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ADJUSTABLE AC CAPACITOR FOR
A SINGLE PHASE INDUCTION MOTOR

E. MULJADI
California Sweoygver:ity El':ww
Department ectrical Eng.
Fresno, CA

ABSTRACT—~Tbe most common practice for starting 2 single
pbase induction machine (SPIM) is to install a starting
capacitor {o series with the auxillary winding. In some
applications two capacltors are used; one is used during
starting perfod to help creating the starting torque and the
other one is used during the running condition to improve
efficlency. This paper discuss the possibility of using an
electronic switch in parallel with the running capacitor
thereby providing the equivalent of a starting capacitor. The
capacitor Is shorted during each cycle to vary the effective
size of the AC capacitor. By usiog this method, only one
capacitor Is used for both the starting and running condition
and a similar starting performance can be obtained when
compared with the conventional method of using two
capacltors.

L INTRODUCTION

The single phase induction machine (SPIM) is the most
widely used type of ac machine in the world. Despite all its
good merits, the SPIM has disadvantages when it comes to
realizing the beauty of the smoothly rotating flux found in
three phase machines. One of the major problems associated
with the design of SPIM is that, unlike a three phase power
system, a single phase does not produce a rotating magnetic
field. Instead, the magnetic field produced by a single phase
remains stationary in position and pulsates with time. Since
there is no net rotating magnetic field, single phase induction
motors can not start without modification. The most
common type of starting aid used to start a SPIM is the
starting capacitor installed in series with the auxiliary
winding. Typical applications for such motors are
compressors, pumps, air conditioners, and other pieces of
equipment that must start under load.

The function of the capaciior is 10 realize another phase
from supply source to feed a second, auxiliary winding so
that the motor can operate as a balanced two phase machine.
For this purpose the capacitor size must be carefully
determined according to the terminal impedance of the
auxiliary winding. Unfortunately this impedance changes
dramatically from starting to running condition. Hence, it is
impossible to use only one fixed value capacitor for both
starting and running. If both the largest starting torque and
the best running conditions are needed, at least two capacitors
must be used with the auxiliary winding. Motors with two
capacitors are called capacitor-start capacitor-run, or two
value capacitor motors. The larger capacitor is present in the
circuit only during starting when it ensures that the currents
in the main and auxiliary windings are roughly balanced,
yielding a relatively high starting torque. When the motor
runs up to speed, the centrifugal switch opens, and the
permanent capacitor is left by itself in the auxiliary winding
circuit. The permanent capacitor is just large enough to
balance the currents at normal motor loads, so that the motor
again operates efficiently with good power factor. The
permanent capacitor in such a motor is typically about 10 to
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20 percent of the size of the starting capacitor which,
together with the centrifugal switch, accounts for
considerable portion of the cost of the motor.

In this paper it is proposed to eliminate the centrifugal
switch and starting capacitor and to use a switched capacitor
as shown in Fig. 1. In this case the system consists of three
major elements: the induction machine, the running capacitor
and an inverse/parallel set of bi-directional switches. The
main winding of the SPIM is directly connected to the main
supply. The apparent capacitance of the running capacitor
can be made larger than its actual value if the capacitor is
shorted periodically. Thus, by operating the switch on and
off regularly during each cycle and by changing the length of
the shorting interval v, the effective capacitance of the
capacitor can be enlarged and adjusted to an optimal value 10
realize the maximum possible starting torque for any rotor
speed condition. By using this method, only one capacitor is
used for both starting and running conditions.

Aux. Wdg.

AC Switch

Fig. 1 Circuit layout of the proposed system and circuit
aperation.

2. 3TEADY STATE ANALYSIS AND CONTROL
STRATEGY

GENERAL TORQUE ANALYSIS

Before discussing the control strategy of the system, it is
necessary to invesugate first the general characteristics of the
SPIM running at the various speeds with different capacitor
sizes.
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Fig. 2 Single phase induction machine equivalent circuit.

The equivalent circuit representing the SPIM is shown in
Fig. 2 and the machine mode! can be expressed by the
equations below {1}
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where, the g-axis stator resistance, rg, stator self-inductance,
Xqs: magnetizing reactance, Xmgq. rotor self-inductance, xq,',
and rotor resistance, r;' denote the main winding parameters
and corresponding d-axis parameters denote similar quantities
for the auxiliary winding. Th. gquantity Ng/Ng denotes the
turns ratio between the main and auxiliary windings.

Initially, it can be assumed that a real adjustable capacitor is
used. In this case, for the purpose of obtaining equations for
steady state analysis, the terms i are simply replaced by the

complex operator j. The average electromagnetic torque can
be expressed as,

P Nd Xmg s*’s s*'s
2Ng o Re(xqS igr " ids 'qr) (2)

From the resulting equations it is possible to generate a
contour graph of torque as function of slip and the
capacitance as shown in Fig. 3a. As can be seen from this
graph, the significant characteristic is that the starting torque
reaches its maximum value at a certain capacitance when the

motor s ar standstill. After this point the capacitance related
to the maximum torque begins to decrease as the speeg
increases. The optimal starting curve of capacitance as a
function of speed can be obtained by connecting all the
tangent points of the equal torque curves and the constan
speed lines on the graph as shown in Fig. 3b.
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Fig. 3 a.) Contour graph of torque as a function'of
capacitor size and motor speed. b.) Optimal startin
curve of capacitance as a function of motor speed.

Based on the torque variation available from the contow
graph of Fig. 3, it is clear that one can choose an optimal pal!
to contro! the capacitance to achieve an optimized startin
performance. However, due to the difficulty in realizing &
adjustable capacitor and the need for a speed sensor {f
realizing optimal starting, the most common practice has be¢”
to choose the starting capacitor to satisfy the zero spec
torque requirements and to keep the capacitance conslén‘
from zero speed 10 a speed near rated speed at which po™
the centrifugal switch opens. It can be seen from Fig. 3 thd!
the starting performance resulting from the use of a fixed
starting capacitor is far from optimal. Another proble™

raised from this approach is the unavoidabl fa2
I ! e use O
mechanical centrifugal switch,

L SWITCHED CAPACITQR START PRINCIPLE
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The concept of a switched capacitor provides an effective
means 10 solve the problems associated with the need for a
variable capacitor. The switched capacitor consists of an AC
capacitor in parailel with an elecronic switch and the swiich
s allowed to periodically turn on and off during each cycle.
When the switch is open, current flows though the capacitor
which is placed in series with the auxiliary winding. The
current bypasses the capacitor when the switch is closed. The
swilch is closed at the instant the voltage across the capacitor
reaches zero. Thus, a zero voltage switching operation is
performed and the switch remains closed until it is opened by
the command signal. The effective value of the AC capacitor
can be adjusted if the magnitude of the fundamental
component of the voltage across the switch is adjusted
independent of the current flowing through it. Hence, by
shorting the switch periodically, the fundamental component
of the voltage across the capacitor appears to be lower than
the case without a shorting period so that the effective size of
the capacitor appears to be larger than its actual size. As the
shorting interval y reaches = radians the effective size of the
capacitor approaches infinity because the switch is closed
during entire cycle. Figure 4 shows a calculated result
showing the effective size of a 40 UF running capacitor being
operated as a switched capacitor for a given set of machine
parameters.
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$4  Effective size of a 40uF AC capacitor operating as

switched capacitor versus control angle Y.

“;la‘chi?ugh one can control yto adjust the effective
v mn:"ce, the swilched capacitor can also be implemented
ngle q"Ums the firing angle a of the switch. The firing
geﬂtrauxls hci:omrolled directly by a sawtooth waveform
e vol which has a fr‘equency two times the frequency of
Swpope., SUPPLY and is synchronized to the supply. The
Ve whi Waveform is then compared to a DC bias voltage
wh Tepresents the firing angle and the switch is opened
od ;S;Wtoom voliage is equal to the V. The switch is
€ overa)] € zero crossing point of the capacitor voltage.
Y or the eﬁ.co‘,‘cep{ 1s again illustrated in Fig. 1. In this case
angle cclive size of the capacitor is determined both by

@ and the instant of the capacitor voltage zero
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crossing. However, since the machine impedance changes
when the speed changes, the zero crossing point will also
change. Hence, the effective size of the capacitor will not be
maintained constant even if & is maintained constant. Figure
5 shows a simulation result demonstrating the influence of the
speed changes on Y. The firing angle a in Fig. 5a and Fig. 5b
is the same. However, in Fig. 5a the motor is in the standstill
condition whereas in Fig. 5b the machine is running at 1700
r.p.m. It can be seen that the value of ¥ in Fig. Sa is much
larger than that of Fig. Sb so that the effective capacitance
corresponding to Fig. Sa will appear to be larger as well.
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Fig. S The influence of speed change on shorting interval .
a.) n=0.0 rpm, a=1200, y=1130. b.) n=1700 rpm,
a=1200, y=690,

Figure 6 shows the change of the effective capacitance
versus speed for various values of the control angle a. The
optimal path in Fig.3 is again drawn in Fig. 6. The advantage
of using firing control method can be immediately found
from Fig. 6. In particular, the inherent changing nature of
the motor impedance during starting which is the major cause
of using two capacitors in the conventional SPIM design
becomes an advantage when a switched capacitor and firing
angle control method is used for motor starting. As a result
of the speed change, the effective size of the capacitor
inherently becomes smaller and smaller as the motor speed
increases thereby making the effective capacitor curve come
closer to the optimal path compared with the use of a fixed
value starting capacitor.

To provide another viewpoint concermning motor torque
production with a controlled capacitor, a contour graph of
the motor torque as a function of speed and firing angle has
been calculated and is plotted in Fig. 7. As can be expecied,
the optimal path (dashed line) in Fig. 7 is very close to a



constant a line. Thus, a satisfactory starting performance can
be obtained by using a switched capacitor and constant a

control.
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Fig. 6 Relationship between effective capacitance and speed.
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Fig. 7 Contour graph of torque (in p.u.value) as a function
of speed and control angle a.

4. CONTROL STRATEGY

s evident that the starting performance can be further
improved if a is adjusted to always follow an optimal path.

However the benefit obtained will not be as significant as that
obtained by the constant a control compared to the fixed
capacitor value and the inevitable trade off is that speed
sensor must then be used. In this paper, the switched
capacitor is simply controlled under constant a control.
Figure 8 shows the block diagram of the control circuit
which was implemented in hardware. In this control the
main winding current is used to terminate the switching
operation on the capacitor when the motor reaches nominal
speed. Because of the orthogonality of the two windings in
the SPIM, the switching action in the auxiliary winding
circuit has very little influence on the amplitude of main
winding current and sensitivity of the constant & controller
with changes in speed greatly increases when the machine is
near the running condition. Hence, the a controller is simply
disabled at this point. It should be pointed out that a low cost
current sensor can be used due to its simple function in the

circuit.
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Fig. 8 Control circuit block diagram.

2. EXPERIMENTAL RESULTS

VOLTAGE AND CURRENT

The voltage applied to the auxiliary winding is the resultant
of the source voltage and the capacitor voltage. The current
entering the auxiliary winding, which can also be considered
as the current passes through the effective capacitor (the
switch and the running capacitor), is the sum of capacitor
current and the switch current. The capacitor voltage and the
voltage across the auxiliary winding are not smooth
sinusoidal due 10 the existence of switching action on the
capacitor. The switching applied 1o the capacitor generates a
resonance between the inductance of SPIM and the capacitor.
As a result, the current entering the auxiliary winding is also
not a smooth sinusoidal. Figure 9 shows the typical
waveforms of the voltages and the currents. It can be seen
that if only the fundamental components are considered the
voliage across the capacitor lags the auxiliary current by 90°.
It is also shown that the auxiliary winding voliage is shifted
by approximately 90° with respect to the main winding
voltage Vg and consequently the auxiliary winding current is
similarly shifted with respect to the main winding current. It
1s apparent that substantial loss producing harmonics are
induced in the motor. However, since this condition persists
only during the brief acceleration period, such additional
losses can be considered as having a negligible effect on the
thermal design and efficiency of the motor.

188



400 T A
;o B 1 ]
1) g 0 ——r——Y 17
gE T 1 7
> i T
400 | | |
80T T T T I -
s 1 ! 1
b): ?l l/ Rm) /A.'
VIO TN =
> R ed ™
800 X lz 1 I
800 , T =
2 T 7N ]
c)ﬂ.o J \ J !
s V¢ AN \_A
> 7 \
1
800 T i |
20L :r ] ! T 1 } .
2 N A A 1
47 o TN ANETACY 7
FI \AL \ /.
o H \ \
g
8 T 771 T 1 1
-~ A C T i
)s /J \\ / /'L ‘
t) € N
80171 T
= N\ ! N/ v/
s [N VaAd
8 ; 1 l | .
[} A1 2 3 4 [
t(ms)

Fig.9 Typical Voltage and Current Waveforms (a=1000,
Ti= 4.0N.m, n=1725rpm).  a.) Main Winding
Voltage. b.) Auxiliary Winding Voltage. «¢.)
Capacitor Voltage. d.) Auxiliary Winding Current.
d.) Main Winding Current.

SPEED

.Acceleraxion of a SPIM utilizing control of V is shown in

s,{g' 10}and Fig. 11. For the parameters of the SPIM
“Mmarized in the Appendix the constant value of & was
seleqed as 130,

r::(; purpose of comparison, the motor was started with its
1250, ning capacitor (40 W), its rated starting capacitor
ang HD) and then with a switched 40 uf running capacitor

€r a light load torque condiuon. The light load condition

was chosen to enable the motor to start when utilizing the
relatively small running capacitor. Figure 10 shows the
acceleration of the SPIM for the three cases. It can be seen
that use of the starting capacitor for starting produces a very
small accelerating torque. However, when the capacitor is
switched in accordance with the principles of this paper, the
time to accelerate to rated speed approaches very closely, the
time achieved by the optimum capacitor. The fact that the
start time required by the swithced starting capacitor is
slightly greater than when using the starting capacitor can be
attributed to the additional losses produced by switching the
running capacitor. Figure 11 shows a comparison of starting
performance using the optimum 250uf capacitor versus the
switched 40 pf running capacitor when starting under rated
load. Although an increase in starting time when using the
swtiched running capacitor is now more apparent, it is still
very close to the case of the optimum capacitor. When the
running capacitor is used without switching, it was incapable
of starting under more than 0.2 pu load.
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Fig. 10 Acceleration of SPIM under 0.15 load torque
a) Using Installed Running Capacitor(40uF).
b) Using Installed Starting Capacitor(250uF).
¢) Using Switched Running Capacitor(40uF).
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Fig. 11 Acceleration of SPIM under rated load torque.
a) Using Installed Starting Capacitor(250F).
b) Using Switched Running Capacitor(40pF).

It should be noted in passing that for the motor tested, the
starting capacitor actually supplied with the tested motor was
506 pf rather than the optimum value of 250 puf used for
these tests. Hence, starting performance using the switched
running capacitor actually showed a marked improvement
when compared with the installed running capacitor rather
than the optimally calculated 250 pf.

&, CONCLUSION

This paper has presented a new scheme for starting a single
phase induction motor. By periodically and synchronously
shorting the running capacitor with a solid state switch, the
need for a separate starting capacitor and start/run switch can
be eliminated. Since the starting capacitor can now be
dynamically varied, the optimum capacitor value can be
selected for any rotor speed. However, it was shown that by
simply controlling as constant, the switch turn-off instant
with respect to the source voltage zero crossing, good starting
performance can be obtained with a minimum of complexity.
Since the starting switch is one of the most failure prone
components of a typical single phase motor, elimination of
this device is expected to significanly improve the reliability
of such machines for only a modest cost difference.
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9. APPENDIX
Motor Nameplate Data:
HZ. 60 HP. 1
RPM. 1725 VOLT. 115230
FLA. 86/43 SF. 1.15
Motor Parameters:
Rg¢s=3.52 Ohm Rds=0.785 Ohm
R'qs= 4.746 Ohm R'ds=1.614 Ohm
L1qs=0.00902 H L1ds=0.00327 H
L'14s=0.00876 H L'145=0.00318 H
Lmq=0.199H Lmd=00722 H
Ng/Ng=1.66
Running Capacitor = 40uF

Starting Capacitor = SO6uF

190



