The applied motor for analysis is the 4 pole, 40[W] type,
and the parameters based on the motor’s basic data are
simulated by the analyzing program. The detailed
parameters of the capacitor-run type SPIM, which are
acquired from the physical design data and material
specification, are presented in Table 1.

Table 1 Parameters of the Motor

Parameter Numerical value
Main-Phase Resistance (ohm) 63.5729
Aux.-Phase Resistance (ohm) 76.202

Main Leakage Reactance (ohm) 49.8734
Aux. Leakage Reactance (ohm) 71.0875
Rgtor Resistance (ohm) 199.895
Rotor Leakage Reactance 82.2302
Magnetizing Reactance 849.654
Turn Ratio of Aux. to Main-Coil 1.09155

Rated Slip 0.2775
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The phase angle difference between the main and
auxiliary winding is occurred from the capacitance of
auxiliary winding. Fig. 3 represents the torque simulation
results according to capacitance variation. It is found that
the maximum torque is produced close to 90°.
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Fig. 3 Phase angle to Torque curve for capacitance

Fig. 4 shows the simulation results of output torque
characteristics depending on each capacitance. Here, it is
known that the maximum torque is increased gradually
until optional capacitance (in this case, 7.5 uF" ) as
capacitance increases. On the other hand, produced torque
is decreased above this optional capacitance in this
capacitor-run type SPIM.

Platting C and T
T T

Torque[Nm)

H H H H H H
02 a4 [s2:) 08 1 12 14
Capacitance{f} x ‘0&

Fig. 4 Capacitance-Torque curve according to value of
capacitor

3.2 Characteristics Analysis by 2D FEM

The FEM (Finite Element Method) is a very useful tool
when used together with the multi-purpose numerical
analysis method, which uses various application fields to
interpret electromagnetic phenomena.

In this study, we composed a 2D shape for interpretation
to apply the basic parameters of the capacitor-run type
SPIM (40[W], 4 pole), and we used commercialized
packages such as RM-Xprt and Em-pulse (2D).

The parameters of the target motor model are expressed
as shown in the following Table 1. The basic specifications
and structure are expressed as Table 2 and Fig. 5,
respectively.

Table 2 Specifications of capacitor-run type SPIM

Rated output power [W] 40
Rated voltage [V] 220
Pole pairs 4
Frequency [Hz] 60
Rated speed [rpm] 1550

Fig. 5 indicates the structure of the applied SPIM, which
is composed of a stator and a rotor with fitted slots. The
material of the stator is si-steel and rotor conductor is
aluminum. Winding distribution is expressed as in Fig. 6.

stator slot rotor slot

Fig. 5 SPIM structure
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In this study, the magnetic path of the target motor is
divided into 1,075 elements, and the analysis result of flux
density distribution using a software package is presented
in Fig. 7.

Fig. 7 Magnetic flux density of SPIM
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The flux distribution results according to the capacitance
variation are expressed in Fig. 8.

From the simulation results, we found that the
capacitance of the maximum torque generation region
(7.5 uF ) and the most stable operation (2.5 uF ) region are
different values. The reason for this is that unnecessary

flux is present nearby the shaft arca with excessive
capacitance.
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Fig. 8 Flux density distribution of capacitor-run type SPIM
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3.3 Characteristics Analysis by phase diagram

The phase diagram is used with capacitance variation for
easy analysis, and we obtained the respective charac-
teristics from the simulation results of phase difference
between each winding current in the capacitor-run type
SPIM as indicated in Fig. 9.

From these phase diagram analyses, we obtained results
indicating that the phase angle difference is nearly 90
degrees between the main winding and auxiliary winding
at 2.5 uF capacitance, that is, 2.5 pF is the most adequate

capacitance in this study.

phasar diagram
]

(a) 0.65 uF
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(b) 2.5 uF
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(c) 7.5 uF

(d) 12.5 uF
Fig. 9 Phase diagram of main and auxiliary winding
currents with various capacitances

4. Experiment Results and Consideration

Fig. 10 represents the circuit composition of the
experimental speed controller for this study. Above all, the
CPU is interrupted by the detected zero-voltage signal in
this circuit. Then the proper phase angle, which is
applicable to the desired speed, is calculated by the control
algorithm. After initiating operation, the CPU produces a
trigger signal to the main switching device (TRIAC) and
electric energy is supplied to the motor.

The capacitance-torque and speed-torque performance
simulation results are compared with the experimental
results as capacitance is changed with 0.65-12.5 uF" .

The starting torque (s=1) is simulated in Fig. 4 and
running torque is simulated in Fig. 11. It is known that the
torque curve shape is mutuvally similar to capacitance
variation from these simulation results. In this case, the
proper capacitance is 7.5 (4 .
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Fig. 10 Speed controller diagram with phase control method

If capacitance is higher than 7.5 uF , vibration, heat
dissipation and noise are generated in the test motor. As
this actual fact has been previously predicted by simulation,
it is very important to determine the exact capacitance in
the capacitor-run type SPIM, therefore great attention must
be paid to capacitor selection.
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Fig. 11 Torque characteristic experiment

Fig. 12 presents the experimental results of current
measurement between the main and auxiliary windings
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according to capacitance variation. According to test
results, it is established that phase differences are gradually
changed as capacitance increases.

In Fig. 12, torque and current are rapidly increased just
as capacitance is increased like in the prediction of Fig. 3.
And noise and vibration phenomena are represented above
7.5 ¢F in the test.

(b) 7.5 uF

Fig. 12 Current waveforms of main and auxiliary winding

A cause of noise and vibration is able to be estimated at
harmonics generated by TRIAC switching for phase
control. The test result of harmonics included in input
current is represented by FFT analysis in Fig. 13, here
applied capacitance is 2.5 ¢ and 7.5 ¢F respectively.

As in figure 13, the harmonics in 7.5 4F is greater than
the 2.5 uF case. In particular, the third harmonics is

increased about 75[%)]
component in 7.5 uf’ .
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Fig. 13 Experimental results of harmonic analysis

Fig. 14 and Fig. 15 represent speed-torque charac-
teristics to capacitance variation 0.65-12.5 puF . It is

confirmed that starting torque increases in proportion to
capacitance, and the maximum torque moves toward low
speed range. In the case of this study, the maximum torque
is occurred at 7.5 pF , and torque decreases gradually

above 7.5 4F as per the prediction of the simulation. But,
the noise and vibration are generated slightly in 7.5 uF" .

Therefore it is recommendable to have capacitance slightly
lower than 7.5 uF for stable operation and for preventing

decline in efficiency.
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Fig. 14 Simulation of speed-torque curve

Speed-Torqua
T T

Torguafhim]

° A TR SO R B
& 00 400 B30 BI0 W00 123 1400 1800 1802
Speedfmpm|

Fig. 15 Experiment of speed-torque curve

Fig. 16 represents efficiency characteristics in accordance
with speed change and capacitance variation by MATLAB
simulation.

From the comparison results regarding speed-efficiency
to each capacitance, it is determined that the efficiency in
2.5 pF is higher than that in 7.5 pF .
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Fig. 16 Efficiency for capacitance

5. Conclusions

The output of the capacitor-run type SPIM is decided by
various parameters such as capacitance and phase angle.

In this paper, the voltage and current of the capacitor-run
type SPIM are divided by positive and negative phase,
based on a two motor theory.

We simulated the torque characteristics with capacitance
variation from the equivalent circuit of a single phase
induction motor.

In this analysis, the torque equation with capacitance
variation is induced, and theoretical simulation is carried
out by the MATLAB program.

Flux density distribution was studied by the commercial
FEM analyzing package with various capacitances. The
phase diagram of the main and auxiliary winding currents
was also expressed.

From this observation, 2.5 uF' capacitance was proper to

the relative ideal drive of this target motor with a 90 degree
phase difference between the main and auxiliary windings.

To confirm the validity of the theoretical analyzing
result, we experimented using an actual motor (220[v], 4
pole, 40[W]). From the results of torque characteristics to
the capacitance variation, the maximum torque occurred
close to 7.5 uF , but this capacitance was less efficient

compared to the 2.5 uF capacitance due to the flux

dispersion of the surrounding shaft and below the 90
degree phase difference.

We found that the proper capacitance maintained nearly
a 90 degree phase difference guarantee than the higher
efficiency and the excessive capacitance generated
unwanted vibration and noise.

In the near future, a very useful adaptation is expected in
many industrial fields that will apply the capacitor-run type
SPIM, by the development of a more generalized design
method based on this study.
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