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Abstract--A novel low-cost drive with a single-phase induction
machine for HVAC applications that require adjustable-speed
operation is proposed. An experimental drive based on the
proposed setup has heen developed and built to verify its
practical viability and properties. The paper presents results of
investigation obtained by means of numerical simulations as
well as  experiments and discusses the properties and
characteristics of the drive.

1. INTRODUCTION

Heating, ventilation, and air condition (HVAC) account for
significant percentage of electric energy consumed especially
in residential areas. Most of these applications utilize single-
phase induction machines for driving fans and compressors.
Increase in the energy efficiency of these devices of up to
30 % could be achieved by introduction of adjustable or
multi-speed drives [1-3]. Continuing decrease in prices of
current semiconductor components makes this solution more
commercially viable and attractive.

A three-phase induction machine drive represents
nowadays a standard solution for an adjustable-speed drive.
Single-phase induction machines, however, still have a
certain cost advantage over three-phase induction machines
of comparable power due to higher production volumes,
which is particularly true in the USA. This is one of the
reasons why much attention is paid to variable-speed
operation of single-phase machines. Most of these machines
are of permanent split capacitor type with two phase
windings of generally different parameters. It is, therefore,
relatively straightforward to supply such machines with
variable-frequency voltage from two or three-phase inverters
[4-6].

This paper deals with another drive setup where a
single-phase inverter is employed. The presented solution
introduces a new low-cost drive utilizing a single-phase
induction machine with speed control capability suitable for a
great deal of HVAC applications. The proposed drive is
specifically aimed at applications that do not have high
demands on dynamic properties of the drive.
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II.  SYSTEM DESCRIPTION

The scheme of the system under investigation is shown in
Fig. 1. The drive consists of a voltage doubler followed by a
one-phase inverter with two MOSFET or IGBT switches. The
drive is designed to run primarily in two modes of operation.
In the full-speed mode, the main winding of the motor is fed
with sinusoidal voltage supplied directly from the mains and
the single phase PWM inverter generates a voltage waveform
with suitable magnitude and phase shift in relation to the
mains for the auxiliary winding. During reduced-speed
operation, both windings are fed from the inverter. The phase
shift between the currents in the main and auxiliary windings
is then achieved by the connection of an AC capacitor of a
proper value and rating in series with the auxiliary winding.

Such a configuration of the drive contains only two solid-
state switches, which may be rated just for a fraction of the
nominal power of the machine for a fan type load. This
significantly reduces the overall losses in the semiconductor
components and results in a smaller size of the heat sink and,
therefore, of the whole drive, which may also help decrease
manufacturing costs of the final product. The proposed
design can also improve the reliability of the drive by
enabling temporary operation with the supply of the motor
directly from the mains in the case of an inverter failure. This
would, however, require use of an AC capacitor with an
increased voltage rating.

single-phase
machine

| main winding

60/30Hz
switching

phase | . e

Fig. 1. Scheme of system under investigation.




III. NUMERICAL MODELING AND SIMULATIONS

The properties of the proposed drive setup were first
analyzed by means of numerical simulation. The parameters
of a practical 3/4 hp machine from an existing blower were
used. The main parameters of the machine are in Table 1. A
supply voltage of 220 Vypys at the input of the drive was
considered. A steady-state mathematical model was used to
determine the operating points of the machine under various
working conditions and to calculate the optimal setting of the
drive.

TABLE [

MOTOR RATING AND PARAMETERS
Power: Y hp. Rin=9¢Q
Voltage: 230V Rin=22Q
Frequency: 60 Hz R;=10Q
Speed: 1110 rpm Lim =360 mll
Aux/Main turns ratio: 1.37 L, =700 mH
Run capacitor: 10 puF

The optimal value of capacitance of the run capacitor was
calculated for the considered machine. For such capacitance,
maximal ratio between forward and backward rotating
magnetic fields is achieved in the machine. The dependences
of this value on slip for supply frequencies of 60 Hz and
30 Hz are plotted in Fig. 2. The optimal capacitance for
normal 60 Hz operation would be 10 pF, which agrees with
the value recommended by the manufacturer, and for 30 Hz
operation, a capacitor of 30 puF would be needed.

First, standard operation of the machine with a run
capacitor of 10 uF, for which the motor was originally
designed, was simulated to obtain a reference for the
assessment of the quality of the proposed drive setup. The
machine was fed with a supply voltage of 220 V and 60 Hz.
Fig. 3. shows the torque-speed characteristics, where the solid
line denoted 7, represents the resulting electromagnetic
torque of the machine and the dotted line denoted 7, shows
the amplitude of the torque pulsations caused by unbalanced

60

' [ f=60Hz
| of=30
50 : : Hz

° : 8 12
slip [%)]

Fig. 2. Optimal run-capacitor capacitance.

voltage supply of the motor. The dashed line depicts the
considered fan load torque-speed characteristic where T)~n’.
Fig. 4 then shows the dependences of the current magnitudes
in the main, /,, and the auxiliary, /,, windings.

Second, full-speed operation was investigated. The inverter
supplying the auxiliary winding was controlled so that it
generated a voltage of the same amplitude but shifted by 86°
from the phase of the mains to achieve phase quadrature of
the currents. The difference from voltage quadrature is given
by the fact that the ratios between the real and imaginary
parts of the impedances in the main and auxiliary windings
are not equal to each other. The optimal phase angle between
the voltages across the main and auxiliary windings was
analytically determined based on the double revolving field
theory, e.g. [7], from the parameters of the main and auxiliary
windings in the considered machine so that the produced
torque pulsations were minimized for the nominal speed.

Fig. 5 shows the torque-speed characteristics of the drive in
the full-speed mode. It can be noted that the machine has
quite high starting torque when fed in this manner. The
relatively high value of the torque ripple near the nominal
speed is mainly due to the limitation of the voltage amplitude
generated by the inverter. Ideally balanced operation would
require the magnitude of the voltage for the auxiliary winding
to be approximately 30% above the magnitude of the voltage
supplying the main winding for this particular machine. This
is, however, not achievable with the considered front-end part
of the converter and the employed PWM method. The
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Fig. 4. Stator currents-speed characteristics, standard operation.



dependences of the magnitudes of currents in the main and
auxiliary windings on the mechanical speed are presented in
Fig. 6. It can be seen that the current in the auxiliary winding
is significantly lower over the range of speed considered here
implying a relatively low rating of the inverter.

Comparison of Figs. 5 and 6 with Figs. 3 and 4 reveals that
the proposed drive setup provides in the full-speed mode
significantly higher starting as well as breakdown torques
than the permanent split capacitor motor. On the other hand,
the produced torque ripple is higher for the proposed setup.
The stator currents are comparable in both cases for the
nominal operating speed.

Third, operation at a reduced speed was analyzed during
which the inverter was producing a voltage waveform with
amplitude of 110 Vgys and a frequency of 30 Hz. A capacitor
of 30 puF was connected in series with the auxiliary winding.
The value of the capacitor was chosen to be optimal for the
30 Hz supply. The torque-speed characteristic and the
dependence of the torque ripple on speed are in Fig. 7. The
value of the torque pulsations has now a local minimum near
the expected operating point. Fig. 8 shows the currents in the
main and auxiliary windings together with the overall current
drawn from the inverter, /. It can be noted that the amplitude
of the current supplied by the inverter is similar in both cases.
The magnitude of the AC voltage across the capacitor plotted
against the speed is in Fig. 9.
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Fig. 5. Torque-speed characteristics, f= 60 Hz.
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Fig. 6. Stator currents-speed characteristics, f= 60 Hz.

Despite the fact that the capacitor is chosen to give best
results at one particular supply frequency, it is possible to
feed the machine in the reduced-speed mode with frequencies
in a certain range around the optimal frequency. In our case,
we have chosen 30 Hz as the optimal reduced-speed supply
frequency corresponding to the 30 uF capacitor. Figs. 10 and
11 show the results of simulation when the machine is
consecutively run at 18, 30, and 42 Hz, followed by the
full-speed mode at 60 Hz. The load-torque characteristic of a
fan from Fig. 3 was considered. It can be noted in Fig. 10 that
the torque pulsations are significantly higher for 18 Hz and
particularly for 42 Hz than for 30 Hz supply. This would not,
however, represent any serious problem for most fan type
load applications.
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Fig. 7. Torque-speed characteristics, f =30 Hz.
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Fig. 8. Stator currents-speed characteristics, f = 30 Hz.
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Fig. 9. Voltage across AC capacitor, = 30 Hz.
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Fig. 10 Torque and speed during contro! of drive.

(Al

I_[A]

a

time [s]

Fig. 11 Stator currents during control of drive.

IV. EXPERIMENTAL RESULTS

An experimental drive has been developed in order to
verify the theoretical results and the practical viability of the
proposed setup. The control algorithm was implemented in a
control board based on a digital signal processor
TMS320C240. The algorithm generated a PWM voltage
waveform with variable amplitude and frequency with the
possibility to synchronize the output with the line voltage. A
set of measurements has been carried out in order to verify
the theoretical results and analyze the behavior of the
practical drive. Operation both at full speed (60 Hz) and at
reduced speeds has been tested for different load torques.

The results for the full-speed operation are presented first.
To take the different numbers of turns in the main and
auxiliary windings into account, the currents in the auxiliary
winding are multiplied by the proper turns ratio and
correspond, therefore, rather to current layers in the machine.
The plotted trajectory then directly indicates the quality of the
supply voltage for the motor. Fig. 12 shows the shape of the

stator current layer for the full-speed operation when the
phase shift between the voltages fed to the main and auxiliary
windings is 90°. The motor connected to a dynamometer and
loaded by 270 W rotated at 923 rpm. The current layer forms
an ellipse with an angular deviation of the main axis from the
real axis of the reference frame. It means that the angle
between the currents in the main and auxiliary windings is
different from the optimal 90°, which is caused by different
impedances of the main and auxiliary windings.

Operation of the drive at half speed is illustrated in Figs. 13
and 14. An AC capacitor of 30 uF was used as a motor-run
capacitor. The mechanical speed was 527 rpm and the load
was 65 W. Fig. 14 shows the supply voltages at the stator
windings terminals. It should be noted that the voltage stress
for the auxiliary windings increased significantly in this mode
of operation.

In general, switching between reduced-speed and
full-speed modes may cause a transient response notable both
in torque or speed and in stator currents of the machine.
There are several methods available to keep these effects
within some predetermined limits. Probably the ideal way
would be to use exact timing of switching which would
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Fig. 12 Measured stator current layer, f = 60 Hz, ¢ = 0°.
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Fig. 13 Measured stator current layer, f= 30 Hz, C = 30 pF.
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Fig. 14. Stator voltages, =30 Hz, C =30 pF.

minimize the transients and consumc thc minimal time. This
is, however, not practical in the case of a low-cost and
low-power drive. In our case, intermediate time intervals
have simply been inserted during which the currents are
allowed to decrease before applying the supply voltage of
different frequency. This is shown in Figs. 15 and 16. The
current in the main winding is in trace 1 and the current in the
auxiliary winding in trace 2. Fig. 15 illustrates the transition
from the full-speed in interval 4 to half-speed operation in
interval D. Within interval B only the main winding is
connected to the mains while the inverter is idle and the
currents may flow only through the flywheel diodes of the
inverter. In interval C both windings are disconnected and the
current transient in auxiliary winding excited by
disconnecting the main winding has enough time to decay. A
similar approach, but in reverse order, is applied for the
transition from half-speed to full-speed operation in Fig. 16.
The entire transition process is synchronized with the phase
of the supply voltage. In case the drive is connected to a load
with relatively high moment of inertia, precautions need to be
taken in order to maintain the DC-link voltage within some
safety limits during braking.

V. CONCLUSIONS

The theoretical and experimental results have proven
viability of the proposed drive setup and feasibility of its use
for fan type HVAC applications in which the load torque
varies with the square of speed. The drive represents a low-
cost solution how to increase the energy efficiency of an
HVAC application. It enables the device to operate with
lower output by controlling the speed allowing, therefore, for
significant gain in energy efficiency in comparison to
mechanical regulation by outlet damper with fixed-speed
drives. The presented solution minimizes also the number of
semiconductor switches used in the inverter. The tests have
shown that the “nonideal” supply of the machine in some
modes of operation does not impair the practical operation of
the drive.
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Fig. 15. Measured stator currents during transition from full to
half-speed operation.
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Fig. 16. Measured stator currents during transition from half to
full-speed operation.
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