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ABSTRACT

This thesis proposes a new modulation scheme providing unbalanced output phase
voltage of a standard three-leg voltage source inverter for unsymmetrical type two-phase
induction motors adapted from existing single-phase permanent split capacitor induction motors
by removing running capacitor in series with the auxiliary winding. This strategy allows
unbalanced output phase voltage control with constant V/Hz for a main winding and voltage
boost in order to compensate magnitude of current for an auxiliary winding. Consequently,
electromagnetic torque is dramatically enhanced. Moreover, motor performance can be improved
over a wide range of operating conditions, especially for a lower speed range. A Mathematical
approach to analysis of PWM output voltages is fully given. The harmonic voltage characteristics
are investigated and compared to that of a conventional two-leg half bridge topology. Practical
verification under a wide range speed of realistic motor operation is presented to confirm
correctness and performance of the proposed technique. An unsymmetrical two phase induction
motor model and a control method are also described. The performance comparison such as the
influence of harmonic voltage contents on motor characteristics, torque-speed profile, motor
efficiency, torque pulsation and acoustic noise between a conventional two leg half-bridge and the
proposed technique are investigated. The simulated and experimental results are in consistently
good agreement. The results in terms of harmonic voltage stress, acoustic noise, harmonic
current, total harmonic distortion of current, loci current, current characteristics, and motor

efficiency, show that the performance of the proposed scheme is superior to that of the

conventional technique.
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CHAPTER1

INTRODUCTION

1.1 Background

Single-phase squirrel-cage induction motors are one of the most widely used types of low
power ac motors in the world, especially for residential households or commercial applications
where a three-phase power supply is not available. Recently, there has been a continuous debate
concerning the motor of the future for low power applications. Specialists are focusing on
superior motors [1], such as dc brushless, permanent magnet synchronous or electronically
commutated type, because they have demonstrated improvements in efficiency, reliability, torque
per volume/mass ratio, maintenance and service life. Nevertheless, the industry seems to respond
with a manifested rigidity in changing the standard induction motor solutions since the most
commonly installed motor is the typical standard single-phase induction motor. The investments
in manufacturing, therefore, are mainly based on the easiness of transition from fixed speed to
variable speed.

Although the ac drive technology for three-phase induction motors is mature today,
single-phase motors still encounter difficulties when working at variable frequencies. The
utilization of single-phase motors such as pumps, fans, blowers, compressor, tools, housebold
appliances are predominantly fixed speed. When speed control is required, complicated
mechanical techniques are traditionally used. Typical examples include gears, throttling valves, or
electrical techniques, for instance: tapped winding and pole changing, which normally preclude
continuous control of the rotational speed. For a motor’s full speed operation under the utility’s
frequency with slip speed relying on load torque and the number of pole, the variable-frequency
system with mechanical and/or electrical techniques has low efficiency. Furthermore, in the case
of mechanical or electrical failure, the motors may not be allowed to operate as a bypassed
process. Therefore, a great number of applications would profit from a single-phase motor driven
from an adjustable speed controller. This is because the use of adjustable speed drives is an
alternative to provide continuous-speed regulation, as well as saving both energy and consumer’s
costs [2). In addition, the reduction in the cost of the power electronic circuitry yields

economically justifiable applications for adjustable speed single-phase motor drives. An



authentically variable speed operation from this motor with a wide range of speed and load would
help applications designers to incorporate many new features into their products and have greater
flexibility of control.

In recent years, several research groups have started to investigate different single-phase
adjustable-speed motor drive systems. The main motivation behind this interest is the
improvement of the performance of the existing single-phase standard solution. A few researchers
tried to govern the capacitor run in series with the auxiliary winding electronically to be a
continuously variable capacitance in accordance with the optimum capacitance value which
strongly depends on the load, as well as on the amplitude and frequency of the supplying voltage
[3-4). However, the variable-frequency drive converters and controls are preferred as they are far
more convenient to retrofit for previously installed motors. An ideal drive would also allow
straight forward connection to the utility supply and the motor. Additionally, connection with the
existing process control circuitry must be suitable. Some publications have discussed the
performance of a standard motor fed from a single phase variable frequency supply with an
unmodified capacitor run type motor [5-6]. The standard single phase motor has a quite limited
characteristic when driven from a variable frequency source. Also, among the capacitor motor
types, i.e. the motors which have capacitors in the auxiliary winding circuits for improving
starting and/or running performances, the permanent split capacitor motors can work best with a
variable frequency supply [7]. The permanent split capacitor motor has two windings which are
spatially displaced at 90 electrical degrees in the stator, known as main and auxiliary winding. An
ac capacitor is permanently connected in series with the auxiliary winding, called a running
capacitor.

The adjustable speed single-phase cage motor controllers have been made in different
types. Generally, there are two alternatives for implementing an adjustable-speed single-phase
motor drive system [8]. The first one is a single-phase drive in which the single-phase motor is
treated as a single-phase mode. The second one is a two-phase drive in which the single-phase
motor is considered as a two-phase induction motor. There are many kinds of variable-voltage
variable-frequency control techniques. Only a few alternative appearances have been reported to
employ variable frequency converters to achieve continuous variable speed single-phase motor
operation.

In case of single-phase controller, any single-phase motor variable speed controller

would almost certainly be able to control the speed of a balanced two-phase motor. The single-



phase motor drive topologies by a single-phase controller are mostly used the motor as a
conventional standard type without modification. The first study of variable speed control using
single phase ac-to-ac converter has been obtained through voltage control utilizing triacs or back
to back thyristors. One of these approaches exploits a single phase converter to control the phase
angle of the voltage only applied to the auxiliary winding, while the main winding remains
connected to the ac supply [9]. This technique can achieve variable speed operation. However, it
is at the expense of motor derating and torque ripple. Excessive heating of the motor also occurs
during low speed operation. Ac-to-ac chopper inverters suffer large harmonic injections into the
source and low input power factor. Additionally, this limits the speed range of the motor [10]. To
minimize the harmonic injection, the topologies presented in [11-12] have been proposed. This
technique is extended to a single-phase ac-to-ac cycloconverter [13-15]. In this case, the motor
torque and current can be controlled in a much better manner, and also a wide range of speed
variation can be obtained when compared to a conventional pole-changing, voltage-taps, and ac
phase control techniques. At low speeds, however, the total harmonic distortion of current (THDi)
is quite significant and the motor current has a considerable discontinuity. Next, single-phase both
full-bridge and half-bridge PWM inverter drives are used. In these cases, it is possible to achieve
reduced torque and speed pulsations, lower vibrations and less acoustic noise. After that, a
controlled half-bridge rectifier with full-bridge PWM inverter which is a modified rectification of
the previous topology is taken into account [16-17]. This technique yields the more advantages
than the previous topologies because two extra IGBTs are used to control the current of utility
supply as an active rectifier. The front-end controlled rectifier can be employed to limit the THDi,
resulting in the increment of utility power factor. The drive system has a wide speed range in both
directions, namely forward and reverse, and also has a very high input power factor for all
operating conditions.

In the case of a two-phase drive system, variable speed operation of the two-phase motor
can be divided into two conditions. Firstly, the instantaneous voltage across the main winding has
to have the same phase as the instantaneous voltage across the auxiliary winding. The motor has
to be started and run with the running capacitor in series with the auxiliary winding. The other
condition employs the characteristics of two-phase voltage discrepancy to provide maneuverable
control of the working motor. Twice winding voltages have to need the electrical degree phase
shift. Practically, the voltage of the main wing may be in quadrature with that of the auxiliary

winding. Both windings are supplied with separate voltages with different amplitudes. In this



condition, there is no need for an ac running capacitor. A two-phase full-bridge PWM inverter, as
demonstrated in [18] and [19], exploits a H-bridge to supply each winding voltage. Voltages and
currents for both windings can be regulated independently. Consequently, two-phase
independently controlled variable-frequency variable voltages to the windings of an induction
motor can be accomplished. The conventional devices such as centrifugal switches and starting
and running capacitors can all be eliminated. These enhance the advantages and reliability of the
motor. Another benefit is the reduction of pulsating torque and audible noise effects. Therefore,
the accurate control of torque and speed is possible. Field-oriented control has the potential to be
implemented with this topology. Due to far more circuit elements, the half-bridge version of this
technique as two-phase half-bridge PWM inverter is addressed. Only four power switching
devices are utilized. Nevertheless, the voltage across the motor windings would be half of the dc
bus voltage, meaning that not only the motor will be activated under half of the rated voltage, but
also it is crucial to keep the voltage across the dc bus capacitor balanced. To avoid a voltage step-
up transformer, the applied voltage has been attained by voltage-doublers circuit. Consequently,
the input rectifying characteristics such as the total harmonic distortion (THD), the power factor
(PF) and the ripple factor (RF) are substantially higher [20-21]. To improve the performance of a
system, a two-phase PWM inverter with a switched mode rectifier for power factor correction is
carried out by adding two anti-parallel power switching devices to the input rectifying diodes and
exploiting an appropriate power factor correction circuit. The input rectifying functions, THD, PF
and RF, can be improved significantly [16-17, 22]. In this case, it is possible to implement a space
vector PWM technique for a two-phase inverter fed symmetrical two-phase induction motor.
There are four voltage space vectors and no zero voltage vectors [23]. The two-phase symmetrical
modulation to carry out the switching sequence in order to minimize the ripple content of the
output current has been realized. Apart from an auxiliary winding of standard permanent split
capacitor motors has a higher number of turns than main winding known as an unbalanced two-
phase motor, this technique cannot be applied to the commonly existing motor. Thus, this
controller would have applications in other areas. The latest topology, two-phase semi full-bridge
PWM inverter, is a voltage source inverter with three-leg drive system. This structure is less
expensive than the 4-leg VSI and provides better performance in terms of harmonic distortion
when compared with that of the 2-leg VSI. Traditionally, the drive comprises a six pack IGBTs
module or intelligent power module (IPM) to control a two-phase induction motor. A specially

modulating PWM strategy to accomplish a wide range of variable speed operation of a balanced



or unbalanced two winding induction motor is needed [24]. To maximize the use of the dc bus
voltage, and simultaneously to reduce the THD of the synthesized voltage, space vector PWM
technique for unbalanced two-phase machine is developed [25]. The space vector PWM is made
up of eight space voltage vectors, two of the voltage vectors are zero vectors, four voltage vectors
are equal, and two of the vectors are unequal. Then, a current controlled hysteresis technique can
also be used successfully. Among two-leg, three-leg, and four-leg topologies, the three-leg
topology obtains almost the same overall performance like the four-leg topology, and is not
costly. Besides, it exhibits lower harmonic distortion than the two-leg topology and avoids the
flow of alternative current in the dc bus as well [26-27].

The current trend of an unsymmetrical single-phase induction motor seems to be toward
a two-phase drive system. Therefore, when it is necessary to attain a two-phase drive system with
enhanced motor performance, the three-leg system is a good trade-off between cost and
performances. Nevertheless, because both winding voltages depend on a common inverter branch,

the special modulating function of this system has to be produced [28].

1.2 Objectives of the Research

This research work is concerned with the principle of generating PWM patterns for
driving inverter fed unsymmetrical type two-phase squirrel cage induction motors using a 3-leg
inverter system. To maintain the 90 electrical degree difference of unbalanced type two-winding
voltages with variable-voltage variable-frequency 3-leg VS, the additional modulating function
is summed with a balanced voltage function which is a part of the main winding voltage. The
natural sampling PWM waveform with which the switching is taking place at the intersection of a
sinusoidal target reference waveform and a high frequency carrier is known as sinusoidal pulse
width modulation (SPWM). The mathematical solution to the harmonic contents of the proposed
PWM strategy is obtained using Double Fourier Integral analysis with time-varying switching and
is precisely expressed and interpreted. To achieve a wide range of operation, the fundamental
amplitude of the main winding voltage is adjusted in relation with the frequency depending on a
rated volt/hertz profile while that of the auxiliary winding voltage is proportional to inverter
frequency with constant boost voltage at “g” (turns ratio) times. This means that the auxiliary
voltage amplitude has to be higher than the main voltage amplitude by a factor equal to the turns

ratio. The proposed PWM technique and the two-phase motor model are simulated to predict the



harmonic voltage characteristics and the machine performance. To verify the validity of the
proposed strategy, both simulation and experimental results of 3-leg VSI are compared with those
of the conventional 2-leg VSI while the 4-leg VSI is not of interest here because of the increase in
cost and switching devices. The results obviously show the improved performance of the
proposed method. The proposed modulation technique is appropriate for the drive of the

ordinarily asymmetrical two-phase induction machine.

1.3 Structure of the Thesis

This research is focused on the novel modulating strategy for unsymmetrical parameter
two-phase induction motor drives using a three-leg voltage source inverter. The goal of this
research is to create a new modulation technique for two-phase squirrel cage motors, to develop
the motor performance over a wide range of operation, and to verify the validity of the proposed
strategy by comparing the simulated results with the experimental results. The outline of this
dissertation is as follows:

Chapter 2 describes a comprehensive model, theory, and control method of two-phase
squirrel-cage induction motors. Both Double Revolving Field Theory and dynamic motor model
with d-q axis analysis are expressed to forecast the steady state motor performance and effect of
harmonic voltage contents in PWM signals of drive systems on the motor characteristics. In
addition, an unsymmetrical two-phase machine model is demonstrated. To consider the benefit of
each drive technique, various topologies are compared based on the number of devices, the size of
DC link capacitor, input power factor, range of speed drive, motor performance, drive cost,
control complexity, and motor efficiency. Also, switch modes of current flow using the proposed
PWM inverter topology are analyzed.

Chapter 3 focuses on a new modulation strategy for an unsymmetrical type two-phase
induction motor. A mathematical solution is expressed to the harmonic voltage contents of the
proposed PWM strategy to precisely compare with the experimental results. Double Fourier
Integral analysis of a two-level Pulse Width Modulating waveform with time-varying switching is
also undertaken. This ensures that harmonic components caused by simulation round-off errors or
practical implementation impacts such as blanking time, switch ON-state voltages, voltage ripple
of dc link voltage, voltage drop in devices, etc., are not confused with intrinsic harmonic

differences. The control and power circuit of the drive system are indicated. To prove the



correctness and capabilities of the implemented circuits, the measured harmonic voltage spectra
are compared with the calculated ones.

Chapter 4 deals with the structure of the unsymmetrical two-phase induction motor
model. The model of double revolving field theory is used to predict the steady state motor
performance, while that of two-phase induction motor analysis in d-q axis is exploited to predict
the effect of harmonic voltage contents in PWM signals. All parameters in both models are
derived from each type of test method rooted in the standard test method of single-phase
induction motor. After that, an extensive investigation is conducted of the motor performance,
such as torque-speed characteristics, speed pulsation, motor efficiency, harmonic voltage level,
and acoustic noise. Additionally, to prove the accuracy and capabilities of the implemented
circuit, the measured results are compared with simulated ones. The proposed 3-leg VSI results
and the conventional 2-leg VSI at the same operating conditions are evaluated simultaneously to
verify the benefit of the proposed technique.

Chapter 5 presents the conclusions of the work and identifies possibilities for further

work.

1.4 Advantages

The new modulating function for an unsymmetrical two-phase induction motor drive
proposed here can achieve an unbalanced two-phase voltage source inverter with 90 electrical
degree differences under a wide range of operating conditions, especially at low speed. The
voltages across the main and the auxiliary windings can be arbitrarily restrained following the
control method. During the starting period, the starting torque can be the maximum possible
starting torque of the motor, and can also generate good starting torque without excessive inrush
current. With the proposed technique, the intrinsic harmonic voltage contents in PWM signals are
dramatically decreased. The suggested mathematical equations can precisely interpret the
breakdown of harmonic components in PWM voltage source. Therefore, the offered mathematical
model can be the specific performance indicator of PWM waveform. The accurate machine
equivalent circuit models give enhanced machine prediction and confirm the influence of
harmonic voltage stress on motor. The proposed drive technique not only improves the motor
performance but also develops the inverter characteristics. The proposed modulation technique

can be properly applied to the drive of existing unsymmetrical two-phase induction machines.



CHAPTER 2

TWO-PHASE INDUCTION MOTOR
AND DRIVE TOPOLOGIES

Single-phase induction motors have been widely used in residential and industrial
applications. The pure single-phase induction motor has no starting torque [29-34] and it must be
started by means of an auxiliary winding which is displaced 90 electrical degrees in space from
the main winding. Thus, almost all single-phase motor induction motors are actually two-phase
motors. In the case of the capacitor-run motor, the so-called Permanent Split Capacitor Motor
(PSCM), the main winding in the q-axis is adapted to carry most of the current in operation, while
the auxiliary winding in the d-axis is modified to provide the required starting torque and higher

motor performance.

2.1 Double Revolving Field Theory

In the revolving field theory of single-phase motors, the pulsating sinusoidal flux
generated by a stator winding is resolved into two equal sinusoidal waves of flux gliding in
opposite directions around the periphery of the air-gap at synchronous speed. The influence of
these revolving fluxes, as well as the induced forward and backward revolving rotor fluxes, can
be represented by a parallel circuit of two branches as indicated in Figure 2.1. One branch is the
magnetizing reactance and the other is made up of the rotor leakage reactance in series with the
rotor resistance divided by the slip.

Since the main and auxiliary windings are typically quite different, with a different
number of turns, wire size and turns distribution, the turns ratio test should be made by Veinott
technique [31]. This model assumes that the main and the auxiliary windings are in space
quadrature. Then, the simplified equivalent circuit is demonstrated in Figure 2.2. The forward and

backward impedances are defined as follows [32]:

Where

V. =main winding voltage
2

= auxiliary winding voltage



fm = main winding current
= auxiliary winding current
i = instantaneous current of main winding
= instantaneous current of auxiliary winding
E, = forward induced voltage of main winding
E,, = forward induced voltage of auxiliary winding
wm = backward induced voltage of main winding
= backward induced voltage of auxiliary winding
P, = power across air gap
P, = power across air gap produced by forward field
P,, = power across air gap produced by backward field
a = turns ratio of auxiliary to main windings
s =slip
o, = synchronous angular frequency (rad/s)
¢ = phase angle between the main and the auxiliary winding currents
P = total forward flux directly and indirectly produced by the main winding
#,,, = total backward flux directly and indirectly produced by the main winding
P =total forward flux directly and indirectly produced by the auxiliary winding
$,, = total backward flux directly and indirectly produced by the auxiliary winding
T. =average electromagnetic torque

e

T,,;sc = peak amplitude of pulsating torque

R, X,, = main winding resistance and leakage reactance
R, X,, =auxiliary winding resistance and leakage reactance
X, =main winding magnetizing reactance

R,, X, =rotor resistance and leakage reactance referred to main winding
a2R2 ,a’ X , = rotor resistance and leakage reactance referred to auxiliary winding
Z,,z, =forward and backward impedance of main winding
R, X, = forward resistance and leakage reactance of main winding
R,, X, =backward resistance and leakage reactance of main winding
a’R s a’Xx = forward resistance and leakage reactance referred to auxiliary winding

asz, a’Xx , = backward resistance and leakage reactance referred to auxiliary winding
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Figure 2.2 Simplified single-phase motor equivalent circuit
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Because both windings existing on the motor are excited simultaneously, their fluxes superimpose
with each other without distortion. Since the main winding is displaced forward by 90 electrical
degrees from the auxiliary winding, the voltage generated in the main winding by the forward
flux of auxiliary winding must lag by 90 degrees the voltage which the same flux produces in the
auxiliary winding. Additionally, the turns on the auxiliary winding are “a” times those of the
main winding. The induced voltage magnitude of the auxiliary winding has to be “a™ times that
of the main winding. Under this condition, the equivalent circuit becomes as shown in F igure 2.3,
This model is suggested by Morrill [32] known as the unsymmetrical two-phase motor equivalent
circuit. Therefore,

.Ea ) EA
ot +E,, L
a

Vo =Eo (R JXi0) + £ = (24)

I;a =ia‘(Rla +jXIa)+Eﬁ +ja.Efm +EAba —ja.EM

X, Ry

Figure 2.3 Unsymmetrical two-phase motor equivalent circuit
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when

(2.5)

Since, the single-phase induction motor composes of both forward and backward fields,

motor performances can be reckoned by
P, =Py~ P, =Re[(E,; ~E, )1, + j(E, ~E,)al, |

(o -nefa)]osef B e

+[Re{(jaBju + jEom) 2} ]

where
(_j&_j_Eb_a]]; =—ja{(Rf +R, )+ j(X, +X,,)}I,,I;,
a a @)
={(X,+X,)~j(R, +R,)}al.1,
and
Ja(Epy+ By )1 = ja{(R; + Ry)+ j(X, + X\,
(2.8)

=—{(Xf +X,)-J(R, +Rb)}a1;1m

The summation of Equations (2.7) and (2.8) is

(-j-il—j%i)f; + ja(Ep+ By )1 ={(X, + X,)- i (R, + Ry (210 - T1,) 29)
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If I, =I¢"% and I, =1 e/, thus

LI -LI, =I1I, (ei(e.-a.) - e—f(O,-a_))
(2.10)

= j2I,I, sin(6, - 6,)

From Equation (2.10), the value of the second and the third terms of Equation (2.6) can be

rewritten as follows:
Re _iLn B I Rel(jaE, + jE, ).} |=21I (R, +R,)sin(8, -8
J 4 —J_a_ m +[ e{(.] fm+.] bm) a}]— am( f+ b)Sln( a” m) (2'11)

Substituting Equation (2.11) into Equation (2.6), power across air gap can be defined by:
P, = [(R, ~R)(12 +(ar? ))J +2II, (R, +R,)sin(6, ~6,) @.12)
The output power of the motor can be calculated by:
P, =(1—S)Pg —losses (2.13)

The “losses” in Equation (2.13) comprise core loss and rotational loss. The output torque of the

motor is

T.,= (2.14)

Owing to the total flux is equal to the sum of the fluxes produced by both windings. The total
stator current is identical to the addition of the input current of each phase. Torque of an

unsymmetrical two-phase motor (T ) can be expressed by:

T= (¢fm + ¢bm + ¢fa + ¢ba)(im + ia) (2 15)

In order to better understand and more easily analyze an unsymmetrical two-phase motor torque,

Equation (2.15) is derived and is given by [8]:
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,[13, {(R, ~R,)+ (R, — R,)cos 20t~ (X, ~X,,)sin2mt}]

v

T=L<+[a213{(Rf—R,,)+(Rf—Rb)cos2(¢+a>t)—(Xf—X,,)sin2(¢+a>t)}:| (2.16)

+[2al,1,(R; +R,)sing | .

Equation (2.16) is known as the “general equation for the torque of an unsymmetrical two-phase
motor”. It will be noticed that some of the torque components are constant while others vary
sinusoidally with the time at twice the supply frequency. Double-stator-frequency torque
pulsations are produced by the interactions of the oppositely rotating flux and mmf waves which
glide past each other at twice the synchronous speed. Over a period of time corresponding to any
number of complete cycles of the line voltage, the alternating torque is integrated to zero and the

average electromagnetic torque is:

T =51_{[( 12 +(@l, )Ry - R) | +[ 240, I, (R, + Ry)sing || 2.17)

s

and the pulsating torque is:

2

T =wi:{[1;‘, +(al,)* +2(al, 1) cos2¢].[(R, “R) +(X,-X,) ]} (2.18)

pulse

From Equation (2.17), it can be seen that the maximum average torque will be present when
¢ =90° . Simultaneously, the value of cos2¢ in Equation (2.18) is -1. The undesirable pulsating

torque as described in Equation (2.18) can also be eliminated at any motor slips at ¢ =90°.If

It +(al) -2(al, 1) =0 (2.19)
thus,
I 2 I 2
m | 4[%da| = (2.20)
al, I,
giving

I =al (2.21)
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Equation (2.21) demonstrates that the relative amplitude of the winding currents should be the
inverse of the winding turns ratio. In order to achieve the relationship between both currents, the

voltage ratio is approximately equal to

(2:22)

From the equivalent circuit analysis, it is noticed that the total field is the resultant of the
rotating field, while the resultant field is pulsating and the component fields are steady. This may
affect the calculation of iron loss in the motor. Under these conditions, the voltage across the
forward rotor is significantly higher than that across the backward rotor, and hence most of the
iron loss takes place in the forward field. This causes the computed iron loss to be greater.

Because the copper loss in the backward rotor is Izszz and the input power is
IR,
2-5)

loss. The difference must be supplied mechanically through the shaft. Since the total field actually

, therefore, the power input to the backward rotor is less than its copper

approximately

pulsates, the torque also pulsates. The pulsation increases with the slip. The rotating field and the
maximum torque decrease with the slip.

To better understand the theory and operation of two-phase induction motor, it is
necessary to study the nature of the magneto motive force (mmf) wave produced by a two-phase
winding. As derived in [33], the mmf of any closed path in a magnetic circuit is defined
by 3=Ni =CjH .dl . The usefulness of the concept of mmf stems from the fact that, in well-
defined magnetic circuits, mmf can be associated with various portions of a path in such a fashion
that it is related by some simple geometric coefficient to the magnetic field intensity which exists
over that portion of the path.

In the design of ac machines, serious efforts are made to distribute the winding so as to

produce a close approximation to a sinusoidal space distribution of mmf. The fundamental

component S, resolved by Fourier series [33] is

3, = AN cosd (2.23)

w2

where @ is measured from the magnetic axis of the stator coil. For a distributed P-pole winding

having N, series turns per phase, the modified 3, is given by:
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N
3, =ikw—"—" i cosf (2.24)
/4 P

. . 4 . . .
in which the factor — arises from the Fourier-series analysis of the saw tooth mmf wave of a
b4

concentrated full-pitch coil, and the winding factor k,, takes into account the distribution factor
(k,) and pitch factor (kp) of the winding (k,, = k;.k,). The factor k, N, is the effective series
turns per phase for the fundamental mmf. Accordingly, if the current i, =1, cosat , the time

maximum of the peak is expressed by:

F. =—k,—21I.. (2.25)
x P
Thus:
3, = F,,, cosfcoswt (2.26)

For two-phase machines, both windings are displaced 90 electrical degrees in space. The main
winding i, is excited by a sinusoidally varying current in time and is i, =1, cosat while the
auxiliary winding i, is supplied by a sinusoidally varying current in time with 90 electrical
degree phase shift. That is i, = I,,,, cos(wt—90°). Where the effective current of the main

winding is the same as that of the auxiliary winding, the fundamental mmf of the main

winding S, . is defined by:

S in = Frnax COSGcOS Ot = %Fm cos(0 - ot)+ %qu cos(6 + wt) (2.27)
and the fundamental mmf of the auxiliary winding 3J,,. is given by:

3, = F,,. cos(6-90°)cos (wr —90°)

=-:le cos(6 —a)t)+?lz-Fm cos(6 + wt —180°) (2.28)

max

=%FM cos(8-wt) —%Fm cos(8+ wt)

Therefore, the resultant mmf 3, can be computed as follows:

46630
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D24 = Smain + Saur = Frnax cO8(0 - ) (2.29)

The result of displacing the two windings by 90° in space phase and displacing the winding
currents by 90° in time phase with compensating current of the auxiliary winding by “a  times
comprises only single positive-traveling wave. The wave has constant amplitude and space-phase
angle @t which is a linear function of time. These correspond to Equations (2.17) and (2.18) that
when I, =1 £90°, there is either no backward field, resulting in no torque pulsation, or the

constant peak magnitude of mmf wave, resulting in the maximum torque operating condition.

2.2 Unsymmetrical Two-phase Induction Machines in D-Q Axis

For a Permanent Split Capacitor Motor (PSCM) or single-phase capacitor run motor, the
main and auxiliary stator windings are already aligned with the orthogonal axes. Twice stator
windings are in the axes as indicated in Figure 2.4. If the coil sides of both main and auxiliary
windings do not occupy the same slots, leakage fluxes coupling between them will be negligible.

The cage rotor may be represented by a pair of equivalent gd symmetrical rotor windings [34].

Where

V,s = stator main winding instantaneous voltage

v,, = stator auxiliary winding instantaneous voltage

Vo = instantaneous voltage across rotor winding in g-axis

v, = instantaneous voltage across rotor winding in d-axis

i,, = instantaneous current of stator main winding

i, = instantaneous current of stator auxiliary winding
I, = instantaneous current of rotor winding in g-axis

i, = instantaneous current of rotor winding in d-axis
o = flux linkage of stator main winding

. = flux linkage of stator auxiliary winding

o = flux linkage of rotor winding in g-axis

o, = flux linkage of rotor winding in d-axis

¥, = flux linkage per second with the units of volts of stator main winding

v, = flux linkage per second with the units of volts of stator auxiliary winding
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¥, = flux linkage per second with the units of volts of rotor winding in g-axis
¥, = flux linkage per second with the units of volts of rotor winding in d-axis

Yy =flux linkage per second with the units of volts of magnetization in g-axis

¥,s = flux linkage per second with the units of volts of magnetization in d-axis
r,, = resistance of stator main winding
r, = resistance of stator auxiliary winding
r, = resistance of rotor winding in g-axis
r, = resistance of rotor winding in d-axis
N, = stator main winding turns number
N, = stator auxiliary winding turns number
N,, = rotor winding turns number in g-axis
N, = rotor winding turns number in d-axis
L, = selfinductance of stator main winding
L, = self inductance of stator auxiliary winding
L,,,. = self inductance of rotor winding in g-axis
L, , = selfinductance of rotor winding in d-axis
L,, =magnetizing inductance for the main winding
L, =magnetizing inductance for the auxiliary winding
X,,s = leakage reactance of stator main winding
X, = leakage reactance of stator auxiliary winding
X, = leakage reactance of rotor winding
X my = magnetizing reactance for the main winding
X _, =magnetizing reactance for the auxiliary winding
X, =total reactance for the main winding
X, =total reactance for the auxiliary winding
R, = reluctance of air gap
T, = electromagnetic torque
T .., = mechanical torque
T, _ = damping torque

damp



Figure 2.5 Idealized circuit model of unsymmetrical two-phase induction machine
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Because the stator windings of the unsymmetrical two-phase induction machine are not identical,

it is necessary to transform all machine variables to the stationary reference frame in order to

obtain voltage equations with constant coefficients. The voltage equations in terms of stationary

reference-frame variable (i.e. @ =0) of the magnetically coupled stator and rotor circuits shown

in Figure 2.5 can be written as follows :

d 2, . "
Vg gty +—

Vor Slales T gy dt
di, da

2 qr — dr
vqr - 'qrrqr + dt ’ Yar = tarTar + dt

(2.30)

The flux linkages of the stator and rotor windings can be written compactly in terms of the

winding inductances and currents as
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_ Ao T [ Zgsgs 0 L. 086, L, sin6, i i
Ay 0 Ly —Ly, sin6, Ly, cos6, | i,
= (231
Agr L0086, —L,, sinb, L. 0 i,
| A4 | _Ld,qs sing, L, cosb. 0 L4 | iy |

If the reluctance drops in iron are neglected and the reluctance of the uniform air-gap is R, the
winding inductances may be expressed in terms of their effective tums, Nq_,, Ny, Nq,, and

N, as

2, Nz
Lygs =Lygs + 5 Lyoas = Lygs + f‘
g g
L N, qs N, qr L _ N, qs N, dr
gsqr R ‘gsdr R
g g
(2.32)
NN, N, N
Lisgr = = Lyg = —2—2
mg ms
N? N2
= 9 - dr
Lygr = Ly, + %, Lygy = Ly + R,

where Ly, Ly, Ly, ,and L, are the leakage inductances of the stator and rotor windings. For a
symmetrical cage rotor N, =N, and L, =L, ; henceforward they will be denoted by N, and
L, , respectively.

Choosing the gd reference frame on the unsymmetrical stator, such that its g-axis is
aligned with the axis of the gs winding and its d-axis with that of the ds winding, the rotor gd

windings may be transformed to the chosen ¢d stationary reference using

(2.33)

fo [cosﬁ, sinB,J S
1 \—sm&, ﬁcos&z fr

T.(9)

where the variable f can be the phase voltages, currents, or flux linkages of the gr and dr

windings, and 6, is the angle between the axes of the gr and gs windings, measured from the

stationary gs axis. The inverse of [I;d (6. ):l is
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cosfd  —sinf,
(2.39)

-1 r r
[ u 6. ] l:sin 0, cosé,

Besides the above rotational transformation to be applied to the variables of the rotating

gr and dr windings,

/1 =Lyl +L,, (zq, +z )

/1:1.: = Ll,d: mq (lds + ldr) ( )
2.35

;Lrs I IS+L ( r:)

1t qr

£ 1 o1s 3 <13
Ay =Lyig + L, (zd, +zd,)

The voltage equations of the gs and ds stator windings may be expressed in terms of the

transformed and referred quantities as

di
Voo Shp Ty + dtq’
(2.36)
di,
Vi =01 b

Applying the transformation, [qu»(e, )] , to the voltages, currents, and flux linkages of the gr and

dr voltage equations, then

ar =|:I:,d (0’)][3 :'I: . 0 )] qr I:I:,d (0 )]d[qu (0 ):I qr 2.37)

Var dr ldr

It can be shown that

, : der d /l;,
A —siné, g
ﬂ{(ir)]__ qr - sin r cos r [I.qd (0 ):I dt (2.38)
dt A, —cosf,  sind, /,Ld’ di,

dt dt
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Substituting Equation (2.38) in Equation (2.37), the simplified voltage equations of the gr and dr

windings are expressed in terms of the transformed and referred quantities as

’. of, ! [ de dﬂ’l:
ti =1 qi r ’?’d: dt + d:
(2.39)
ws o 15 A0, d/?.'j
vdr LTy '?’q: dt d:
N,
Vi == v, i =—%q,
Ny N,
2 2
'mq 'm,
mg Nds mg
2 2
N,
PO PR A
Ndx Ndr %
N, Y N, Y
Ll'r - - Llr rr’ = = n
N, N,
N, N,
s qs S
Vor __]Tr'v;r Var ]Vqr vjr
l;-:- = Nr iss l;r - Nr l;_‘,
N, 4 N,
N, N
Ny =, Ny =N,
“ N, ¢ N, (2.40)

The equivalent circuit of the unsymmetrical two-phase machine in gd reference frame is
demonstrated in Figure 2.6 [37]. Variables and parameters in the figure are referred to the main gs

winding following Equation (2.40). The sum of instantaneous input power to all four windings of

stator and rotor may be expressed as

Din =Vslgs + Vily + V;':l; + Vi, 2.41)

Substituting Equations (2.36) and (2.39) in Equation (2.41), as well as eliminating terms

associated with copper losses and the rate of change of magnetic field energy, the instantaneous

electromagnetic torque may be indicated as



24

Figure 2.6 Equivalent circuit of an unsymmetrical two-phase induction machine

dg 8218 [ dg
Tem dt (/"'qr dr /"'dr qr) dt (2.42)
Since i&i 2 dg’ , the developed torque becomes
dt P dt
P 1SS 1SS
Tem 2 (/l rhdr — drlqr)
(2.43)

=-§L (i1~ i)

Using flux linkage per second (i) for w,A and also reactance X for @, L , when @, =27 Jrated

20 . . . . .
and @, =—2, the equations of two-phase motor in the simulation are rearranged as Equations
bm P

(2.44)-(2.50) for voltage and flux equations, and Equations (2.51)-(2.53) for electromagnetic

torque and rotor motion equations.

(2.44)

V= [+ v 1)



where

and
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vy =0, I{v:,: +5:fw§i X (g VL )}d(r)

(2.45)
X4 ! 0), !
Var =@ I{vd: +;b'Wq.:‘ Xl,- Wmd Wdr }d(t
Ving = Xog (i +157)
(2.46)
Wmd X (ldt + ldr)
Vs = Xigslgs + Vimg
Vi = Xl + Vi
247
qu =X l,r :].; + qu
Var = Xppldr + ¥ima
. qu “Vmg
’qs =
X Igs
o Vi ~Vma
lis = ’
Ids
(2.48)
s _ W;:‘ ~ qu
X
’5 W:if' ~Vimd
Y
1 1 1 1
X, X X X
Mg Tmg Tl T (2.49)
1 i 1 1
= + "
X Md X md X lds Xlr
\d Yor
X gs g
qu M (X Igs X I,r J
(2.50)
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P ' . o

T =2_—(delq: —Wq:ld:) N-m (2.51)
)

J%"”—: Ty, + Toecs = Tiam N-m (2.52)

d(w, /o
2H ( ;t/ b) =T, +T,., T, in per unit (2.53)

damp

2
Let the variable H = J Dp

and S, is base apparent power.
b

2.3 Principle of Operation and Control Method

From Equations (2.17)-(2.29), the optimum control method to operate an unsymmtrical
two-phase motor under variable frequency control is a hold of both winding voltages in
quadrature with a ratio “a” of the main winding to the auxiliary winding voltages. This
methodology limits the backward field as low as possible. Many papers 7, 18-19, 24, 35-36]
have proved better performance of this method. To more easily understand the control method,
the inverter frequencies are plotted against the fundamental output voltage of the auxiliary
winding V), and of the main winding V), represented in Figure 2.7 as solid and dashed lines,
respectively. While the fundamental frequency ( f ) varies up to the rated value, volt/hertz of the

main winding, which can be calculated by Faraday’s law, is kept constant at a nominal value (i.e.

-;:-=4.44N¢ ). The fundamental amplitude of the auxiliary winding voltage is proportional to

inverter frequencies with a boost voltage level at “a” times V/Hz of the main winding in the

f f;'alad
a

frequency range of 0< f <=2 When the inverter frequency reaches , the auxiliary
a

winding voltage will be maintained constant at a rated value for the reason of preventing machine

saturation in the frequency range of f";’“ < f £ fouea - This makes the motor under constant

torque control mode. Also, the resuitant air-gap flux is nearly circular.
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Fundamentai output voltage (V)

thed

Fundamental inverter frequency (Hz)

Figure 2.7 The relationship between fundamental inverter frequency

and output voltage for each winding

2.4 Motor Drive Systems

The adjustable speed single-phase cage motor controllers have been made in different
types [1-19, 22-27, 29-30, 35-36, 39-62]. Generally, there are two different alternatives to
implement an adjustable-speed single-phase motor drive system. The first one is a single-phase
drive in which the single-phase motor is treated as a single-phase mode. The second one is a two-
phase drive in which the single-phase motor is considered as a two-phase induction motor. There
are many kinds of variable-voltage variable-frequency control techniques [38]. Only the main
alternatives appear to have been reported to employ variable frequency converters to achieve
continuous variable speed single-phase motor operation.

The first approach of the single-phase drive is a single-phase converter. Output voltage of
the drive is only applied to the auxiliary winding, while the main winding remains connected to
the ac supply [9]. This drive configuration is indicated in Figure 2.8. This technique can achieve
variable speed operation although it is at the expense of motor derating and torque ripple. In
addition, excessive heating of the motor occurs during low speed operation. Variable speed
control, using single phase ac-to-ac chopper, has been obtained through voltage control utilizing
triacs or back to back thyristors as illustrated in Figure 2.9 [10). However, harmonic distortion in
the line current is significant when this control is implemented. The technique provides low input
power factor. This also suffers significantly from large harmonic injection into the source. To
minimize the harmonic injection, ac-to-ac chopper with four switching devices as shown in

Figure 2.10 and 2.11 have been proposed [11-12]. In these drive topologies; there is no need for
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costly dc bus capacitors. Harmonic distortion can be reduced by the bridge circuit with controlled
turn-off capability in Figure 2.11. The motor performance and input power factor can be
enhanced by implementing various PWM strategies. Nevertheless, the speed variation will be
over a limited range. This technique is extended to be single-phase ac-to-ac cycloconverter as
demonstrated in Figure 2.12 [13-15]. In this case, the motor torque and current can be controlled
in a much better manner. This scheme also allows a medium speed range that would not be
otherwise practical. Moreover, the total harmonic distortion is quite significant and the motor
current has a considerable discontinuity. The configuration presented in Figure 2.13 is a single-
phase full-bridge PWM inverter drive which comprises a full bridge diode rectifier plus a full
bridge IGBTs base. A dc link capacitor is required to supply the reactive power needed by the
motor. The circuit topology in Figure 2.14 seems similar to that given in Figure 2.13.
Nevertheless, a half-bridge rectifier is used. By this case, it is possible to achieve reduced torque
and speed pulsations, lower vibrations and less acoustic noise. Then, the controlled rectifier with
full-bridge PWM inverter is taken into account. The inverter topology is demonstrated in Figure
2.15 [7]. This technique yields more advantages than the previous topologies because two extra
IGBTs are used to control the current of utility supply as an active rectifier. The front-end
controlled rectifier can be employed to limit the total harmonic distortion, resulting in the
increment of utility power factor. The drive system has a wide speed range in both directions,
specifically forward and reverse, and also has very high input power factor for all operating
conditions. The most compromised cost of single-phase drive system is a half-bridge rectifier
with a half-bridge PWM inverter as shown in Figure 2.16 [53]. This inverter is made up of only
two power switching devices and two diodes. The last type of single-phase drive topology is
single-phase half-bridge PWM inverter with a controlled half-bridge rectifier. This drive system

is an extension of the previous case as illustrated in Figure 2.17. The half-bridge controlled

rectifier (Q, and Q,) is needed to regulate the voltage across the motor terminals. By single-phase
PWM inverter with either a half-bridge rectifier or controlled half-bridge rectifier topologies, the
motor has to overcome the problem of maintaining the dc bus mid-point balanced.

In case of two-phase drive system, if the voltage across the main winding is in quadrature
with that across the auxiliary winding, an ac running capacitor in series with the auxiliary winding
is not needed. The first topology of two-phase drive system is two-phase full-bridge PWM
inverter as indicated in Figure 2.18. A H-bridge is exploited to supply each winding. Voltage or

current for both windings can be governed independently. As a result, the accurate control of
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torque and speed is possible. This topology has the potential to be implemented with the field-
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Figure 2.8 Single-phase induction motor with auxiliary winding control

oriented control.

Auxiliary
winding

4l
&

e L

Q { Main Q3 l

\V/ winding 2
110/220 Vac J

50/60 Hz

Q Q4
A E Auxiliary Cpyn /N
winding N

Figure 2.9 Single-phase voltage control with triacs

Main Q3
winding —

110/220 Vac
50/60 Hz
8 Q4
Auxiliary Cpyun 4(%

winding

Figure 2.10 Single-phase ac-to-ac chopper



50/60 Hz

Q
isT
110/220 Vac @

w <

Ql

™
T

Q3

R

EZ Crun
Main
winding Au.xili‘ary
Q4 winding
—1(}

Figure 2.11 Single-phase higher power ac-to-ac chopper

!

AC
Source

/46\ /‘SK
-4 S
T T

Main
winding

110/220 Vac
50/60 Hz

Auxiliary  Cpyp

winding

Q2 Q4

N N X
v W

110/220 Vac

50/60 Hz

Figure 2.12 Single-phase ac-to-ac cycloconverter

SRS

— ¥ Q4
Ay Auxiliary Cpyp —
ZIKDZ Dy winding

Figure 2.13 Single-phase full-bridge PWM inverter with a full-bridge rectifier

30



110/220 Vac
50/60 Hz

31

=4
[
Ay
'l

110/220 Vac
50/60 Hz

(@]
kYl
rli

Main
winding

Auxiliary Cpyp -
winding

_l

110/220 Vac
50/60 Hz

(@)
[ N)

Y

rl

Main
winding

8 Q4
Auxiliary Cryn -
winding

Auxiliary Cryn -
winding

2|§D2 C27

Figure 2.16 Single-phase half-bridge PWM inverter with half-bridge rectifier



110/220 Vac
. 50/60 Hz

32

2

~ C27
Q4G 2

|

Main
winding

Auxiliary Cryn

winding

e,
Q1

Q2
—S}

Figure 2.17 Single-phase half-bridge PWM inverter with a controlled half-bridge rectifier

110/220 Vac
50/60 Hz

i
=

JSDI JXDs

110/220 Vac
50/60 Hz

T o

C17

P4

[

Q
-

—

Q3

€

b —t

Q)
_|

Auxiliary
winding

¥

—
Q4

Qs Q¢
~ .

“——m—“"'
Main
winding

— —
Q7 Qs

Figure 2.18 Two -phase full-bridge PWM inverter

=4
(S
P
(S
hY
/

Figure 2.19 Two-phase half-bridge PWM inverter

)
"

Q3
—

Main
winding

A

4
Q4

Auxiliary
winding

It is noted that this topology is composed of eight power switches and four diodes. Due to

the additional circuit elements, the half-bridge version of this technique as two-phase half-bridge

PWM inverter is addressed. Figure 2.19 shows that this inverter utilizes only four power



33

switching devices and two diodes [18, 43-44]. Nevertheless, the voltage across the motor
windings would be half of the dc bus voltage. This means that not only the motor will be
activated under half of the rated voltage, but it is also crucial to keep the voltage across the dc bus
capacitor balanced. To avoid a voltage step-up transformer, the applied voltage has been attained
by voltage-doublers circuit. By this rectifier, the input rectifying characteristics such as the
harmonic distortion, the power factor and the ripple factor are considerably high [20]. To improve
the performance of the inverter, a two-phase PWM inverter with controlled rectifier, which
employed the power factor correction technique by replacing the two input rectifying diodes by
two power switching devices and exploiting an appropriate power factor correction circuit, is
carried out as illustrated in Figure 2.20. The input rectifying functions, the harmonic distortion,
the power factor and the ripple factor can be significantly better [16-17, 22]. It is possible to
implement a space vector PWM technique for a two-phase inverter fed symmetrical two-phase
induction motor. There are four voltage space vectors and no zero voltage vectors [23]. The two-
phase symmetrical modulation capable of performing the switching sequence in order to
minimize the ripple content of the output current has been realized. Apart from an auxiliary
winding of standard permanent split capacitor motors that has a higher number of turns than main
winding, known as unbalanced two-phase motor, this technique cannot be applied to the
commonly existing motor. Thus, this controller would have application in other areas. The latest
topology, two-phase semi full-bridge PWM inverter, is a voltage source inverter with three-leg
drive system as demonstrated in Figure 2.21. This structure is less expensive than the 4-leg VSI
and provides better performance in terms of harmonic distortion when compared with that of the
2-leg VSI. Traditionally, the drive comprises a six pack IGBTs module or intelligent power
module (IPM) to control a two-phase induction motor. A specially modulating PWM strategy to
accomplish wide range variable speed operation of a balanced or unbalanced two winding
induction motor is needed [18, 39]. To maximize the use of the dc bus voltage, and
simultaneously to reduce the THD of the synthesized voltage, space vector PWM technique for
unbalanced two-phase machine is developed [25]. The space vector PWM is made up of eight
space voltage vectors, two of the voltage vectors are zero vectors, four voltage vectors are equal,
and two of the vectors are unequal. Then, a current controlled hysteresis technique can also be
used successfully. Among two-leg, three-leg, and four-leg topologies, the three-leg topology
obtains almost the same overall performance as the four-leg topology, and is not expensive. Also,

it exhibits lower harmonic distortion than the two-leg topology and avoids the flow of alternative
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current in the dc bus as well [27, 26]. Therefore, when it is necessary to attain a two-phase drive
system with enhanced motor performance, the three-leg system is a good trade-off between cost
and performance. Nevertheless, because both winding voltages depend on a common inverter
branch, the special modulating function of this system has to be produced. To consider the benefit
of each drive technique, various topologies based on the number of devices, the size of DC link
capacitor, input power factor, range of speed drive, motor performance, drive cost, control
complexity, and motor efficiency are compared as shown in Table 2.1. It can be seen that the
topology in which the two currents are independently controlled is the best in terms of
performance whilst it requires the largest number of components.

This research is based on unsymmetrical type two-phase induction motor fed by the
three-leg VSI so-called semi-full bridge PWM inverter. The two existing standard single-phase

induction motor windings are used without rewound. Two-phase voltages which are in quadrature
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are applied to the motor windings. According to the supplied voltage characteristic, a running
capacitor in series with the auxiliary winding is removed. To represent the advantages of the
recommended three-leg drive with the proposed modulation strategy, the conventional two-leg
half bridge inverter is compared at the same conditions. The conventional two-leg half bridge
inverter supplying a two-phase induction motor as shown in Figure 2.22 consists of a single phase
voltage doublers rectifier, two filter capacitors in series, and two legs of an IGBT pair. One end of
the main and auxiliary windings are connected to the two-leg inverter. The other ends are
connected together with the center-tap of the filter capacitors. Figure 2.23 indicates the proposed
three-leg VSI for an unsymmetrical type two-phase motor drive system. When compared to the
two-leg half bridge inverter, the terminal voltages across each winding are based on its phase
voltage and the connected voltage. Therefore, to generate the unbalanced two-phase voltage
supply, the special modulating function for the third leg is needed. The modulating function and

generating pattern strategies will be proposed in Chapter 3.

AC
Source

Figure 2.23 The proposed three-leg semi-full bridge inverter
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2.5 Noise Sources

Airborne induction motor noise can be categorized according to its source as magnetic
noise, windage noise, and mechanical noise [63-65].

Magnetic noise of induction motors has two predominant sources. The first source is due
to the radial force waves created by the air-gap flux density. This portion is caused by periodic
forces which exist primarily in the air gap between stator and rotor. These forces produce radial
components appearing at harmonics of the line frequency and at frequencies related to the slip
and line frequency. Furthermore, the forces are proportional to the square of the flux density. As a
result, flux densities should be kept low to minimize these double-line-frequency noises. The
second part of the magnetic noise is the magnetostrictive expansion of the core steel. Since the
induction motor hum is from the basic slot harmonic force field, the appropriate skewing of either
the rotor or the stator slots will decrease the magnitude of these slot harmonics. During
acceleration, when the rotor reaches the speed at which the force frequency coincides with shaft
resonance, the amplitude of shaft bending will increase. The magnetic noise may be loud. An
oversized shaft is, therefore, helpful in ensuring quiet operation.

The pulsating torque due to two separate fields is also a source of noise. This type of
noise is especially prominent in motors having unbalanced currents and in single-phase motors.
One remedy is an elastic mounting such as a rubber ring around the bearing housing, providing
torsion elasticity with a maximum of radial stiffness.

Variable frequency drives will cause an increase in magnetic noise. This increase is a
result of the additional magnetic forces which are generated in the motor by the higher frequency
voltage harmonics coming from the driver [66-70). The presence of electrical, electromagnetic,
and mechanical asymmetries (separately or in combination) produces a new set of magnetic force
waves. If these waves are of appropriate nodal pattern and frequency, they will excite resonances
of either the rotor or the stator. In order to avoid excessive noise produced by the voltage
harmonics, the additional magnetic noise created in the motor can be minimized as follows:

1) Filtering the output voltage of the drivers.

2) Increasing the core length and/or frame size and diameter to decrease the magnetic

field in the motor’s air gap.

3) Avoiding a core resonance at the commutation frequency by especially determining

the PWM strategies.
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Windage noise is generated by the interaction of both the moving parts of the rotor with
the cooling air passing through the motor and the moving air with stationary parts of the motor.
The primary source of windage noise in an induction motor is not only the fans but also the rotor
bars in the vent areas and at the rotor ends [66]. The frequency of windage noise equals the
passing frequency of the fan blades or rotor bars. Frequencies may vary with manufacturers and
machine size. However, the passing frequency and noise for the rotor bars are at a higher and
more irritating frequency than that of the fans. To minimize the noise levels, installing sound
insulation in the top covers, where space allows, will reduce windage noise significantly. For new
designs, the utilization of enclosures with increasing weather protection can dramatically decrease
noise levels. Noise reductions will be accomplished by a frame-size increase and/or isolation-type
enclosure built around the motor.

Many mechanical noises are associated with the bearing assembly and can be
appreciable. Some of the noise sources in induction motors as well as possible noise control and
reduction are indicated in Table 2.2 [64]. No general rules can be given for induction motors as to

relative importance of these three types of noise.



Table 2.2 Induction motor noise sources, causes and treatments
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Component causing
Noise source Cause Noise control and reduction
noise
Correct eccentricity of rotor and stator by
Radial Air gap
machining and adjustment
Slotting of rotor and | Skew stator or rotor slots, use closed rotor
Magnetic Variable force stator punching and semi closed stator slots
field radial in Dissymmetry Reduce dissymmetry by improved magnetic
direction harmonics due to circuit design; avoid resonance of rotor
higher harmonics in | frame, particularly at lower modes which are
stator current more effective sound radiators
Displace rotor ducts axially or acoustically
Siren effect
treat interior surfaces
Modulation Change number of fan blades, remove
Windage Fan blades stationary obstacles from air stream, or use
aerodynamic directional fan
Redesign fan and air stream path, add
Turbulence Fan acoustic filters or acoustically treat the
ventilating passages
Correct end play of shaft, decrease clearance
Sleeve bearing
Impact between shaft and sleeve, modify oil grooves
Reduce radial play by preloading, decrease
Ball bearing
shaft or housing tolerances
Mechanical Loose laminations Improve clamping of laminations
Increase clearance and oil viscosity, scrape
Sleeve bearing
Friction sleeve surface
Increase preload pressure, change type of
Ball bearing
grease
Unbalance Rotor Mechanical balance required
Change oil viscosity and oil grooves in
Instability Bearing

bearings




CHAPTER 3

NOVEL MODULATNG STRATEGY

3.1 Converter Modulation Strategy

The conventional two-leg half bridge inverter supplying a two-phase induction motor as
shown in Figure 3.1 consists of a single-phase voltage doublers rectifier, two filter capacitors in
series, and two legs of an IGBT pair. One end of the main and auxiliary windings are connected to
the two-leg inverter. The other ends are connected together with the center-tap of the filter
capacitors. Their fundamental components of output voltage are shifted by 90 electrical degree
differences. The principle of generating balanced two-phase PWM output voltages is based on a
comparison between balanced two-phase modulating sinusoidal signals with 90 electrical degree
phase shift compared to a common triangular wave, known as a sinusoidal pulse width modulation
(SPWM) and is illustrated in Figure 3.2. The obtained PWM output voltages are classified as
bipolar PWM.

To generate output voltages for both windings of an unsymmetrical two-phase induction
motor using the typical two-leg half bridge voltage source inverter, the two modulating function

signals with balanced output voltages for a two-leg system are:

v, =V, sin (@)
3.1)

v, =V, sin (@,t-90%)

. T — — ain
Is .Cl .
AC

Source Vdc

Figure 3.1 Main power circuit of the typical two-leg half bridge inverter



4]

va Vb
Carrier
signal
|
IWARAY;
1\
AR
—dc 1
2 / ﬂ;\\ _} p
\\ ("Ao)
|
Vi || I L \w/ Vb1
2 I
Vol _
il (| ] Yo
Ve LA i | le
2

Figure 3.2 Principle of generating PWM patterns for the typical two-leg VSI

The amplitude and frequency of the output phase voltages can be independently controlled by
varying a sinusoidal reference amplitude and a frequency of each modulating signal whilst the
carrier signal is fixed with a constant frequency and amplitude. More details of PWM parameters
such as modulation index, modulation frequency ratio can be found in [20, 71-73]. It is noticed
that an unbalanced case in accordance with the control method previously illustrated in Figure 2.7
can also be easily obtained due to independent control for each modulating signal. The

fundamental output voltage of the auxiliary winding can be expressed as

Vo1 =MTV"’“sin(a),t) (3.2)

Also, the fundamental output voltage of the main winding can be expressed as

Vor = Mg‘" sin(@,f - 90°) (3.3)

Where
v, = reference modulating function of control signal phase a

v, =reference modulating function of control signal phase b
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v, = reference modulating function of control signal phase ¢
v, = fundamental main winding voltage

vp, = fundamental auxiliary winding voltage

v, =PWM voltage of phase A

vgy = PWM voltage of phase B

vey = PWM voltage of phase C

v,,= PWM auxiliary winding terminal voltage

Vgc= PWM main winding terminal voltage
V,_= amplitude of modulating function
V,=dc link voltage

V, = amplitude of additional modulating function

¥V, = amplitude of carrier signal
14
M, = -VL = modulation index of additional modulating function
!
14 .
M = —2 =modulation index
4
m, = Teorer - modulation frequency ratio
reference

@, = reference angular frequency (rad/s)

@, = carrier angular frequency (rad/s)

Figure 3.3 indicates the proposed three-leg VSI for an unsymmetrical type two-phase
motor drive system. The main and the auxiliary windings are connected across the bridge as an
unbalanced three phase load. When compared to the two-leg half bridge inverter, the terminal
voltages across each winding are based on its phase voltage and the connected voltage. Therefore,
to generate the unbalanced two-phase voltage supply which achieves the maximum possible
converter utilization, the special modulating function is necessarily required.

For the proposed three-leg semi full bridge PWM inverter, the third modulating function
for the third leg is given in Equation (3.4). With these modulating functions for balanced output

voltages, both winding voltages are always in quadrature.

v, =V, sin (1)
v, =V, sin (@, -90°) (34)

v =V, sin (@,-180°)
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Figure 3.3 Main power circuit of the proposed three-leg semi-full bridge inverter

The reference modulating functions of the first leg (terminal A), the second leg (terminal B), and
the third leg (terminal C) of the proposed inverter are v,,v, and v,, respectively. Unfortunately,
unbalanced output voltages having 90 electrical degree phase differences cannot occur with
independent control of those modulating function signals. In order to overcome this problem, an
additional modulating function is required. The proposed modulating function is a modified
modulating function of the third inverter’s leg, obtained by adding a new function (v,,) to the
previous modulating function (v, ) in Equation (3.4). As the reference modulating functions of the
third leg at terminal C should be v, , with the proposed scheme the instantaneous voltage of v, is
rewritten as follows:

Let

v, =V, sin (o,t-180°) (3.5)

and additional modulating function

v, =V, sin (@, —45°) (3.6)

and let

V. =V + Ve (3.7

The modulating function for the third leg v, in Equation (3.4) can be rewritten as:



v, =V, sin(,t —180°)+V, sin(a,f - 45°) (3.8)
Thus
Vab =Va — Vs

= ¥, sin(w,t) -V, sin(o, —90°)

=V, sin(@,t)+V,, cos(w,t) (3.9)

=V,,[sin(o,)+cos (o,1)]

=2V, sin (&, +45°)
and

Yy, =V, —V,
= ¥,, sin(a,t —90°) ~[ ¥,, sin (@, ~180°) + ¥, sin (e, - 45°)]
=V, [sin (,1) - cos(w,t) ] -V, sin (@, - 45°) (3.10)
=2V, sin(w,t - 45°) -V, sin(o,t - 45°)

=(V2¥, -7, )sin (@,1-45°)

It can be seen in Equations (3.9) and (3.10) that the two voltages, v,, and v, are equivalent to
the fundamental auxiliary and main winding voltages, respectively, and they are in quadrature.
The amplitude of both voltages is 1.414 times the amplitude of each modulating function. The

implication is that this technique gives an advantage in terms of dc voltage utilization over the

two-leg half bridge VSI.

In order to better understand the principle of the proposed modulating functions, the phasor
diagrams in Figure 3.4 (a) for the balanced two-phase terminal voltage and 3.4 (b) for the
unbalanced two-phase terminal voltage are illustrated. It is clear from Figure 3.4 that, with the
additional modulating function, v,,, the output terminal voltage with different magnitude and
fixed 90° phase shift is unbalanced under any operating conditions. The principle of generating

unbalanced PWM output voltages based on the proposed modulation scheme for the three-leg
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VSI is described in Figure 3.5. The given PWM output voltages are classified as unipolar PWM.

The fundamental output voltage of the auxiliary winding can be expressed as

Vp1 =V4p =V4 Vg
= —A—l;,lsin(a),t) - -A%isin(w,t -90°) (3.12)

2Mmv

= ——-2—""-sin(a),t +45°)

Also, the fundamental output voltage of the main winding can be expressed as

Vo1 =Vec =V~ Vc

= M;’d sin(@,# - 90°) -[-A%’d—cm(w,t ~180°)+ M—‘zﬁ"—sin(a),t -45°)]

(3.13)

2MY,

= —2—4£ sin(a, ¢ —45°) - Mlzyé‘—sin(a),t —-45°)

_(2M -MY,
2

sin(w,? —45°)

Figure 3.4 Phasor diagram of modulating functions for the two-phase drive system
of the three-leg VSI
(a) balanced output voltage case

(b) unbalanced output voltage case
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Figure 3.5 Principle of generating unbalanced PWM output voltages based on

the proposed modulating functions for the three-leg VSI

It can be seen in Equations (3.10) and (3.11) that the fundamental PWM output voltages for both
windings are in quadrature and can be set by M and M, corresponding to the control method

previously shown in Figure 2.7.

3.2 Unbalanced Voltage for Improved Unsymmetrical Two-Phase Induction

Motor Performance

As described in the previous section, the unbalanced two-phase voltage source with the
three-leg semi-full bridge SPWM inverter can be achieved with the proposed converter

modulation control scheme. To eliminate the backward field from occurring in the motor’s air
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gap, the auxiliary winding voltage is boosted using a turns ratio of the auxiliary winding to that of
the main winding of “a”. This allows a wide range of operation, especially at low speed which is
the main problem for variable speed drives of single-phase induction motors in the past. The
amplitude of both winding voltages can be arbitrarily controlled by modulating factors M

and M, . Both voltages can be fixed at 90 electrical degree phase difference in a range of
operating conditions. Over a period of time corresponding to any number of complete cycles of
the terminal, the dc voltage component integrates to zero. This is because positive and negative
parts in each voltage cycle are in symmetry and means that no dc voltage component is included
in the SPWM voltage source of the two-phase motor. For this reason, neither higher current
coming from magnetic circuit saturation nor parasitic torques is added in the motor.

The proposed inverter provides less harmonic voltage components than other techniques,
especially the conventional two-phase driver. As a result, the voltage stress on the motor,
principally one of magnetic and acoustic noise generation, can be significantly reduced.
Moreover, the current flow in the motor may have a more sinusoidal wave shape than other drive

topologies thereby enhancing the motor’s efficiency.

3.3 Current Mode Analysis

As discussed in the previous section, the proposed three-leg VSI for generating
unbalanced PWM output voltages to supply an unsymmetrical two-phase induction motor is made
up of six power switching devices and six diodes. In order to more simply analyze the current

flow via each winding; the VSI circuit is redrawn as shown in Figure 3.6.

AV}
1

Vae

Figure 3.6 Main power circuit for current mode analysis
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Each winding is connected with the middle point of two branches; that is, nodes A and B
for the auxiliary winding and nodes B and C for the main winding. R,,L,, and E, are the
resistance, inductance and induced voltage of the auxiliary winding, respectively. R, L,, and
E, are the resistance, inductance and induced voltage of the main winding, respectively.

To illustrate steady-state operation of the converter, several assumptions are made:

* The components are ideal;

¢ The winding impedances are constant;

« The induced voltages of the windings are sinusoidally identical.

To better ensure the switch mode characteristics, the main power circuit in Figure 3.6 is
simulated using the program OrCAD 9.1, as shown in Figure 3.7. Q1-Q6 represent the IGBTs
switching devices. R1 and L1 are a resistance and an inductance of the auxiliary winding, while
R2 and L2 are those of the main winding. E1 and E2 represent the average induced voltages of
the auxiliary and the main windings. Figure 3.8 displays the gate-drive circuits which generate
SPWM output voltages to control each power switching device. In the simulation, sinusoidal
waveforms of 30 Hz are generated from four sinusoidal voltage sources V2, V3, V4, and V5
which are displaced by 0, 90, 45, and 180 electrical degrees, respectively. Only V4 and V5 are
summed together. The amplitude of these reference signals are governed in accordance with
Table 3.2. Three sinusoidal voltage signals are modulated with the same triangular wave of 360
Hz (for convenient wave shape consideration) while the actual frequency of the implemented
triangular wave is 5 kHz. The integrated circuit LF351 is used as a comparator. The output signals
from the comparator Ul is the gate driver of the top first branch of the inverter, Ql.
Simultaneously, the signal is converted by not-gate and triggers the power switching device Q2.
An output signal from the comparator U2 (s3) and its inverted signal (s4) are utilized to regulate
the second-leg of switching devices, Q3-Q4. The power devices Q5-Q6 are turned on/off by the
control signals from s5-s6 generated by the comparator U3. Using the generated PWM pattern,
the typical behavior with time variance of the auxiliary and the main winding currents can be
analyzed in i, and i, waveforms, sequentially; as demonstrated in Figure 3.9. Unipolar PWM
voltages of those windings are represented as v, and v, while the induced voltages are
represented by Ej, and E,. With the proposed strategy, the output current of the three-leg
voltage source converter can be divided into eight identical modes. It is assumed that the load

current of mode Al is iy, . The load current of mode A2 is iy, and those of mode A3, A4, A5,

A6, A7, and A8 are ip,, ip,,ips,ipg, ip7» and ipg, TESpECtively.
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Figure 3.8 Simulation of control circuit for switch mode analysis
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Figure 3.9 Simulated voltage and current waveforms for the proposed three-leg VSI
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The induced voltage of mode Al is E,  while those of mode A2 to mode A8 are
Epss Epsy Epgses Epg, respectively. Due to the high carrier frequency (5 kHz) of the
implemented inverter, the instantaneous induced voltage value can be determined as a sinusoidal
voltage function.

A description of the different modes of current flow corresponding to the auxiliary
winding voltage v,, can be considered as follows:

Mode Al: At a,, switches T,, and Ty_ are conducting and the current flows from
source to load. The active components under this mode are illustrated in Figure 3.10. The input

voltage is ¥, and the load current iy, of this mode can be derived by Equation (3.14).

Vp = Vdc

di (3.14)
L, "f +Rpip, +Ep =V,

Equation 3.14 is in the form of a linear first-order differential equation which can be rewritten in

the standard form of a linear equation:

dipy Rp; _YVa—Ep (3.15)

Figure 3.10 Current flow in mode Al
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As the general standard form of a linear equation is %+P(x) y= f(x), then P(x) is

. R . . P(x)d
equivalent to —2. A common integrating factor can be solved as eI % and therefore the
D
Endt 50.,

integrating factor of Equation (3.15) is e ©» =e . Multiplying Equation (3.15) by the

integrating factor:

Ry . Ry
e_":' dip, + Ry ip, eL,,' Vie = Ep)
at L, L

Ro, (3.16)
d| e’ iy, &
= [Vdc —EDl)eLD'

dt L,

Integrating both sides of Equation (3.16):

LD
317D
2 (v,.-E
L,, ip, = ( de Dl)eL,, +C
Rp
2,
Dividing Equation (3.17) by e’» . Thus,
R,
in (Vch Ep J+ Ce L (3.18)
D

The constant C, can be determined from the initial condition, for example when the mode Al

occurs at &, <wt <, . Consequently, when @t =ay, ip =1Ip,

IDO (V:!cR EDI ]'l" Cl
D

VvV, -E
C] =IDO—( ch DIJ
D

(3.19)

Substituting C, yields
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- - o,
iDl =(Vdc ED1)+{IDO _(Vdc EDI J}e L,
RD RD

(3.20)
=Ipe’ +(M] l-e for ip 20,
Rp
At the end of this mode at @t =, , the load current becomes I, . That is
T (Y, -E T
D

Mode A2: For this mode, T,, and Ty, are turned on. The power switching device T,,
and the freewheeling diode Dy, both conduct and the load current continues to flow
through Dy, as depicted in Figure 3.11. The freewheeling diode provides a path for the

continuity of the load current. The load current during mode A2, ij,,, can be expressed by:

L, —‘%Dt—z-+ Rpip, +Ep, =0
(3.22)
dip, Rp. Ep,

+—=2i =—
dt L, L,

Equation (3.22) can be solved by the linear first-order differential equation solution method. As

described for mode Al, the solution of Equation (3.22) can be recognized firstly by calculation of

Figure 3.11 Current flow in mode A2
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B, (3.23)
d| e™ iy,
3

Integrating both sides of Equation (3.23):

2,
eDlDz='i;D_( EDZ)eLD +C
D

Lp
(3.24)
e"" ipy = ( j‘”} > +C,
D
32:
Dividing Equation (3.24) by el , therefore,
E ke,
ip, = ( R°2)+cze b (3.25)
D

The constant C, can be determined from the initial condition, such as when @, <@t<a, the

initial condition is @t =, and iy, =I,,. This is given by:

(3.26)
C, =1y + (5‘2)
Rp
Substituting Equation (3.26) into Equation (3.25), the load current ip, is
E (Ep \| 72
ips =( Dz]_,_ Ip + DZJ L,
D \ RD
(3.27)
—_RE.‘ E ( iﬂ_‘
bA
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At the end of this mode at @t =, , the load current becomes I, , where

o (g R,
I, =I,e" —-(ﬂ) 1-el Jor iy, 20 (3.28)
R

Mode A3: The active components are shown in Figure 3.12. The switch Ty_ and the
anti-paralle] diode D,_ of T,_ are conducting. The anti-parallel diode D,_ provides a path for

the continuity of the load current. The load current during mode A3, i, , can be given by:

LD%+RD1'D3 +Ep=0
(3.29)
dip Ko, __Ep
dt L, L,

Equation (3.29) is similar to Equation (3.22) except for the current amplitude because of the

initial condition value and time. The solution methodology of this mode is the same as for mode

A2 and is expressed by:
-E ie"-t
iy = (R—I”J+ Cele (3.30)
D

If the initial condition ij;is I, at wt=a,; (for instance where a; <@t <aq,), the constant

value C, can be determined from

Ayl
P4l

Vde

Figure 3.12 Current flow in mode A3
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(3.31)

The constant C, is superseded in Equation (3.30). As a result, the load current iy, is given by:

_ ( R,
iy =( ED3)+{IDZ + h)}e Lo
Ry \ Rp

(3.32)
2 (g (R,
=Ipeh —(-ﬂ-J 1-eb for ip 20
Rp
\
At the end of this mode, the load current at ot = a, becomes I, . That is defined by:
2 (g R,
Iy =Ipe’ -—[%J l-e™ Jor ip; 20 (3.33)
D

Mode A4: This mode is valid when the switching devices T,_ and T, turn on. The
freewheeling diode D,_ and Dy, are conducting. The twice freewheeling diodes are used as a

path for the continuity of the load current as drawn in Figure 3.13.

+
Tp+ Tg+
- DA+ -

Auxiliary winding

Vde

Figure 3.13 Current flow in mode A4
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Although the reverse voltage is supplied across the winding, the current also continuously flows

in the same direction similar to the previous mode. Because the average induced voltage is higher
. di , -
than the dc input voltage or LDTD;""RD‘M >V, —Ep,, the current stabilizes the flow from

load to supply. This mode occurs within a few pulses of the first negative half cycle. The current

can be computed by Equation (3.34).

di
L, :;4 +Rpips + Epy =V,
1
_QDA._,_.R_D,'M = Yae=Eps (3.34)
at L, L,
Ro,
ID4 = (Vdc ED4]+C eL"
D

The constant C, can be determined from the initial condition. For example, when a; <ot <,

this mode starts at @t = a5 which provides ip, =1, . This is expressed by:

I, = (MJ +C,

Ry
(3.35)
V, -E
Cs =1Ips "["—ch D‘J
D
Replacing C, gives
vV, —E v, -E,\| 22
ipg =| =t |4qIp —| & e’
R, R,
(3.36)
R, _ R,
=Ie’ +(————V"° ED][I—eLD J for ip, 20
D

At the end of this mode at @t = &, the load current turns becomes I, and is given by:

e, (y _E e,
I =Ipe™ + —EE-—D l1-ef» for ip, 20 (3.37)
D
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Mode A5: This mode is valid when the switching devices T,. and Ty, conduct. The
input voltage ¥, is across the winding. Due to the fact that dc voltage source supplies more
voltage than average induced voltage E,;, the current flows from a source to load as shown in

Figure 3.14. The load current i, can be analyzed as follows:

di .
Ly, _dz;_s +Rpips + Eps = Vg

dips NS ips = Ya—Bps (3.38)
dt Ly L,
- Ko,
ips = (-—-Vdf Eps } +Cse
D

The constant Cs can be resolved by the initial condition such as when @, <@f <, and the

mode begins at @t =a, . Hence, iy, =Ip;,and C; is

V,—E
Ips =(_d R DSJ"‘CS

D
(3.39)

Vdc — EDS J

G =1p, ‘( R
D

Substitution of C5 gives

Vde .

Figure 3.14 Current flow in mode A5
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iDS = [ Vdc EDS )_'_ {104 (Vdc EDS ]}e
RD RD

G2 (y, ~E T
=I,e" +( de DSJ l-eb for ips<0
RD

At the end of this mode at @t = a, the load current becomes I 5 and is written as:

T (Voo Eps | 5
D
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(3.40)

(3.41)

Mode A6: At this mode, T,, and T, are on. The output current circulates in a loop

through the power switching device T, and the freewheeling diode Dy, as shown in Figure 3.15.

Similarly to mode A2, the freewheeling diode contributes a path for the continuity of the load

current. The load current i, can be expressed as:

dipe
L, —D8 4 Rpipg+Eps=0
dt pipe + £p6
dipg + Ry i - Eps
dt L, " L,
R, Ry
el ipg = s leb» +C;
D
+
Th+ Tg+
— D+ — Dpg+
iTA+ v iDA+ iTB+ iDB+
Auxiliary winding B
L, R,
Vae ~ A RER @ B
+ - vy -
Ira- Irg-
;| ipa- i
T,- \ DA TB— Y {ips-
— S Da- — 5 Dp~
N

Figure 3.15 Current flow in mode A6

(3.42)
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Ry,

Dividing Equation (3.42) by e’ gives,
-E ——-—&lt
ips = (JJ +Cee ™ (3.43)

The constant Cg can be calculated from the initial condition such as when oz <@t <a, at

ot =ay, ipe = I . This is given by:

(3.44)
E
Cs =Ips +| =28
6 =4Ds ( R, J
Substituting C, in Equation (3.43), the load current i, is:
- ( £,
ipg = Eps +41ps + % elo
Rp \ Rp
(3.45)
o (g N e
REAN
At the end of this mode at ! = a, , the load current becomes /4. That is
ip., E -—Rp-l
Is=Ipel —(%) 1-ef Jor ipg<0 (3.46)
D

Mode A7: The active components are shown in Figure 3.16. Switches T,_ and Ty_ are
on state, The switching device T,_ and the freewheeling diode Dy_ are conducting. The load
current i, flows continuously from T,_ through Dy_. The load current ij; can be defined as

follows:
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A\l
P4

Vde

Figure 3.16 Current flow in mode A7

dipy Ro; - _En (3.47)
a L, L,
R,
in, = (_ERDJ—J +Cele
D

The constant C, can be computed from the initial condition; where @, <t < a;,;, the mode

launches at @t =@ . ip; =Ips. Thus,

(3.48)
E
G =Ips+ (“ﬂ]
R,
When Equation (3.48) is substituted in Equation (3.47) the load current ij, is
- R
iD7 =( ED7 )"' {106 + (—ED7 )}e L
Rp Ry
. . (3.49)
.- o,
=Ipe’ —(&3—) 1-el for ip; <0
Rp

At the end of this mode at @f =a;, the load current I, is
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izﬂ.' E izn'f
Ip; = DGe -(—R!EJ 1-e® Jor ip; <0 (3.50)

Mode A8: This mode is available when the switches T,, and Tg_ conduct. The current
in this mode flow from load to source as illustrated in Figure 3.17. The load current ipg can be

derived from Equation (3.51).

dipg
L,—22 4R is+Ep =V,
'D dt -D*D8 D8 de
dipg + Ry ; _ Vie—Eps
D38 -

da L, Ly

Loy
d(el“’ i07] a (3.51)
A = (Yae—Ep | 5

dt L,

_ R,
iDB = [—————Vdc EDS J + Cse Lo
D

The constant C; can be determined from the initial condition. If &, <@ < ay;, for example, an

initial-state current at &f = q,, results in ipg =/p;.

I, =(%D—8-) +C,
D

(3.52)
Ve —E
G =1Ip; —("—_d R Ds)
D
Substituting C, into Equation (3.52) gives
V,.-E Ve —Eps \| 22
i ( de DS) I de DS) e
D8 R D1~ R
D D
(3.53)
R, R,
=1.e L +(V"‘ EDBJ[I—eL" ] Jor ipg<0
D

At the end of this mode at @t = a,; , the load current changes to /5 . That is

=, (y, -E o,
Ig=Ipe’ + JCT_DS' 1-e™ for ipg <0 (3.54)
D
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- " o
Ta+ Tg+
— Da+ = Dp+
Ipas
Auxiliary winding
L, R,
Vdc = A\ B
+-- v -
T T ‘s
A B~
— S Da- —1% Dp-
N

Figure 3.17 Current flow in mode A8

It is observed from the results that the final load current of the previous mode has to be
the initial load current of the next step. At all regions of positive voltage level, switching devices
(i.e. IGBTs in this research) toggle from modes Al to A2. Then, turn to mode Al and go to mode
A3. After that, the modes in a loop sequence from A1-A2-Al-A3 until the voltage across the
winding is changed from positive to negative. During this process, the load current can be
separated step by step with modes A4-A2-A4-A3.

When the dc voltage level is more than the average induced voltage, the switching
devices turn on/off from mode A5 to mode A6. After that, the devices switch to mode A5 and go
to mode A7. In this stage, IGBTs operate following modes A5-A6-A5-A7. When the voltage
across the winding is changed to the positive level, the maintained average induced voltage of the
winding is still higher than the supply voltage. Consequently, the load current circulates from load
to the supply. In this time, the current mode can be computed by modes A8-A6-A8-A7.

When the average induced voltage equals to dc voltage source, the instantaneous current
is zero. After that, the current will flow in opposite direction and can be calculated by the next
switching mode. That is, the devices are again driven according to modes A1-A2-A1-A3. It is
noticed that modes Al-Ad contribute the positive voltage level (¥, 0) while modes AS5-A8
provide the negative voltage level (0, -V, ) across the auxiliary winding. Because the inductive
parameter in the motor windings causes the current to lag, the instantaneous current position may
lag the voltage stage. The relationship between voltage current and the step of switching device
operations is summarized in Table 3.1.

The terminal voltage across the main winding is vsc or v Wwhich is in quadrature

with v, . As for the auxiliary winding current, the instantaneous load current of the main winding
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ip can be analyzed into eight modes. Current characteristics of each modes can be calculated
using the same method as for the switching mode investigation of the auxiliary winding. Due to
the discrepancy of both winding's impedance, the current amplitude and phase are not the same
and are shifted in phase by nearly 90 electrical degrees. Eight mode current characteristics of the

main winding (M1-M8) are illustrated in Figure 3.18 (a)-(h).

Table 3.1 Switch mode analysis

Description Switching mode
v +Hi=>+ Al-A2-Al1-A3
yv=>-—i=>+ A4-A2-A4-A3
Vo i — A5-A6-A5-A7
Vi — A8-A6-A8-A7

Al
71

Vde

Ayl
1

Vde

(b) mode M2



+
Vdc =
(c) mode M3
+
— Dp+ — Dc+
iDC+
Main winding
L
o Ry
- Q
iDB-
Tg- TC_
— K' Dp- — E Dc-
N
(d) mode M4
- _
Main winding
R,
Ve T

(e) mode M5
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Figure 3.18 Current flow analysis of the main winding

+ Tg+ T+
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Main winding |
LQ RQ
Vdc -~ B C
+ - vQ - |
TB_. Tc-
— Dp- — DC-
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() mode M6
+
Ve T
(g) mode M7
- . .
— Dp+ -
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Vac 1 B c
+ - Vg -
Tg- Tc--
N
(h) mode M8
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3.4 Mathematical Analysis

Determination of the harmonic frequency components of a PWM waveform is quite
complex and is often done by using a Fast Fourier Transform analysis of a simulated time-varying
switched waveform. Since the PWM waveform is not a periodic function, and no rational
relationship exists between the modulating and the carrier frequencies, a Single Fourier Series
approach is inapplicable. The best known analytical method of determining the harmonic
components of a PWM switching was first developed by Bowes and Bird [74]. This analysis
approach, with reference to pulse-duration modulation, was originally developed for
communication systems by Bennet [75] and Black [76].

The analysis process assumes that the reference modulating wave is a single sinusoid
with frequency @, radians per second. The carrier angular frequency is @, radians per second.
The pulse train is non-periodic. Also both @, and @, are not commensurable. From the principle
of Fourier transform theory [78], any regular tﬁne-varying waveform f(f) can be expressed as a

summation of its harmonic components

f= -‘;—° + " (a,, cosmot + b, sinmot) (3.55)
m=1
where
a, =-1— If(t) cos mwt d((ot) m=0,1,2,.., (3.56)
T
b=~ [fOsinmatd(@f)  m=123,., (3.57)
T

A waveform f(x, y) varies as a function of two independent time variables

x(t)=aw,t +6, (3.58)

y)=wt+86, (3.59)

A simple Fourier series at a special value of y =y, can be written as
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flx,y)= %o (y, i( () cosmx + b, () sinmx) (3.60)
where

a, (yl)=£ If(x, ¥, )Jcosmx dx m=0,1,2,..., (3.61)

b, (y,)=-71; If(x, ¥, )sinmx dx m=1,2,3,...,c0 (3.62)

The coefficients a,, () and b, () are clearly just particular values of two functions a, ()
and b, ( y) which vary cyclically over the entire range of y. Consequently, the values of these
coefficients are periodic with respect to y in an interval of 27 . These may be rewritten as

follows for all possible values of y:

m(y)——+ Z[c cosny +d,, sinny] dx m=0,1,2,...,0 (3.63)
b, ()’)=e"'7°+ Zm:[em,l cosny+ f,., sinny]dx m=123,..,00 (3.64)
n=]
where
1 T 1 T
Con =— |G, (y)cosnydy =— x,y)cosmxcosny dx dy
”l (y)cosnydy  =— _J; _J; f(x) y 565
m=0,1,2,..,© n=0,12,...,0

f (x,y)cosmxsinny dx dy

-\~l|._.
;.'.—'N
HL—'N

1#
d, =—|a,(y)sinnydy =
- ”.!, (y)sinmydy == 656

m=0,1,2,...,0 n=123,..,o©

€un =

Ibm(y)cosnydy =—1§- I If(x,y)smmxcosnydxdy

1
V.4 /2 (367)

m=12,3,..,00 n=0,1.2,..,0
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a|—-

L3 1 X
y)sinnydy =-— f X, y)sin mxsinny dx dy
,I, ) i I I ) (3.68)

m=12,3,..., 00 n=12,3,.,o©

It is seen that the obtained solution is general for any time ¢ since the x and y values are

periodic. The second step is to expand these functions using trigonometric identities. Thus,
1 X
Con == I _[f(x y)cos(mx +ny) dx dy
2r° L

# _[ _[f(x,y)cos(mx—ny)dx dy (3.69)

m=0,1,2,...,0 n=0,12,...,0

1 =7 ‘
mn = 27[2 I If(x,y)sm(mx+ny) dx dy
-n-

2—’1[2- _[ If(x,y)sin(mx—ny)dxdy (3.70)

m=0,1,2,..,0 n=1,2,3,..,o

1 nx .
e _[ If(x,y)sm(mx+ny)dxdy
-T -

I f S (x,y)sin(mx —ny) dx dy (.71)

-t

m=123,..,© n=0,12,..,©

1 T n
m=§”—2 _[ _[f(x y)cos(mx —ny) dx dy

_..2_71[_2 T[ If(x,y)cos(mx +ny) dxdy (3.72)

m=123,.., 00 n=123,..,©

The general Fourier component form for f(x, y) can now be expressed as
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f(x,y) =%° +%i[¢°n cosny +d,, sinny] +% i [€o cOSMx + d o sin MX]
n=1 m=1

. (3.73)
© o |(Cn,cosny+d,, sinny)cosmx

+2. 2

m=tn=1|  +(e,,cosny + f,, sinny)sinmx

Using the trigonometric identities, Equation (3.30) can be rearranged to

fx,») =%+%i[co,, cosny +d,, sinny| + % i [Cmo COSmX + d,,q sin mx]
n=1 m=]

-
%[cm cos(mx + ny) + ¢,,, cos(mx —ny) |

+ %[dm sin (mx + ny) - d,,, sin (mx - ny) | (3.74)

@ ©

+2 2

m=1n=]

+ %[em sin(mx +ny)+e,,, sin (mx - ny) |

+ %[fm cos(mx—ny)- f,, cos(mx+ ny)]J

which can be rewritten as

A C_ZQ + _17: i [con cOSBY + i, sinny] + -}Z- i [eo cCOSTX + d,, sin MX]
n=1 fomt
1 o | [(un = Fun)oos(mt )4 [+ )oin(mr +m)] | @7

+52. 2

m=tn=1 +|:(cmn +fm)cos(mx—ny)]+|:(em,. -d,,,)sin(mx - ny):l

For m=1,2,3,...,00, n=12,3,...,0 are

%(c,,,, - f,,,):z—:t7 [ [ £ (xy)cos(mx-+ny) dx dy (3.76)

-T-7

1 ] nr
:—Z-(C,,m +fm)=§? I ff(x,y)cos(mx—ny) dx dy (3.77)

- -7

-;—(em +d,,) =2—71t2- I ff(x,y)sin (mx + ny) dx dy (3.78)

-T -



71

1

Py f ]f (x,y)sin(mx—ny) dx dy (3.79)

- -~r

-;-(emn mn )

Finally, it can be seen from Equations (3.66) and (3.68) that for any given value of n,

dpp ==dp_py and fo, =—f, - the (mx—ny) terms in Equation (3.75) can be attained

alternatively by summing the (mx + ny) terms over negative n. Hence, the complete solution for

f(x, y), becomes

f(x,J')"—4—+—Z[co,, cosny +d,, sinny]+— Z[c ocosmx +d,,, sinmx]

" o (3.80)
+— Z Z[(c = frm)cos(mx +ny)+ (e, +d,, )sin(mx+ny)]

m=l n=-—w

(n=0)

To define the resultant coefficients into complex form, Equation (3.78) is multiplied by j, and

added to Equation (3.76). The coefficients then become

Cm,, =A~m,, +ij" = (cmn ;fmn)+j(eMR ;dmn) (3.81)
where
A, +JjB, -21—2 j jf(x,y)[cos(mx-&- ny)+jsin(mx+ny)] dx dy
3 -R~-R
(3.82)

=-2—71[—2 ’] ]‘f(x,y) ™)y dy

Equation (3.80) can now be expressed in terms of these alternative coefficients as

f(x, ) =A—;°- + i[Ao,, cosny + By, sinny]+ D [ A,, cosmx + B, sin mx]
n=l m=]

o w (3.83)
+y D, [A,,,,, cos(mx +ny) + B, sin(mx + ny)]

m=1 na-wn
(n=0)
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Equation (3.83) can be expressed in terms of time by substituting x and y from Equations

(3.58) and (3.59), respectively. As a result,

f(O= Z::I: cos(n[w,t +86,])+ By, sin(n[w,t + 0,])]

[Amo cos (m[a) t+6 ]) +B_,sin (m[a)ct +6, ])] (3.84)

?.Ms

o o | A cos(m[a)ct +6,)+n[w,t+6, ])
+2
met e L+ B Si (m[w,+6,]+n[w,t+6,])
This f(#) form is commonly used in the literature [74]. The carrier index variable m and the

reference index variable n define the frequency of each harmonic component of the phase output

voltage.

Ax

The first term of Equation (3.41), > where m=n=0, corresponds to the DC offset
component of the pulse width-modulated waveform.

The second term, i 4y, cos(n[w,t+86,])+ By, sin(n[w,t+6,]) where m=0, defines
n=1

the desired fundamental output waveform for n=1 and includes undesirable low-order
harmonics around the fundamental output for 1< 7 < which should be minimized or eliminated

by the modulation process.

The third term, i A cos(m[a)ct +6, ]) +B,,sin (m[a)ct +6, ]) where n=0,
m=]

corresponds to the carrier wave harmonics. The lowest frequency term is the modulating carrier

frequency, m=1. For 1 <m <, the relatively high frequency components are generated.

Finally, the last term of the equation, i i A, cos(m[w,t+6,]+n[w,1+6,])
m=] p=-
(n=0)

+B,, sin (m [a)ct +6,]+ n[a),t +6, ]) where m#n=0, is related to the sideband harmonics
which generally exist as groups around the carrier harmonic frequencies.

For this research, naturally sine-triangular modulation is preferred because it comprises
lower harmonics than naturally sine-sawtooth modulation [77]. This type of modulation is a
double-edge naturally sampled modulation [76]. The phase leg of VSI is switched to the upper

DC rail when the sinusoidal reference waveform is greater than the triangular carrier waveform
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. £ . . .
G.e. v, >V, v,y =—%), and to the lower DC rail when the carrier waveform is greater

ference carrier’

. -V, . N
than the reference waveform (i.€. Vyyeromee < Vearriers Van = 2"" ) [71]. To obtain a sinusoidal

output using this harmonic components approach, the sinusoidal reference waveform has the form
Vo =Msin(w,t+6,)=Msiny (3.85)

where
M = modulation index or modulation depth
@, = reference output or baseband frequency

6,

r

= arbitrary output phase
V, =DC voltage

The unit cell for sine-triangle single phase modulation is shown in Figure 3.19. The unit cell is
defined over the interval —7 <@t <z rather than from 0 to 27 for simplicity of result. Over
multiple carrier and fundamental cycles, the sinusoidal waveform replicates over the x, y plane.

The slope of line A in Figure 3.20 (a) is a sinusoidal waveform against the carrier waveform, that

is 2.2 or the so-called carrier ratio. If p is the number of the cell along the x axis, counted
x o,

from the origin, the sinusoidal reference waveform for double-edge naturally sampled modulation

can be expressed as:

Figure 3.19 The unit cell for sine-triangular single phase modulation
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LT 2

% 755

<

A ’:2/_/;,;3/6/ 4 .
: Solution

27, Trajectory
z W0

Jixy)

(b)

X=ogt

Figure 3.20 Double-edge naturally sampled PWM of a bipolar half-bridge phase leg
(a) x, y plane showing intersection of reference with unit cells

(b) x, y plane showing resulting PWM voltage
For f(x,y) changing from 0 to ¥,

x=27rp—%(l+Msinco,t) p=0,1,2,..,0 ‘ (3.86)
and for f(x, y) changing from ¥, to 0

x=2xp +%(1 +Msinw,t) p=0,12,., (3.87)

The switched voltage v,y (f) measured from the phase output voltage then becomes the
waveform indicated in Figure 3.20 (b). Under the integration limits defined by Equations (3.86)
and (3.87), Equation (3.81) becomes

L " %(HMsin y)
C._=A_+jB, =—- [ Vue"™™dxdy (3.88)

'mn
27° o
-—-5(1+M siny)

For m=n=0,
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yo %(HMsiny)
Ay + B0 =% [ axdy

~F —%(HM siny)

T

Vi .
= ;2 [ 7(1+Msiny)dy (3.89)
-

= Vdc
Therefore, 4y, =V, By, =0.
For m=0,n>0, thus

Vd ” %(HMsiny) '
o _ Vde ny
140n+jBOn—2”2—_,[r . J' eJ dxdy
—-E(H-M smy) (3.90)

= sz‘z j z(1+Msiny)e™ dy
x

-

y _ oI

iy
From siny = __z_e__ , Equation (3.90) becomes

v, & . .
Ay, + jBy, = 2‘;; j e’ + Me’™ siny dy
Va f Jjny Me™ Wy _ o
=-4< | &/ 4+ —-e”1d 3.9]
27 _"[ 2j (e ¢ ) 7 (3.91)
Vie ™ iy Me™ [ jinn i(n-
—ode [ o 4 J(n+1)y _ej(n Ny d
2z _-’[ 2j (e ) 7
Since for any nonzero value of n,
’] ejnydy=i:"-y_” =-1_[ejm__e—j'm']
x Jnl_ Jn
(3.92)
2¢" [d‘ ——e'f”:l 2e" .
= - = sinz =0
n 2j n

Therefore, Equation (3.90) should be rewritten as
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Ve tM
—L-Iz—jajz for n=1

Ay, + jBy, =4 27 (3.93)
0 for n#l
Equation (3.93) can be simplified to
. Ve M
Aoy + JBy = 2d I— dy
T _22j
(3.94)
_ .My,
For m>0,n=0,
v, . %(HM siny) ‘
Ao+ JBpo =725 [ | ey
-7 _§(1+Msiny) (395)

V = jml(l+M siny) - jmi(H-M siny)
de '[e 2 -e 2 d
-7

" j2mn

From the Bessel function integral expression je’f’i‘“g'”adﬁ:27rJ,l (cf) [79], Equation (3.95)

-

becomes

. T .4 7
Ao+ jBo= Ve |/ ZJO(mﬁM)-e ’ ZJO(—me) (3.96)
jmn 2 2 )

and from J, (-€)=J,(¢) ,

A+ jB=e g, (mM%)sin(m%) (3.97)

mr

For m >0, n# 0, Equation (3.88) can be written as follows
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A +_]B I o jm;r(l-PM sin y) —e- jm%(HrM siny) y
]2m7r S 4
(3.98)
V 7 CimZ imZMsin . —jmE —jmZMsin
R — I ee 2 T —eive 2e 2 |dy
Jj2mn”
Using the Bessel function integral expression, Equation (3.98) then becomes
V J n - /4
4., + jB, 2JmM—— 27, | mM—
jmﬂ' 2 2
V | Jm% s -imZ -l
=-.4‘-€—Jn(mMEJ € 2¢ 2-e 2¢2 (3.99)
jmn
2y

=ode ]

i (li)sin[(m + n)l]
mx 2 2

The complete solution for sine-triangle double-edge naturally sampled modulation of a bipolar
half-bridge phase leg can now be formed by substituting the results of Equations (3.89),.(3.94),
(3.97) and (3.99) back into Equation (3.84). The time-varying phase output voltage v, (¢) can

be expressed in terms of harmonic voltage components as

J (mm %)
vn(t) = Ve +—% MV de sin(w, t +6, )+ —& Z ’ 2 sin(m—ji)cos(m(oct +6.)
2 2 T o 2
2Vdc Z Z —— = _sin [(m + n)%J cos[m((oct +6,)+n(w,t +6, )] (3.100)
m=1n=*1

For two-level natural sampled PWM with a triangular carrier signal, the phase voltage
across terminals 4, B and C to node N along with the control signals of v,,,v,, and v,

respectively (see Figures 2.7 and 3.5) can be described as follows:



T
vV, MV, . 14 0
V() = fﬁ»Tfksm(w,z)ﬁu —4¢—Z—-—m—2sin(m12’-) cos(ma, )
m=1
“Vac Z Z ——%_gin [(m + n)%] cos(mm,t + nw,t)
m=ln=%1

7
g o
ey 2 sin(mﬁ)cos(mcoct)
m 2

m=]

2Vd¢ Z i 2 sm,:(m + n)%]cos[mcoct + n(co,t —-725)]

m=1n=1%1

Vi MV, . V3
Vo (t) = %+ —Zsin(w t — =)+
v (D) 5 2 (o, 2)

MlVdc

Vi
ven(t) =5+ M; sin(w,t —7) + —=sin(w, t——)

2

V4
© JD(MM—")
+ ﬁ’d_cz____Z.

sin(mz) cos(ma,t)
/4 2

m=]

T
Wyep o 120 T
+—5» ——= sin(m—)cos(ma_t
p Z; - (mz) (mw,t)

Zlfdc e Feo J(mM'_‘)

>y sin [(m + n)-;i:' cos[ma,t + n(ew,t - 7))

m=1n=11

2Vdc w 10 J (MM, —)

> [(m + n)%]cos [mcoct.+ n(o,t _%)]

m=ln=11

Hence, the instantaneous PWM output voltage across the auxiliary winding v,z (¢) is

78

(3.101)

(3.102)

(3.103)
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Vag (1) =V, (1) — vy ()

Vdc Vdc

= sin(w,t) - sin(w,t ~ %)

o Jo(mM%) i
Z——-sin(m —)cos(ma,t)
m 2

m=1

. Ya
T

b3
o Jo(mM2) (3.104)

2V, 20 ., T
- sm(m—)cos(maw._t
ey ———~=sin(m-) cos(ma)

m=1

m mMZ)
> sin| (m +n)= |cos[ma,t + n(w,t)]
m ! 2 ]

Ve

T m=1n=%1

o o J(mMMZ) T -]
2_sin (m+n)E-

2,
V4

cos [m(oct +n(w,t - %):I

m=1n=%1 m

e

The PWM output voltage for the auxiliary winding given by an instantaneous terminal voltage
v 5 (t) consists of six terms:
a) Terms 1 and 2 generate the fundamental amplitude voltages for each phase. After

rearrangement, the fundamental voltage across the auxiliary winding is

Vi . Vi .
Vp = %ﬁf—sm(a),t) - %—ic-sm(a),t - er—)

= M;"‘ [sin(a),t) ~sin(w,t - %):I (3.105)

V2

. T
=—MV t+—
2 o SIN(@, 4)

The fundamental voltage is directly proportional to the modulation index M. It is noticed that,
when compared to the conventional half bridge VSI, the proposed technique offers increased dc
voltage utilization by a factor of 1.414.

b) Terms 3 and 4 represent the amplitude of the harmonics at the carrier frequency and
multiples of carrier frequency for each phase which are equal, resulting in cancellation in
Equation (3.18). This means that harmonics at the carrier frequency and multiples of the

carrier frequency are absent i.e. harmonics of the order of m I 2m s 3m [ 3eens where the

. . .. ,
modulation frequency ratio or modulation index m, = —=.
o,

r
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c) Terms 5 and 6 provide the amplitudes of the harmonics in the sidebands around each
multiple of the carrier frequency. According to the sin[(m + n)-g-} part,

i) only even-order sidebands exist for odd harmonics of the carrier i.e. harmonics of the
order of m, + 2, m, +4, 3mf +2, 3mf +4,...,
ii) only odd-order sidebands exist for even harmonics of the carrier i.e. harmonics of the

order of 2mf +1, 2mf +3, 4m, +1, 4mf t3,...,

It is noticed that these harmonic characteristics are similar to a single phase unipolar PWM [21,

-

71-72).
The PWM output voltage for the main winding is an instantaneous voltage v (?).

Vac(8) = vy () — vey (1)

V. 4 -
- MV sin(w, ¢ — Z::_) —A—{;"LSin(w,t - ) ——Lsin(w,t - %)

w J,(mM )

2Vd mz=:1 sm(m —725) cos(maw,t)
o J (mMZ)
- 2Vdc ° 27 . E
. ’nZ:: - sin(m 2)cos(ma)ct)
o J,(mM,Z)
_ 2V, Z:l 2 sin(m%) cos(maw,t)
ZVd £y *Z‘”: sml:(m + n)E]cos[ma)ct +n(w,t _-f)]
m=ln=%1 2 2
w o J, (MM —)
2Vdc Z if: sin [(m + n)%] cos[ma)ct +n(w,t - ;;)]
m=1n=%1 (3 1 06)
w o J, (MM, —)
2Vdc Z if: sin [(m + n)%] cos [ma)ct +n(w,t -_;’-)]
m=ln=%1

The instantaneous PWM output voltage vy (f) comprises nine terms:

a) Terms 1, 2 and 3 give the fundamental amplitude voltage. The fundamental voltage across

the main winding can be rearranged as
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MlVdc

2 sin(w,t ——) + M; sin(w,?) - sin(w,t — %)

= MVdc [sin((o,t) - cos(a)rt)] _ M] Vdc [cos((o,t)cos (E) ~sin ((o,t)sin (f_):l
(3.107)
= M;/i[sm(a’rf) —cos(w,1)] —%[sin w,t —cosw,t]

= [ﬁMKic _MIVdc
2

. /4
Jsm(a),t —Z)
When comparing the voltage v, with Vo1, it is clearly shown that the phase shifting between the
main and the auxiliary winding voltage is in quadrature. Moreover, the fundamental amplitude of
the main winding voltage can be arbitrarily controlled by M, .

b) Terms 4, 5 and 6 provide the amplitude of harmonics at the carrier frequency and multiples
of the carrier frequency. Since terms 4 and 5 are cancelled, and the magnitude of M, in
term 6 is less than M , the harmonics magnitude at the carrier frequency and multiples of
carrier frequency generated from M, in part of the proposed modulation scheme is lower

than those harmonics produced from M in the portion of the two-leg inverter. Due to the

. (mn . . . .
sin (—-) part with m=2,4,6,..., there are no harmonics at even multiples of the carrier

frequency.

¢) Terms 7, 8 and 9 generate the amplitude of the harmonics in the sidebands around each
multiple of the carrier frequency. As for terms 5 and 6 of v,4(f), only even-order
sidebands exist for odd harmonics of the carrier, and only odd-order sidebands are

maintained for even harmonics of the carrier. Where u#, w and s are variables, let

w 1w J, (mM——) - .
= W D i 7
c — ! l——
Z;g (m+n)2_cos[mcoc +n(w, 2)]
T
© Ho J"(mM—) T
_ e — 2 n F(m+ n)f cos[mat +n(w,t - )] (3.108)
Z—f—y m 2J
o 1w J,(mM, —) 7
78 XA 1I P [ il ]
e m-+n)— |cos| ma,t +n wt——)
2 ") "

Owing to M >M,, and with the property of the Bessel function, it can be
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determined that, under the same conditions, the values of # and w have to be more than
that of s. Because the harmonic sidebands of 3-leg VSI with the proposed modulation
technique are made up of #+ w—s whilst those of 2-leg VSI are composed of #, the
harmonic sidebands around each multiple of the carrier frequency of the proposed
technique yield a slightly higher amplitude than those of the conventional technique.

The amplitude of the fundamental output voltage of the auxiliary voltage is only
proportional to the modulation index M , while that of the main winding is directly governed by
both M and M, . In order to control the magnitude of each output phase voltage in accordance
with the control methodology in Figure 2.7 in Chapter 2, the appropriate M and M, can be set.
However, overmodulating operation for a beyond base speed region is not considered. In order to
examine harmonic contents, the dominant harmonic voltages normalized by the fundamental
components as a function of modulation index are computed as shown in Figures 3.21 and 3.22
for 2-leg VSI and 3-leg VSI, respectively. Only the harmonics with significant amplitude are
plotted. From these two figures, it can be seen that, due to the additional modulating function for
the desired main windings voltage control methodology, the unipolar PWM scheme of the 3- leg
VSI comprises lower harmonic voltages than the bipolar PWM pattern of 2-leg VSI, especially at
m, . This implies that total harmonic distortion of current (THD;) for the proposed technique is

substantially less than for the conventional method.
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Figure 3.21 Normalized harmonic voltages as a function of modulation index for both auxiliary

and main winding voltages of the conventional technique
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3.5 Two-phase Inverter Modulation Control

In this research, the effectiveness of PWM patterns for improving the quality of motor
performance is demonstrated theoretically and experimentally. Several publications [80-83] have
shown that the iron loss increase is strongly dependent on either modulation index or switching
frequency. As a consequence, it is mandatory to maintain these two parameters in the same
manner. In order to study the influence of inverter strategies on the motor performance and to
inspect the harmonic voltage contents, the tested motor was supplied by both two-leg and three-
leg VSI at the same conditions. The sinusoidal reference frequencies of 20, 30, 40 and 50 Hz, as
well as the triangular carrier frequency of 5 kHz were selected. The reason was that the motor was
driven under constant torque region, and the switching frequency was in the range of commercial
drives available. DC link voltage of the two-leg and three-leg VSI were kept constant at 732 V
and 518 V, consecutively. Conducting the converter modulation strategy as mentioned in Section
3.1, the modulation index used to control the output voltage across both windings are shown in

Table 3.2 and 3.3.

Table 3.2 Setting up modulation index (M) for the two-leg VSI

inverter Main winding Auxiliary winding
frequency rms voltage peak voltage | modulation | rms voltage peak voltage | modulation

(Hz) V) ) Index ) V) Index
50 T 220 311.13 0.85 220 311.13 0.85
45 198 280.01 0.77 220 311.13 0.85
40 176 248.90 0.68 220 311.13 0.85
35 . 154 217.79 0.60 220 311.13 0.85
30 132 186.68 0.51 220 311.13 0.85
25 110 155.56 0.43 187 263.46 0.72
20 88 123.45 0.34 149.6 211.57 0.58
15 66 93.34 0.26 112.2 158.67 0.43
10 44 62.23 0.17 73.8 105.78 0.29

5 22 31.11 0.09 374 52.89 0.14
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Table 3.3 Setting up modulation index (M) and (M, ) for the three-leg VSI

inverter Main winding Auxiliary winding modulation | modulation

frequency | rmsvoltage | peakvoltage | rmsvoltage | peak voltage index index
(Hz) W W) W v (M) (M,)
50 220 311.13 220 311.13 0.85 0.00
45 198 280.01 220 311.13 0.85 0.12
40 176 248.90 220 311.13 0.85 0.24
35 154 217.79 220 311.13 0.85 0.36
30 132 186.68 220 311.13 0.85 0.48
25 110 155.56 187 263.46 0.72 0.42
20 88 123.45 149.6 211.57 0.58 0.34
15 66 93.34 1122 158.67 0.43 0.25
10 44 62.23 73.8 105.78 0.29 0.17
5 22 31.11 37.4 52.89 0.14 0.08

3.6 Control and Power Circuits

3.6.1 Power Circuit

The selected power switching is an IGBTs Intelligent Power Module (IPM)
Mitsubishi PM25RSB120. The PM25RSB120 is a 1200 V, 25 A, flat-base type IPM with
insulated package. The IPM is the isolated base modules designed for power switching
applications operating at frequencies to 20 kHz. Built in control circuits provide optimum gate
drive and protection for the IGBT and free-wheel diode power devices. Its structure and circuit
diagram are shown in Figure 3.23. Its applications are based on inverter, uninterruptible power
supply (UPS), motion/servo control, and power supplies. The IPM features comprise complete
output circuit, gate drive circuit, and protection logic such as short circuit, over current, over
temperature, as well as under voltage. At the top of the figure, the UP, VP, and WP pins are the
gate drive terminal of three upper IGBT branches, while the UN, VN, and WN pins are three
lower ones. UFo, ;VFo, and WFo pins are reference fault signals. In case of any faults, reference

faults voltage is approximately 0 V. In normal condition, that voltage should be nearly 15 V.



86

C

3
€ TVN
TUN

Fo
Br
Wn
Vi

N

"

N
fo
IN
fo

GND GND
8

OUT Vi
GND GND
8

s
15
5l
11
30
11

GND

. Ldd

T 1

>
S

»
4
<‘Ij§}—v—w7 Ve
3
¥ 5“‘5
J }_—
'._._

£
-g:

S

<

—0 — o o O b— &
B N w v ] P

Figure 3.23 Circuit diagram of IGBTs Intelligent power module (IPM)
At the bottom of the figure, P and N pins are sequentially a positive and a negative applied dc
input voltage terminals. U, V, and W are output voltage terminals which will be employed as a
two-phase inverter. In case of the two-leg VSI, two third pins are used while the three-leg VSI
exploits all pins. Pin-B is utilized for braking sector. The IGBTs are directly switched by a

dedicated hybrid digital and analog circuit control.

3.6.2 Control Circuit

To verify the proposed modulating strategy with the three-leg VSI over the
conventional two-phase drive system, the two-leg and the three-leg inverters are implemented
using the proposed converter modulation strategy. The gate drive circuits for both inverters can be
determined as block diagrams shown in Figures 3.24 and 3.25, respectively. From these two
figures, it is clearly seen that the bipolar SPWM signal generator is a subset of the unipolar one.
Then, the SPWM generator circuit was designed and implemented as demonstrated in Figure
3.26. Four sinusoidal reference signals with 0, 90, 180, and 45 electrical degree phase shift were
engendered using a microcontroller P’9C51RD2HBP with a typical hardware supports. The
special software was written to create sinusoidal signals with fully variable magnitudes and
frequencies of each phase voltage from zero Hz to a given target frequency as shown in Appendix
B. Only the 180 and 45 phase shift signals were summed together by a summing amplifier with

unity gain. After that, the three reference signals were compared with triangular signal created by
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ICL8038 precision waveform generator. The frequency of all sinusoidal waves can be controlled
by the button switch which is a software regulation, while that of the triangle can be governed by
a 50 kQ variable resistor. The compromised carrier frequency of triangular wave was 5 kHz.

Output signals from Figure 3.26 were three SPWM signals in quadrature, SPWM1, SPWM2, and

SPWM3.
Triangle Voltage
Signal Generator
Gate Drives
Sinusoidal Amplitude and Comparator o Dead [—> UP
Voltage Signal > P (SPWMI) 7 Time > Un
Generator at 0 Offset Adjust
Electrical Degree
Sinusoidal . - Gate Drives
Voltage Sigrial Amplitude and »| Comparator Dead —>» VP
Generator at 90 Offset Adjust 3| (SPWM2) Time  —» VN
Electrical Degree
Figure 3.24 Block diagram for bipolar SPWM generation
Triangle Voltage
Signal Generator
Gate Drives
Sinusoidal Amplitude and > Comparator Dead —>» UP
Voltage Signal 4| Amplitude an (SPWMI) P Time |—» UN
Generator at 0 "1 oOffset Adjust
Electrical Degree
" Sinusoidal ., Gate Drives
Voltage Signal | Amplitude and P Comparator »| Dead —>» VP
Generator at 90 7| Offset Adjust (SPWM2) Time > VN
Electrical Degree
-
Sinusoidal
Voltage Signal Gate Drives
Generator at 180 Amplitude and Com
parator Dead [~ > WP
Electrical Degree Summing Offset Adjust (SPWM3) ?|  Time —»WN
Sinusoidal Amplifier
Voltage Signal
Generator at 45
Electrical Degree

Figure 3.25 Block diagram for unipolar SPWM generation
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Figure 3.26 SPWM generator circuit

All SPWM of the three-leg VSI were made to pass blanking time and isolated ground circuits
through the gate drive circuit of the [PM. Only two SPWM output signals of the conventional
drive system, SPWM1 and SPWM2, were transmitted to the IPM gate drive circuit.
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3.6.3 Blanking Time Circuit

To prevent the short branch state from damaging the power switching devices in
the same leg, blanking time or delay time circuits was utilized. Each leg of the switching devices
is composed of two IGBT devices, for upper and lower switches. These IGBTs must be turned
on/off with little delay time. To achieve this, the MC14557, a static clocked serial shift register
whose length can be programmed to any number of bits between 1 and 64 was used in the
system. The blapking time circuit is illustrated in Figure 3.27. The serial data from the previous
circuit, SPWM1, SPWM2, and/or SPWM3, were submitted to the data input B-pin by connecting
the A/B-pin selected input to ground. Output clock coming from an oscillator 1 MHz was
connected to CLK position (pin-4). The delay time was set by the control inputs (L1, L2, L4, L8,
L16, and L30). The chosen number of bits is equal to the sum of the subscripts of the enabled
length control inputs plus one. According to the IPM type, the compromised delay time of the
upper and the lower IGBT was 4 5. As a result, the control input pin-15 (L4) was applied with 5
V of dc supply, while the others (L1, L2, L8, L16, and L30) were connected to ground line.

3.6.4 Isolated Ground Circuit

The short circuit fault between control and power circuits can be overcome by
using an isolated ground circuit as indicated in Figure 3.28. HCPLA504 is a high speed transistor
optocoupler with shorter propagation delays and higher current transfer ration for TTL and IPM
applications. These features make HCPL4504 an excellent solution to IPM inverter dead time and
other switching problems. The optocoupler is made up of an insulating layer between a LED and
an integrated photo detector providing electrical insulation between input and output. Separation
of connections for the photo-diode bias and output-traqsistor collector increased the speed up to a
hundred times that of a conventional phototransistor coupler by reducing the base collector
capacitance. Six optocoupler of HCPL4504 were used in the circuits. These optocoupler can be
divided into two parts, three for the upper and three for the lower gate drives. IGBT will be tumed

on if the input §ignals (U, V,W, U, V' and W') were zero voltage, and vice versa.
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Figure 3,27 Blanking time circuit

3.6.5 Protection Circuit

In order to prevent any cases of faults, all signals from fault detector of the IPM
(UFo, VFo, WFo, and Fo) were sent to opto isolator TLP521 which is a high density mounting

phototransistor optically coupled isolator. The diagram of the protection circuit is shown in Figure
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3.29. The UFo, VFo, and WFo signals could be detected from the three upper IGBT gate drive,
while the Fo sigpal was received from the lower one. At normal operating condition, the input
signals of TLP521 were approximately 15 V. The output signal of 5 V from TLP521 was
transferred to pin-4 or pin-set of 74HC74, D-flip flopto receive no output signal from pin-6, Q LA
transistor PNP-type, BC327, would then be turned on, as well as drive optocoupler HCPLA4504
with 5 V dc supply. As a result, the gate drive signal remained continuous.

In case of faults, the input voltage will be approximately zero which triggers the
zero voltage at the set-pin of D-flip flop, leading to no output voltage of the flip flop. At this state,
BC327 will be turned off. The optocoupler HCPL4504 then receives no input signal, resulting in

no gate drive sigpal of the IPM.

+15V +15V
OPTO (4504)
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Figure 3.28 Isolated ground circuit
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Figure 3.29 Fault protection circuit

3.7 Calculated and Measured Harmonic Voltage Spectra

In order to verify accuracy and features of the proposed modulation strategy, the drive
system was setup as described in the previous Section. Again, asynchronously natural-sampled
PWM signals were generated by comparing a triangular carrier with a sinusoidal reference
modulating function generated from a microcontroller. 25 A, 1200 V IGBT IPM was used for the
main power circuit. Experimental data of voltage were recorded using a Power Harmonics
Analyzer, Yokogawa Model PZ4000. Practical verification of the theoretical predictions derived
from mathematical terms was corroborated.

Prior to conduct the harmonic voltage spectra analysis, the simulated signals should be
compared with the measured signals. Figure 3.30 shows the comparison of reference sinusoidal
signals of the tﬂird branch (phase C) of inverter at frequency of 40 Hz. ¥, was 8.5 V, and V,,
was 2.4 V. The;summation of ¥, and ¥, was 6.8 V. The tested reference waveforms of the
third inverter’s leg given from v, +v,, or V,sin(er—180°)+V, sin(ax —45°) were in
accordance with the calculated ones. The simulated results in terms of PWM output voltage
configurations of the auxiliary and the main windings were investigated and compared to the

measured ones, as illustrated in Figure 3.31 and Figure 3.32 for the two-leg and the three-leg
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inverters, respectively. At inverter frequency of 20 Hz, for example, the fundamental peak voltage
of the main winding was approximately 123.5 V, and that of the auxiliary winding was nearly
211.6 V.

The calculated and measured rms output voltages versus frequency are illustrated in
Figures 3.33-3.42 for the frequency ranges of 20-50 Hz, respectively. To obtain the fundamental
output voltages dcross each winding for the proposed control technique, both modulation indexes
M and M, were regulated as indicated in Tables 3.1 and 3.2, for the two-leg and the three-leg
inverters, consecutively.

The calculated amplitudes of each harmonic voltage from the fundamental up to 25 kHz
harmonic frequency showed significant harmonic contents. The prominent harmonic voltages
took place at the same frequency domain in accordance with the mathematical analysis previously
mentioned in Section 3.2. Comparison of the calculated harmonic voltages to the results from the
equivalent circuit in Chapter 2 was conducted. The calculated results were almost identical to the
experimental results. It was confirmed that validation of numerical analysis and the drive
implementation were attained. In Figure 3.42although the sidebands voltage of the two-leg VSI
were slightly less than those of the three-leg VSI, the harmonic magnitude at carrier frequency of
the two-leg VSI: was remarkably higher than those of the three-leg one, thus resulting in higher

motor losses.
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Figurf 330 Reference sinusoidal signal phase C of the main winding voltage
' (a) simulated results (b) measured results

CH1: rms voltage 8.5 V, CH2 : rms voltage 2.4 V, CHI1+CH2 : : rms voltage 6.8 V
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(a) simulated results

(b) measured results
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at inverter frequency of 20 Hz
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CHAPTER 4

SIMULATION AND EXPERIMENTAL RESULTS

4.1 Unsymmetrical Two-phase Induction Motor Parameters

A permanent split capacitor motor (PSCM), 230 V, 2.66 A, 370 W, running capacitor
8 uF was tested. The motor parameters were measured at sinusoidal utility supply of 50 Hz.
Prior to the investigation, the motor was operated at full load for approximately 3 hours to assure
that all calculated results of equivalent circuit parameters were the actual information of the motor
under traditionally operating conditions. Due to the fact that a PSCM comprises of many kinds of
losses [84] and its windings also have unsymmetrical impedance, the determination methods of
the motor pa.ra.llneters should be made in contemplation [85-89]. All circuit diagrams for
equivalent circuit test and details of analysis are present in Appendix B. Five test methods can be
briefly describeci as follows:

Firstly, the turn ratio test was conducted using the Vienott technique [96]. When the
motor reached nearly synchronous frequency with no load, only the main winding was impressed
the rated voltage (E,, ). The induced voltage of the auxiliary winding (E, ) was measured. Then
the auxiliary winding voltage (Ea) was supplied at rated voltage. The induced voltage across the
main winding (E,’,,) was gauged. The winding turn ratio, a, of the tested motor was then

calculated by using Equation (4.1). The computed turn ratio of the motor was found to be 1.7.

ae [E:E,  [285x220

= = ~ 1.7 4.1
VE,E,  V220x95.7 “.n

Secondly, the stator winding resistances were investigated. To measure the actual
resistance values without the influence of skin effect as well as inductance values in conductor, a
dc voltage source was provided to each stator winding. The dc voltage and dc current values were
recorded step by step. The results were plotted as voltages versus currents using curve fitting
technique as illustrated in Figure 4.1 and 4.2 for the main and the auxiliary windings,
respectively. From these two figures, the measured main winding resistance R,, and auxiliary

winding resistance R, of the motor under test were found to be 9.0283Q and 49.921Q,

respectively.
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Thirdly, the locked rotor test was conducted according to the conventional three-
phase induction motor test [33, 96]. This test method is based on a general theory of induction
motor that is the rotor voltage is proportional to the relative motion between the rotor and the
stator magnetic, fields. In the locked rotor test of PSCM, the main stator winding should be

connected in parallel with the auxiliary one. The running capacitor in series with the auxiliary
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winding was removed. An ac sinusoidal voltage source was supplied to both of stator windings of
the blocked motor shaft until the current reached the rated current. The approximate equivalent
circuit parameters can be written as indicated in Figure 4.3 and can be briefly analyzed as

described in Equation (4.2)- (4.7).

Where
P, = locked rotor real power

Opocked = lbcked rotor imaginative power

Iokea = locked rotor current

Vierea = locked rotor voltage

Z,,4ea = locked rotor impedance

Ricked = lfbcked rotor resistance
R, = stator winding resistance of the main winding
R, = rotor winding resistance

KXiocked = locked rotor reactance
X,, = stator leakage reactance of the main winding
X, = rotor winding leakage reactance
X, = magnetizing reactance
L,,, = stator inductance of the main winding
L, = rotor inductance referred to the main winding
L, = magnetizing inductance

% o

.
S

|
' Figure 4.3 Approximate equivalent circuit for locked rotor test
i
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The induced voltage in a rotor contained both resistance and reactance. The stator and the

rotor winding impedance can be calculated by the following equation:

= Plzocked 1153 _~24328Q 4.2)
Ry (2177)
and
X,y = Detet 12915 57950

= 4.3)
Liked  (2177)°

As previously mentioned, the stator resistance of the main winding was approximately 9.0283 €2.

The rotor winding resistance was given by:

Ry=R,,, —R =24328-9.0283~153Q 4.4)

Since the stator winding leakage reactance is equal to the rotor winding leakage reactance, hence,
Xim =X, =———~—2—-—~13.625(2 4.5)

From X, = wL =2z fL, and frequency f =50 Hz, the rotor and stator inductances in the motor

parameter tests can be expressed by:

Xim
Ly=L=32
4.6)
13625, o
27 x50
and
L B4 1 7mH 4.7
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Fourthly, no-load test in which the motor was connected as conventional operation
without load torque was made. The approximate equivalent circuit for the no load test is shown in
Figure 4.4. From the figure, the no load impedance is equal to Ry, + j(X,, +X,,) . Thus, the

no-load reactance X, ,.; can be expressed as:

0 loa

Qno load
Xootoad =23 ——
! Ir?o load
4.8)
= -——ISLZ =141.05Q
(1.055)
Where X, .o = X1 + X,, and the calculated stator leakage reactance of the main

winding X, ~18.625 Q, then magnetizing reactance X,, is defined by:

X, =X, 1o0d — Xy =141.05-13.625

4.9)
=127.425Q
Thus,
o Ka 12TAD 405 6mH
2rf 2mx50
(4.10)
Ly 2056 0083 mH
2 2
RIm jXIm
"SRR ]
1, 3 Rz
Xm 3 > 28
2 iX2
A f 2
Vim i
R
o 3 2(2-5)
2 X2
> 2
| & :l

Figure 4.4 Approximate equivalent circuit for no load test
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Fifthly, friction & windage losses of the motor were investigated. The motor under test
was connected with the voltage source as the no load test. In order to account for the effect of
hysteresis losses, the ac voltage was initially applied to the rated voltage of the motor, then, the
stator voltage was reduced step by step until the motor stops running. While decreasing the
voltage, all input values such as the applied voltages, total input power, each winding currents

were recorded.

60 T
A2
50 y ]
y =0.001x +5.2298
40 1
&
<
@ 30 L
S
R
20 e
10 _
0 L L L L
) 1 2 3 4 5
Voltage (V2) x10*

Figure 4.5 Friction and windage losses analysis

Power loss or rotational losses ( B, : including both friction & windage and core losses) of the
tested motor can be computed by B, =P—1 2R, —1 2R,, - At rated voltage, rotational loss of
the motor was equal to 55.645 W.

The correlation of F . versus V% is illustrated in Figure 4.5. To isolate friction & windage losses
from core loss, at ¥? =0, the loss in terms of core loss could be negligible. The remaining loss
should then be the friction and windage losses known as the rotational loss. From the figure, the

rotational loss was approximately 5.23 W. Core loss was calculated to be 55.645 - 5.23 = 50.415

Ww.
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4.2 Composition of Two-phase Induction Motor Model

Due to the large majority of low-power applications that employ unsymmetrical type
two-phase induction motors, the most appropriate control technique for small-power two-phase
motor drive is an open loop control. This means that the steady state behavior model is more
important than the dynamic one. However, when the influences of either harmonic voltage or
magneto motivé force with time variation on motor performance is an important consideration,
the dynamic model is preferred.

As the'PSCM has a rated voltage (V) and frequency (f) at 220 V and 50 Hz,

14
respectively, therefore, k =2l = 220 =4.4 . Along with the control methodology described in

frated 50
Section 2.3, the proportion of the main winding voltage to inverter frequency is strictly kept at a
nominal value of 4.4 and the resultant turns ratio “a ” of the tested motor is 1.7, as previously

derived in Section 4.1.1. The amplitude voltage of the auxiliary winding has to be boosted over

.frated

1.7 times the main winding voltage. The frequency changing point,~***%, of the auxiliary
a

winding voltage is &5"1=%=29.41 Hz. The diagram of voltage control for the PSCM is
a .

shown in Appendix B, Figure B.6. In the simulation, there are two induction motor models. A
steady-state model as described in Appendix C is used to predict the average output torque of the
motor. A dynan%lic model is utilized to forecast both input and output motor characteristics, such
as harmonic voltage contents impacting on motor current configuration. Coupled models employ
the same motor parameters from the analysis of the previous section.

Using the equations given in Chapter 2, the main block diagrams of the unsymmetrical
two-phase motor model fed by the two-leg and the three-leg voltage source inverters are
presented in Figures 4.6 and 4.7, respectively. It should be noted that the two-phase voltage
source inverters applied to the tested motor are represented as an ideal sinusoidal pulse width
modulation (SPWM) voltage source inverter (VSI).

Details of both the two-leg and the three-leg voltage source inverters are shown in Figures 4.8 and
4.9, respectively: In Figure 4.8, that is, the two-leg VSI, the single triangular wave is compared to
two sinusoidal waveforms and both sinusoidal waveforms are in quadrature. Accordingly, the
fundamental output voltages of the SPWM inverters for both the main and the auxiliary windings

are also in quadrature. The amplitude voltages of each winding can be independently regulated by
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setting the modulation index (M). While inverter frequency is variable, the modulation indexes

can be set following Table 3.1. The DC link voltage gain for this drive was 732 V.

Single-Phase Induction
Machine S-w Scops Selector To Workspace
. Mo o
T N h A 3 3 b h A h h
L
Initiakze vgs
and plot
Motar performance .
v Tem
v'ds > -
e
ExtConn Rator

Figure 4.6 Main block diagram for an unsymmetrical two-phase motor fed by the two-leg VSI

segoshuse nstin [0 U—————>[ 7]
Machine Simulation Scope Selactor To Workspace
[ M
T [ h b Y Y h b b A
Clock
Intiakze vas > psiqs
iz =
, —»8
Motor performance — psigr?
Qaxis i Tem
X »
H Product N
x’f »
vds
Productl » wriwb
ids F-P
’@ Rotor
—» " Tmech

Daxis I

psidr

Figure 4.7 Main block diagram for an unsymmetrical two-phase motor fed by the three-leg VSI
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Figure 4.9 shows the SPWM signal generator for the three-leg VSI. According to the
generating SPWM pattern of the proposed technique, two sinusoidal reference voltages, with 180
and 45 degree phase shifts, were summed together and the output signal was compared to the
carrier triangular wave. This SPWM output signal was the control signal of the third inverter leg
(phase C). Two temaining sinusoidal voltages with 0 and 90 electrical degree phase difference
were compared to the single triangular wave. The SPWM output signals were the control signals
of the first and the second inverter leg (phase A and B). The fundamental output voltages of the
SPWM inverters. for both the main and the auxiliary windings can be set by the relationship of the
modulation index M and M, following Table 3.2. The DC link voltage gain for this drive was
518 V. Figure 4.10 shows the inside of the ExtConn block that produces the input voltages to the
gs and ds circuits and the simulation for inserting the appropriate: capacitor voltage and the
winding turns ratio to the ds winding. The simulations of the gs and ds circuits in the Qaxis and
Daxis blocks are presented in Figures 4.11 and 4.12. It can be seen that both circuits are similar,
except for the unequal parameters of the gs and ds stator windings. The Rotor block in Figure
4.13 illustrates how the torque equation and the rotor’s equation of motion are simulated. It
should be noted that all motor parameters in the simulation were given using the standard test
method with a sinusoidal voltage source at a frequency of 50 Hz. All simulation results, such as
input voltages, input currents, and torque pulsation, were automatically saved as a new file in the
form of a workspace database. To evaluate the fundamental, rms and THD values, these data were

transferred to an analysis diagram as illustrated in Figure 4.14.

M P Auxiliary Winding
] ’ » < Voltage
T Wave Comparator » M
DC Voltage Gain
il | = P Aux
Sins Wave 90 Comparatorl Auxiliary Winding Data
___.__H Main Winding
P = > Voltage
Comparator2
DC Voltage Gainl
m > o= —p Main
Sine Wave 180 Comparator3 Main Winding Data

Figure 4.8 Two-phase voltage source diagram of the two-leg VSI
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Figure 4.9 Two-phase voltage source diagram of the three-leg VSI
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Figure 4.10 Details of Extconn block diagram
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Figure 4.11 Details of Qaxis block diagram
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Figure 4.13 Details of Rotor block diagram
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Figure 4.14 Analysis diagram of voltage and current characteristics

4.3 Experimental System

In order to verify the validity and the correctness of the proposed modulation technique,
the effectiveness of PWM patterns in improving the quality of motor performance is
demonstrated theoretically as well as experimentally. The experimental system setup is shown in
Figure 4.15. Asynchronously natural-sampled PWM signals were generated by comparing a 5
kHz triangular carrier wave with a sinusoidal reference signal, created using a microcontroller.
An IGBT IPM 25 A, 1200 V was used as the power switching devices in the power circuit. A
370-W 230-V 2.66-A 1375-rpm 50-Hz PSCM with turns ratio of 1.7 was used in the
investigation. The ac source was a 0-260 V variable autotransformer with a rated frequency of 50
Hz.

Along with the control methodology, the running capacitor was removed. The motor was
connected with a 1000 W servo motor, including its controller, to serve as a dynamic load and
shaft torques and speeds were measured using a torque-speed sensor. In order to detect the
acoustic noise signal, a microphone was installed at a distance of 3 cm from the motor.
Experimental results of voltage, current and power were recorded using a Power Harmonics
Analyzer, Yokbgawa Model PZ4000. Practical verifications of the theoretical predictions derived
from the mathematical model and the machine model was undertaken, recognizing that all
measured motor parameters entered in the machine model were based on the sinusoidal utility

supply at a frequency of 50 Hz. Furthermore, the converter operation was modeled as an ideal

power electronic device.
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Figure 4.15 Block diagram of experimental system

4.4 Results and Discussion

4.4.1 Harmonic Voltage Stress

Additional magnetic noise created in the motor can be minimized by a reduction
of the magnetic field in the motor’s air gap and by taking care to avoid core resonance at the
commutation frequency [67]. It is known that the more decreased harmonic voltage levels, the
higher declined vibrations and magnetic noise volume [97-98]. Figures 4.16 - 4.22 show the
profile of harmonic voltage stresses versus variable frequency range at each inverter frequency
for the 2-leg and 3-leg VSL It was found that, at the samé inverter frequency, the proposed
modulating strategy for the three-leg VSI provides lower harmonic voltage stresses than the two-
leg VSI, especially at m .

In order to examine harmonic contents, the dominant harmonic voltages
normalized by fundamental components as a function of modulation index are presented in Tables
4.1 and 4.2 for the main and the auxiliary windings, respectively. From these two tables, it can be
seen that although harmonic sidebands of the unipolar PWM scheme of the 3-leg VSI are slightly
greater than the bipolar PWM pattern of the 2-leg VSI, the harmonic at the carrier frequency m,
of the 3-leg VSI is dramatically lower than that of the 2-leg VSI. As a result, the proposed 3-leg

VSI may markedly reduce the vibrations and acoustic noise of the induction motor.



113

/VM- U3V

Amplitude (dB)
Amplitude (dB)

[ ] s 1 a8 » 35 * 3 1 13 20 18
Frequency (WHz) Frequency (kHz)

(a) (b)

Figure 4.16 Measured results of voltage stress of the two-leg VSI at inverter frequency of 20 Hz
(a) main winding

(b) auxiliary winding
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Figure 4.17 Measured results of voltage stress of the three-leg VSI at inverter frequency of 20 Hz
(a) main winding

(b) auxiliary winding
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Figure 4.18 Measured results of voltage stress of the two-leg VSI at inverter frequency of 30 Hz
(a) main winding

(b) auxiliary winding
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Figure 4.19 Measured results of voltage stress of the three-leg VSI at inverter frequency of 30 Hz
(a) main winding

(b) auxiliary winding
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Figure 4.20 Measured results of voltage stress of the two-leg VSI at inverter frequency of 40 Hz
(a) main winding

(b) auxiliary winding
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Figure 4.21 Measured results of voltage stress of the three-leg VSI at inverter frequency of 40 Hz
(a) main winding

(b) auxiliary winding
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Figure 4.22 Measured results of both windings voltage stress at inverter frequency of 50 Hz

(a) the two-leg VSI

(b) the three-leg VSI

Table 4.1 Generalized harmonics of SPWM signals for the auxiliary winding

Inverter topology 2-leg 3-leg
Frequency (Hz) 20 30 40 50 20 30 40 50
Fundamental (pu) | 0.58 | 0.85 | 0.85 | 0.85 | 0.58 | 0.85 | 0.85 | 0.85
m,| 058 | 0.85 | 0.85 | 085 | 0.58 | 0.85 | 0.85 | 0.85
harmonic
m; 1.022 | 0.767 | 0.767 | 0.767 | - - - -
m,+2 0.124 | 0.244 | 0.244 | 0.244 | 0.175 [ 0.345 | 0.345 | 0.345
2m, x1 0.371 | 0.287 | 0.287 | 0.287 | 0.371 | 0.287 | 0.287 | 0.287
2m, £3 0.066 | 0.158 | 0.158 | 0.158 | 0.066 | 0.157 | 0.157 | 0.157
3m, 0.067 | 0.169 | 0.169 | 0.169 - - - -
3mf 2 0.202 | 0.153 | 0.153 | 0.153 | 0.285 | 0.218 | 0.218 | 0.218
3m, x4 0.041 | 0.120 | 0.120 | 0.120 - - - -
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Table 4.2 Generalized harmonics of SPWM signals for the main winding

Inverter topology 2-leg 3-leg
Frequency (Hz) 20 30 40 50 20 30 40 50
Fundamental (pu) | 0.34 | 0.51 | 0.68 | 0.85 [ 0.34 | 0.51 | 0.68 | 0.85
m,| 034 | 051 | 068 { 0.85 | 034 | 0.51 | 0.68 | 0.85
harmonic
m, 1.184 | 1.077 | 0.936 | 0.767 | 0.084 | 0.162 | 0.106 -
m,+2 0.045 | 0.097 | 0.165 | 0.244 | 0.112 | 0.228 | 0.287 | 0.345
2m, 1 0.294 | 0.363 | 0.359 | 0.287 | 0.230 | 0.225 | 0.281 | 0.287
2m, +3 0.014 | 0.046 | 0.096 | 0.158 | 0.064 | 0.164 | 0.169 | 0.157
3m, 0.193 | 0.0003 | 0.136 | 0.169 | 0.121 | 0.053 | 0.016 -
3m, +2 0.109 | 0.183 | 0.206 | 0.153 | 0.202 | 0.213 | 0.245 | 0.218
3m, 4 0.005 [ 0.026 | 0.068 | 0.120 { 0.036 | 0.112 | 0.071 -

4.4.2 Acoustic Noise

Acoustic noise or audible noise can be divided into two categories; radiated and
conducted noise. In this research, the effect of harmonic voltage contents in SPWM voltage
sources on the motor performance is the main area of interest and, hence, that conducted acoustic
noise is of principal concern.

An acoustic noise test was initially conducted without machine operation and
used as a reference acoustic noise signal. While the motor is operating, the noises with
magnitudes that are greater than the reference signal are attributed as the additional noise
generated by the tested motor. To confirm the precision of the obtained results, many factors of
operating conditions were maintained. For example, at the same frequency, the fundamental
amplitude voltages across the main and the auxiliary windings employed by both inverters were
similar and the motor was connected with the same average load torque. The position of the
installed microphone was fixed at a distance of 3 cm from the motor. The acoustic noise results
from the installed microphone were recorded in form of filename.wav using the Audio program.

To separate the magnitude of noises in frequency variance, the raw data were
analyzed by the program as described in Appendix D. Figures 4.23 - 4.26 show the profile of

acoustic noise spectra characteristics versus frequency variation from 0-2000 Hz. These figures
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clearly show that, at the same inverter frequency, the noise components of three-leg VSI are
mostly attenuated. These results confirm that the proposed technique can effectively diminish
acoustic noise levelsand proves that harmonics voltage stress on the motor are the main cause of

acoustic noise generation [98].
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Figure 4.23 Measured spectra of acoustic noise with inverter fed induction motor
at inverter frequency of 20 Hz
(a) the two-leg VSI
(b) the three-leg VSI
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Figure 4.24 Measured spectra of acoustic noise with inverter fed induction motor
at inverter frequency of 30 Hz
(a) the two-leg VSI
(b) the three-leg VSI
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Figure 4.25 Measured spectra of acoustic noise with inverter fed induction motor

at inverter frequency of 40 Hz

(a) the two-leg VSI

(b) the three-leg VSI
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Figure 4.26 Measured spectra of acoustic noise with inverter fed induction motor

at inverter frequency of 50 Hz

(a) the two-leg VSI
(b) the three-leg VSI
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4.4.3 Harmonic Current and Total Harmonic Distortion of Current

In order to verify the simulated current results, and to investigate practical

aspects related to two inverter topologies, the total harmonic distortion of current of each winding

for both the 2-leg and the 3-leg drive systems, obtained from the unsymmetrical two-phase

induction motor model over the same time domain and load torque (1.5 N-m), were compared to

the measured values. Figures 4.27 - 4.34 show the simulated results using the two-phase motor

model.
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Figure 4.27 Simulated current waveform for two-leg VSI at inverter frequency of 20 Hz

(a) main winding

(b) auxiliary winding
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Figure 4.28 Simulated current waveform for three-leg VSI at inverter frequency of 20 Hz

(a) main winding

(b) auxiliary winding
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Figure 4.29 Simulated current waveform for two-leg VSI at inverter frequency of 30 Hz
(2) main winding

(b) auxiliary winding
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Figure 4.30 Simulated current waveform for three-leg VSI at inverter frequency of 30 Hz
(a) main winding

(b) auxiliary winding
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Figure 4.31 Simulated current waveform for two-leg VSI at inverter frequency of 40 Hz
(a) main winding

(b) auxiliary winding
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Figure 4.32 Simulated current waveform for three-leg VSI at inverter frequency of 40 Hz

(a) main winding

(b) auxiliary winding
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Figure 4.33 Simulated current waveform for two-leg VSI at inverter frequency of 50 Hz

(a) main winding

(b) auxiliary winding
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Figure 4.34 Simulated current waveform for three-leg VSI at inverter frequency of 50 Hz

(a) main winding

(b) auxiliary winding
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Figure 4.35 Measured current waveform for two-leg VSI at inverter frequency of 20 Hz

(a) main winding

(b) auxiliary winding
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Figure 4.36 Measured current waveform for three-leg VSI at inverter frequency of 20 Hz

(a) main winding

(b) auxiliary winding
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Figure 4.37 Measured current waveform for two-leg VSI at inverter frequency of 30 Hz
(a) main winding

(b) auxiliary winding
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Figure 4.38 Measured current waveform for three-leg VSI at inverter frequency of 30 Hz
(a) main winding

(b) auxiliary winding
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Figure 4.39 Measured current waveform for two-leg VSI at inverter frequency of 40 Hz

(a) main winding

(b) auxiliary winding
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Figure 4.40 Measured current waveform for three-leg VSI at inverter frequency of 40 Hz

(a) main winding

(b) auxiliary winding
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Figure 4.41 Measured current waveform for two-leg VSI at inverter frequency of 50 Hz

(a) main winding

(b) auxiliary winding
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Figure 4.42 Measured current waveform for three-leg VSI at inverter frequency of 50 Hz

(a) main winding

(b) auxiliary winding
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A power harmonic analyzer PZ4000 was used to measure the actual harmonic current data with
high accuracy. Each experimental result was saved as a filename.csv in ASCII-file format.
Matlab ® was used to evaluate the total harmonic distortion of current and to plot the current
configuration in one cycle at the same time domain.

To monitor the difference of the measured THDi for each drive system and for
the simulation, all results are rewritten in terms of the THDi comparison and presented in Table
4.3. It is clear from the comparison that the three-leg configuration provides a better performance
than the two-leg system in terms of THDi. This is consistent with the harmonic voltage spectra
characteristics. It is observed that the simulated results yield total harmonic distortions of current
that are slightly less than of the measured values, therebyproving the accuracy of the implemented
circuits. The small discrepancy between the results may arise from various factors. For example,
the simulation results were analyzed assuming ideal power electronic devices whereas the
measured results incorporate many effects such as voltage ripple of the dc link voltage, blanking
time in practical inverter legs, and voltage drop in devices.. However, it can be seen that the

correlation is satisfactory.

Table 4.3 Comparison of the 2-leg and 3-leg inverter topologies in terms of THDi

Frequency Simulated THDi (%) Measured THDi (%)

(Hz) 2-leg 3-leg 2-leg 3-leg

main [ aux | main aux main | aux | main aux

20 11.01 | 6.17 | 526 | 3.94 {1120} 641 | 543 | 4.10

30 773 | 5.07 | 537 | 3.47 | 834 | 583 | 556 | 3.72

40 714 | 495 | 564 | 3.04 | 7.33 | 571 | 578 | 3.61

50 664 | 559 | 543 | 342 | 7.04 | 576 | 5.62 | 3.68

4.4.4 Current Characteristics and Loci Current

In order to validate the benefit of the proposed control technique, the main and
the auxiliary winding current profiles were studied. The stator winding currents fed by the two-
leg and the three-leg VSI are presented in Figures 4.43 and 4.44, respectively, when the motor is

operated at rated current. These two figures confirm that the proposed modulation strategy
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significantly lowers the harmonic voltage, especially at low operating frequency, more so than the
conventional system. Also, the output currents of the three-leg VSI under unbalanced output
voltage are approximately a sinusoidal waveform and displaced by approximately 90 electrical

degrees.
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Figure 4.43 Experimental results of motor winding currents for the two-leg VSI
(a) reference frequency at 20 Hz
(b) reference frequency at 40 Hz
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Figure 4.44 Experimental results of motor winding currents for the three-leg VSI
(a) reference frequency at 20 Hz

(b) reference frequency at 40 Hz
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The correlation of stator currents can be used to predict the stator magneto
motive force (MMF) and air gap flux features. The relationship between the measured auxiliary
and main winding currents was plotted together as a locus of current. The stator current trajectory

of the tested motor fed by the two-leg and the three-leg inverters are included in Figures 4.45 and

4.46, respectively.
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Figure 4.45 Experimental results of loci currents for the two-leg VSI
(a) reference frequency at 20 Hz
(b) reference frequency at 30 Hz
(c) reference frequency at 40 Hz

(d) reference frequency at 50 Hz
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Figure 4.46 Experimental results of loci currents for the three-leg VSI
(a) reference frequency at 20 Hz (b) reference frequency at 30 Hz
(c) reference frequency at 40 Hz d) reference frequency at 50 Hz

Figures 4.45 and 4.46 prove that the current trajectory at the frequency of
completed voltage boost of the auxiliary winding with turns ratio “a” times main winding voltage
(i.e. 20 Hz) is fairly circle and symmetry. The loci currents at higher frequency are ellipse. This is
expected because, at higher frequency of —‘[""zﬁ‘;, the current compensation of the auxiliary
winding with the voltage boost can be partially achieved. Figures 4.45 (a) and 4.46 (a) clearly
show that the proposed control method can approach the less backward. field in the motor. This
means that the more circular loci current, the lower backward field, and the greater symmetry air

gap flux.
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4.4.5 Motor Efficiency and Output Torque

To study the influence of the decreasing harmonic voltage component on motor
performance, the motor efficiency and torque-speed characteristics were determined. The
variation of motor efficiency as a function of load torque are presented in Figures 4.47 - 4.50 for
the two-leg and the three-leg VSI, with typical V/F for both windings and the proposed control
method, under the same fundamental voltage at a fundamental frequency of between 20 Hz and
50 Hz.

For the results presented in Figure 4.50 only, the motor under test was fed by the
two drive systems and a sinusoidal supply at the rated frequency of 50 Hz. This operating
frequency provides the same voltage level of both windings for both drive systems. When the
motor is supplied by an ac sinusoidal source, a running capacitor of 8 uF was utilized in series
with the auxiliary winding. The motor was connected as a conventional operation.

Figures 4.47 - 4.49 confirm that the proposed control method provides better
efficiency than the conventional V/F control scheme for both windings. Furthermore, the three-
leg VSI with the proposed technique gives the greatest motor efficiency over a wide range of
speed, while the two-leg VSI with V/F control scheme for both windings provides the worst
performance because of harmonic contents. Additionally, at low frequency, the motor efficiencies
for both drive systems are significantly different since at low frequency (low modulation index)
the two-leg VSI generates higher harmonic voltages, particularly at the order of m,. The
maximum efficiencies of each of the inverter topologies and of control methods with variable
reference frequency are presented in Table 4.4.

It can be seen from Figure 4.50 that the operation ranges of the motor fed by the
inverter are narrower than those of the sinusoidal supply. However, the three-leg VSI with the
proposed scheme still obtains the best motor efficiency because the inverter structure can exactly
control the quadrature of the two-winding voltages. Surprisingly, for the 50 Hz sinusoidal source,
the efficiency is lower than both drive systems at a light load torque. This is because the running
capacitor value is normally designed for heavy loads.

Figure 4.51 demonstrates torque-speed motor profiles with various fundamental
frequencies under the proposed control method, while Figure 4.52 describes that relationship with
constant V/F control scheme for both windings. When comparing these two figures, it is

evidentthat unbalanced output voltage provides superior torque to the constant V/F scheme for
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both windings and a wider range of operation. The measured and simulated results are reasonably
close agreement and the measured results for the two-leg and the three-leg are also very similar.
These results show that both drive systems provide the same average torque and, therfore, that
harmonic voltages do not affect the average load torque. This is consistent with the the finding of

other researchers [18-19, 35].
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Figure 4.47 Experimental results of motor efficiency versus %load torque
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Figure 4.48 Experimental results of motor efficiency versus %Iload torque
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Table 4.4 Comparison of the 2-leg and 3-leg inverter topologies with different control method

in terms of motor efficiency

Control method | V/F for both windings Proposed method

Inverter topology 2-leg 3-leg 2-leg 3-leg
Frequency (Hz) Maximum motor efficiency (%)
20 58.8 67.4 70.1 71.5
30 63.1 70.9 71.7 76.2
40 64.0 69.7 72.3 77.8
Supply type Sinusoidal source 2-leg VSI 3-leg VSI

Frequency : 50 Hz 75.7 75.1 78.8

4.4.6 Speed and Torque Pulsations

If the average speed is defined as a dc component of speed response, the speed
ripple would be identified as a difference between the highest and the lowest speeds of the steady
state speed response. The speed responses for three cases (a sinusoidal supply, the 2-leg VSI, and
the 3-leg VSI) at 50 Hz and full torque load are shown in Figure 4.53. All three cases exhibit
double frequency (100 Hz) pulsating components. Of the three cases, the sinusoidal supply has
smaller pulsating components than the other two and all three cases have the same dc component
or average speed. Figures 4.53 (b) and 4.53 (c) verify that harmonic voltages do not significantly
affect speed pulsation of the induction motor.

Torque pulsations can be defined in a manner similar to the aforementioned
speed pulsations. The torque ripple is the difference between the peak and lowest torques of the
steady state torque response and the average torque is an existing dc component of torque
response. The load torque responses for three cases (a sinusoidal supply, the 2-leg VSI, and the 3-
leg VSI) at 50 Hz with full load torque were considered.

Figure 4.54 highlights the obtainable double frequency (100. Hz) pulsating
torque components. The amplitudes of average load torque and torque ripple of all three cases are
almost identical. However, it is evident from Figures 4.54 (b) and 4.54 (c) that the harmonic

torque components of the motor fed by the 3-leg VSI are lower than those of the motor fed by the
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2-leg VSI. These figures prove that the fundamental voltage of PWM patterns mainly concern the

dc torque component, while its harmonic voltages predominantly yield harmonic torque contents.
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Figure 4.53 Speed pulsation of motor at the full load torque and the rated frequency
(a) sinusoidal supply
(b) the two-leg VSI
(c) the three-leg VSI
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The advantages and disadvantages of the proposed 3-leg VSI in comparison with the

conventional 2-leg VSI are evaluated in Table 4.5, including inverter features, cost of investment,

and motor characteristics.

Table 4.5 The proposed 3-leg VSI evaluation

Inverter features

Descriptions Advantages Disadvantages
Two more power switching
/2 times dc utilization devices and two more anti-

parallel diodes

Markedly lower harmonic at carrier

Slightly higher harmonic
frequency and multiples of carrier

sidebands
frequency, especially at m,

More complexity of the

control method

Motor

characteristics

Significantly lower acoustic noise

level

1-6% THDI reduction

3-8% additional motor efficiency

Cost

A little higher cost




CHAPTER 5

CONCLUSIONS AND FURTHER WORK

In accordance with the features of conventional PSCM, a smaller conductor size and a
higher number of winding turns in the auxiliary winding yield greater impedance than that of the
main winding. The starting torque for a single-phase PSCM is generally low because the specified
parameters of the run capacitor are optimized for merely running conditions,. As the capacitance
of capacitors being optimized for running period, its magnitude is too small for starting. This
results in the phase angle between the currents flowing in the main and the auxiliary windings to
be less than 90 electrical degree phase shift, leading to the starting torque lower than a highest
feasible starting torque. A solution for overcoming the above drawback of PSCM can be achieved
by the proposed modulation strategy for two-phase induction motor drive using the three-leg

voltage source inverter.

5.1 Conclusions

The investigations of a new modulation strategy for a three-phase voltage source inverter
with unbalanced two-phase output voltages supplying an asymmetrical type two phase induction
motor were conducted. A significant advantage of the proposed technique is found to be that this
technique allows the unbalanced output voltage control for both main and auxiliary windings. The
phase difference between the two voltages is also fixed at 90 electrical degrees. The amplitude of
both voltages can be arbitrarily adjusted in accordance with the control technique. Harmonic
voltage contents of the proposed drive system have been investigated and compared to those of
the two-leg voltage source inverter. A superior PWM quality over the conventional technique can
be achieved. The interpretation of the mathematical solution to harmonic voltage contents of
SPWM waveform can also be accomplished.

The harmonic voltage spectra in form of dB with frequency variation can be used to
predict the tendency of acoustic noise level. It was observed that the more harmonic voltage
stress, the higher noise level. The harmonic currents inside the motor, induced by the harmonic

voltage contents in voltage source inverter, can be reduced by the proposed modulation strategy.
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At low frequency, the quadrature voltages applied to the two windings with the proposed
control method can produce rated torques from the motor as expected. Moreover, this technique
provides the performance close to that of the unsymmetrical type two-phase induction motor
drives regarding cost, reliability, and harmonic effect on the system.

The main findings from the research work and the final conclusions are as follows:

® The proposed three-leg voltage source inverter exhibited less harmonic distortion than
the two-leg voltage source inverter. Hence, the circulation of an ac current through the dc link bus
can be avoided.

@ With two quadrature voltages applied to the stator windings the unsymmetrical two-
phase PSCM can be easily operated at the rated torque throughout a wide range of speeds. Also,
the main and the auxiliary winding currents are almost 90 degree phase difference resulting in
flux symmetry approach. This contributes to the high electromagnetic torque and the low torque
pulsation.

@ The proposed modulating .strategy is found to be useful for the reduction of harmonic
voltage stress affecting life span of the power electronic devices, as well as vibrations and
magnetic noise levels.

® The results in terms of harmonic voltage components, current characteristics, total
harmonic distortion of current and torque-speed relationship are in agreement with the accuracy
of the software model.

® It is possible to design a high performance motor drive for an unsymmetrical two-
phase machine employing a three-leg voltage source inverter. Although the 3-leg inverter
composes of more devices than the 2-leg inverter, i.e. two more switching devices and two more
diodes, the motor performance can be improved through dramatically decreasing harmonics
voltages

@® The simulation results have shown a very good agreement with the experimental
results over a wide range of variable speed operation on different schemes. All results confirm

that the performance of the proposed modulation strategy is superior to the conventional scheme.
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5.2 Further Work And Suggestion

® The proposed drive system has several unsolved problems, for instance;
- Overmodulation region of generated PWM signal, and its PWM quality.
- Characteristics of either overall system or input performance such as system
efficiency, inverter efficiency as well as input voltage, current and power factor.
® To eliminate circulating current and to improve power factor which have influences
on system efficiency, two rectifying diodes may be added by anti-parallel switching devices to
operate as a controlled rectifier or power factor correction circuit.

@® The ripple current reduction method in the dc capacitor would improve the
performance of the unbalanced two-phase drive system equipped with the three-leg VSI
Additionally, the dc link voltage across each capacitor in voltage-doubler circuit should be
balanced.

® For investigation of the influence of control techniques and PWM strategies on the
motor performances, the variable speed of single-phase permanent split capacitor induction motor
with running capacitor in series with the auxiliary winding should be considered. The high
reactance of running capacitor at low frequency can be partially compensated by two cases of the
control technique. Those are:

1) keeping the auxiliary voltage amplitude at the rated value or at as much as
possible and adjusting the main voltage amplitude in relation with frequency
along with volt/frequency control scheme and

2) maintaining the voltage across the auxiliary winding with a factor equivalent
to turns ratio times the voltage across the main winding while the voltage
across the main winding is altered following volt/frequency profile.

@® With the rapid progression in microelectronics technology, the proposed modulating
function may be easily applied in practical use. For example, if a compact commercial drive is
required, the proposed topology can be easily accomplished by using gate driver circuitry with the

single ship such as digital signal processing (DSP).
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APPENDIX A
JACOBI-ANGER AND BESSEL FUNCTION
RELATIONSHIPS

The Bessel function is the solution of the Bessel differential equation defined as:
2..n ’ 2 2 —
xy'+xy +(x -n )y—O (B.1)

where n>0 or is a non-negative real number. The functions are found for systems with
cylindrical symmetry. The solutions of this equation are called the Bessel function with order 7.
Since Bessel’s differential equation is a second order ordinary differential equation, two sets
Bessel function of the first kind J, (x)and the Bessel function of the second kind Y, (x) are

needed to form the general solution:
y(x)=cJ,(x)+c,Y,(x) (B.2)

However, Y, (x) is divergent at x=0. The associated coefficient c, is forced to be zero
physically meaningful result when there is no source or sink at x=0. The Bessel function of the

first kind of order n can be expressed as a functions:

4
" x? x

Ja(x)= 2"1")En+1) 11_ 2(2m+2)  24(2n+2)(2n+4)

of x n+2k (B-3)
. 0 (2)

B S (n+k+1)

A.1 Jacobi-Anger Expansions

A common expression that appears in the development of the analytical Fourier solution
of a PWM waveform under various modulation strategies is &4 i e. a sinusoid which has as

its argument another sinusoid. In the enhancement of the analytical solutions for PWM, this
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expression must be multiplied by the term cosn@ and integrated over some fraction of 27, and
this is facilitated by expanding the e*/*°*® expression into a Bessel series form using the Jacobi-

Anger expansion [28] of

gtibeost =Jo(5)+zi J*J(&)coske B4
k=l

Equation (B.1) can be restated from its complex form as

cos(£cosB) =J, (&) + Zi cos k%Jk (&)coskd
k=1

) (B.5)
=Jo(£)+2) coskmJ,, (&)cos 2k0
k=1
and
sin(&cosf) = 2i sin k-’ziJk (&)coskd
k= (B.6)

= Zi coskn,,, (&)cos[(2k +1)6)

k=1

Additionally, using the substitution of 0=6’—-§-, Equations (B.2) and (B.3) lead to the

following relation ship of

cos(Esing) = Jo (&) + 2" I (E)cos(2k8) (B.7)
k=1
and
sin{&sing’) = 22 e (©)sin[(2k +1)6'] (B.8)
k=1

A further useful result is the expansion of the expression cos(d +¢&siné), which

proceeds as follows:
cos(S + &£sinf) = cos § cos(¢ sin @) —sin I sin(£ sin H) (B.9)

Substituting from Equations (B.4) and (B.5) into Equation (B.6) gives
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cos(5+§sin6?)=cos5[Jo (&) +23 1o (f)cos(2k¢9)}
k=1

—sin 5[22) Ty (€)sin([2k + 1]0)]

(B.10)

=Jy(&)cosS + gJZk (&)[cos(6 +2k6)+cos(&5 - 2k6) |

;Juﬂ (f)[cos (6 +[2k +1]6) —cos(5 - [2k + 1]0)]

Grouping similar to sinusoids and after some manipulation and simplification gives the final form

of

cos(5 +£sinf) = i Ji (&) cos(6 +k6) (B.11)

k=-o

A.2 Bessel Function Integral Relationships

The product of ¢”*“*° and cos(nf) integrated over a 27 interval is
r n 0
_[e*”“”o cosnf df = I[Jo (&)+2D j**J, (£)cos k0i|cos ng do (B.12)
r r k=1

which becomes

[e2755 cosng dg = [J,(£)cosng a6+ | 2i JH*J, (&)coskBcosn@ df  (B.13)
-r - -r k=1

The only term of the right hand side of Equation (B.10) which does not integrate to zero over 27

is when k = n, thus Equation (B.10) turns into

J‘etjicosﬂ cosnf df = IZj*"J,, (&)cosnd do (B.14)

-

which simplifies to

Ie*j'fwsa cosnd df =27 ;*"J, (¢) (B.15)

-
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Using the similar development, e*/**° multiplied by sin(n6) and integrated over 27 gives

x
J'e*ff <38 sinn® d6 =0 (B.16)

-

Hence from Equation (B.12), for any positive value of n and positive exponential of the natural
logarithm,

[ef =00 =217, (£) (B.17)

In particular, when n=0,

”jeffm"de =2nJ,(£) (B.18)

-

For a negative value of n, an additional useful identity can be developed. As previous described in
Equation (B.10), the only nonzero term on the right hand side of the integration over 27z will take
place when % =|n| , irrespective of the sign of n. Therefore, for n negative, the Equation (B.12)

becomes

Iejgcosﬂ COS(—”O) dé = zﬂj-MJH (g) = 271'_]'_".]_,, (g)

B.19)
[ &5 sin(-n6) a6 = 22,y (£) =277, (£)
From Equation (B.16), the following identity can be stated:
T (8)=(-1)"1. ()
(B.20)

Ju(=6)=(-1)"/.(¢)

Another important identity can be derived for the case where the exponent of the natural

logarithm is negative. That is the case of a negative exponent of the natural logarithm from

Equation (B.12)
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Ie‘j‘fmo cosnf do=2xj"J,(¢) (B.21)

-%

Equation (B.18) can be alternatively written as

Ie”f“”e cosnf df =2x;"J, (-&)=2xj"J,(¢) (B.22)

From Equation (B.19), the following identity can be declared:
J,(=6)=(-1)"1, (%) (B.23)
Particularly when n=0,

Jo(=£)=Jo (%) (B.24)

The shape of the first seven Bessel Functions for argument up to 10 [99] is demonstrated in

Figure B.1. It is noticed that only the first Bessel Function J, (6) has a nonzero value for an

argument of zero.

1 5
0.8 ‘ 7
0.6 )('l J2 RRne
04 PR NA i
TR0 050
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0.6
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Figure A.1 Bessel functions J, (£) forn=0,1,2,...,6
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APPENDIX B
UNSYMMETRICAL TWO-PHASE
INDUCTION MOTOR TEST

B.1 Turns Ratio Test

i Single-phase
Variable induction motor
transformer
L No-load
<—| ’Nr
(1
.
SV>
N
(@)
) Single-phase
Variable induction motor
transformer e
L ) No-load
| rN’
(|
® <
SVD
N

(b

Figure B.1 Circuit diagram for turn ratio test
(a) impressed voltage on main winding

(b) impressed voltage on auxiliary winding

Turns ratio test is made following Vienott technique [96]. The motor runs with the rated
voltage (E,,,) which is impressed on the main winding only, and measures the induced voltage of
the auxiliary winding (E",) as the diagram in Figure B.1 (a). The motor has to have no load on
the shaft. After that, impress the auxiliary winding voltage (Ea) should approximately be 118
percent of E. to operate the motor at normal flux. Due to the 118 percent of E, is more than the

rated voltage, thus, the selected value of E, under the test is 220 V. Let the motor run at no load
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like the previous case. Then, measure the induced voltage across the main winding (E,’") as the

diagram in Figure B.1 (b). Where

2 = effective conductors in the auxiliary winding

effective conductors in the main winding
_ |EE,
E.E,

Table B.1 The impressed and induced voltages of each winding

(B.1)

E,WV|EWM|E W E W

220 285 220 95.7

B.2 DC Test

A circuit diagram for dc test is demonstrated in Figure B.2. DC voltage is firstly applied

to the main winding. The given results are presented in Table B.2 and B.3.

Table B.2 The relationship of DC voltage and current of the main winding

yv) | 531 10.02 15.92 | 20.03

I1(A) | 0.601 1.129 | 1.785 2.23

Table B.3 The relationship of DC voltage and current of the auxiliary winding

V(v) | 1029 | 2029 30.3 40.4 51 61 70.3 80

1(A) 0.22 0433 0.641 0.847 1.057 1.25 1.406 1.572




Variable
transformer

L

N

e

Figure B.2 Circuit diagram for DC test

B.3 Locked Rotor Test

Bridge
Rectifier

.D'.

Single-phase
induction motor
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The locked rotor test has been made following the standard test method. The circuit

diagram of locked rotor test has been made following Figure B.3. Current is applied until as same

as the rated current value. The obtained results are indicated in Table B.4.

Table B.4 Locked rotor test information

Main winding Auxiliary winding
yev) | 1(A) | P(W) | Q(VAR) | V(V) I(A) P(W) | Q(VAR)
79.86 2.177 115.3 129.15 79.86 0.524 279 29.7

B.4 No Load Test

The no load test has been made following the standard test method. The motor is

connected as conventional operation without load torque as illustrated in Figure B.4. The results

of the no load test is shown in Table B.5.

Table B.5 No load test information

vV (V)

1(A)

P (W)

O (VAR)

220.02

1.055

17
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Variable Power harmonic Single-phase
transformer analyzer induction motor

ooll

LT

+| Locked-rotor

N
Figure B.3 Circuit diagram for locked rotor test
. ; Single-phase
Variable Power harmonic inducti
transformer analyzer nz’u ct& Sn mftr
L it ;
EE y
A 5 r
v 32| No-load
N

Figure B.4 Circuit diagram for no load test

B.5 Friction And Windage Losses Test

In order to find out friction & windage losses of the motor, the motor under test has to
connected with the voltage source as the no load test. The motor is applied the voltage from rated
value until the motor stops running. All recorded data are utilized to separate power loss of the
motor ( P,,,) where the power loss can be reckoned by £, = P-I*R,, —I’R,,. The measured

and calculated results are demonstrated in Table B.6.

Table B.6 Friction and windage losses test information

V(V) 220 200 180 160 140 120 100 80 60 40

1(A) 1.30 0.96 0.72 0.56 0.45 0.36 0.3 0.25 | 0.22 | 0.20

P (W) 100.5 | 78.2 62.8 50.2 394 30.2 227 | 1625} 11.08 [ 7.30

I,() | 130 0.96 0.72 0.56 0.45 0.36 030 | 025 | 0.22 | 0.20

I,(A) 0.77 0.69 0.63 0.55 0.49 041 034 | 027 | 0.20 | 0.12

B, (W) | 55645 | 46.112 | 38.306 32.268 | 25.586 | 20.638 | 16.117 | 12.05 | 8.646 | 6.22

y? (vz) 48400 | 40000 | 32400 | 25600 | 19600 | 14400 | 10000 | 6400 | 3600 | 1600
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From the equivalent circuit tests, an unsymmetrical two-phase equivalent circuit of the
tested motor can be written as indicated in Figure B.5. Also, the relationship of each fundamental

output voltage versus fundamental invert frequency utilized in this research can be described an

illustrated in Figure B.6.
9.03Q 43.4mH 178.82 mH 49.92Q
T MW d11) 1
—_— -
I, I,
202.83 mHé Egy, 586.18 mH
Vin Va
202.83 mH 3 By 586.18 mH
o

Figure B.5 Unsymmetrical two-phase equivalent circuit of the tested motor

Fundamelital output voltage (V)

220

voltage boost I l
at 1.7 times Ve -

I I
294 50
Fundamental inverter frequency

Figure B.6 Relationship of each fundamental output voltage versus

fundamental invert frequency
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APPENDIX C

MOTOR PERFORMANCE EVALUATION

To calculate electromagnetic torques of twice control method, V/F control and voltage
boost method, at each inverter frequency, the program in m-file type using the MatLab® is
written as follows:

%% Calculation the averagely electromagnetic torque using the tested motor parameters %%
%% Motor Parameter %%
Vm=input(Main Winding Voltage =");
Va=input('Auxiliary Winding Voltage=");
f=input('Inverter frequency =");
p=input('Pole Number =");
ws=[4*pi*{/p];
w=[2*pi*f];
a=[1.7];
R1m=[9.028];
R1a=[49.921];
R2m=[15.283];
R2a=a*R2m;
L1m=L2m=[43.398¢-03];
Lla=L2a=a*L1lm;
Lmm=[202.915¢-03];
Lam=a*Lmm;
rot=[55.645]; %%Rotatioal and Core Losses%%
s=1e-08:0.01:0.99999;
%% Impedance Calculation in Each Part of Equivalent Circuit %%
%% Auxiliary winding impedance %%
Xam=[w*Lam*i];
X2a=[w*L2a*i];
Zla=[R1a+(w*Lla*i];
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Z2fa=[(R2a./(2*s))}+(X2a/2)];
Zfa=[(Xam*Z2fa)./(Xam+Z2fa)];
Z2ba=[(R2a./2*(2-s)+(X2a/2)];
Zfa=[(Xam*Z2ba)./(Xam+Z2ba)];
%% Main winding impedance %%
Xmm=[w*Lmm*i];
X2m=[w*L2m*i];
Z1m=[R1m+(w*L1m*i];
Z2fm=[(R2m./(2*s)+(X2m/2)];
Zfm=[(Xmm*Z2fm)./(Xmm+Z2fm)];
Z2bm=[(R2m./(2*(2-s))+(X2m/2)];
Zfm=[(Xmm*Z2bm)./(Xmm+Z2bm)];
%% Current Calculation %%
K=[(2.*Zf.*Zba)+(2.*Zb *ZfayHZ1a*Z1m)}HZ 12 *Zf}H(Z1a.*Zb}+(Zfa.*Z1m)HZba. *Z1m)];
Im=[((Vm*a*Z1a)+(Vm*a*Zfa)+(Vm*a*Zba)+(i*Zfa*Va)-(i*Zba*Va))./(a*K)];
Ia=[(i*((-Zf"Vm*a)+(Zb*Vm*a)-(i*Va*Z1m)-(i*Va*Zf)-(i*Va*Zb)))./K];
aseta=angle(Ia)*180/pi;
mseta=angle(Im)*180/pi;
%% Power and Torque Calculation %%
Efm=Zf *Im;
Ebm=Zb.*Im;
Efa=Zfa.*la;
Eba=Zba.*Ia;
Sgm=((Efm-Ebm).*conj(Im)}+(((-Efa.*i./a)-(Eba.*i./a)).*conj(Im));
Sga=((Efa-Eba).*conj(Ia))+((Efm.*a.*i)+(Ebm.*a.*i).*conj(la));
Pg=real(Sgm)+real(Sga);
Pout=((1-s).*Pg)-rot;
Tout=Pout./((1-s).*ws);
figure (1); plot (s,Pout);
figure (2); plot (s,Tout);
%% Y% %% %YoV % % %% % % % % % %o %o %o %o %o %o % %o % %o %o %o % Yo Yo %% Yoo Vo Yo V%% Yo
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APPENDIX D

ACOUSTIC NOISE CALCULATION

Ncise waveforms from a microphone are recorded by Audio program and are saved as a

filename.wav. This data is analyzed and plotted for acoustic noises spectra using the Matlab®.

D.1 Acoustic Noise Frequency Separation

[y,fs]=wavread('400'); %% Load the file from database
d=0.05; w=0.08; %% Limit length and window of operation
N=32768; % N must be greater than fs*w
W=round(w*fs);
D=round(d*fs);
dt=D/fs; tc=0.5*w;
hw=hamming(W);
HN=N*0.5;
L=length(y);
J=1.W;
t=[]; £=(0:HN-1)*(fs/N); Ms=[];
while J(W)<=L,
t=[t tc];
s=y(J).*hw;
S=ffi(s,N);
M=abs(S(1:HN))/fs;
Ms=[Ms M];
%subplot(211); plot(s); subplot(212); plot(M); pause
tc=tc+dt;
J=J+D;
end

save 400 t f Ms HN; %% Save the analysed information for next evaluation called spg-file



D.2 Time And Frequency Limitation

load 400; %%1Load file from the spg-file
t1=0.8; t2=0.8; f1=0; 2=20000; %% Set time and frequency
Lt=length(t); Lf=length(f);
if t1=t2,
for i=1:Lt,

if t(i)>=t1, I=i; break; end

end
for j=1:Lf,

if f(j)>=f1, J=j; break; end
end

for j=(J+1):Lf,
if f(j)>=12, J=J:j; break; end
end
figure;
plot(f{(J),Ms(J,1));
xlabel('frequency (Hz)'");
ylabel('magnitude’);
axis([min(f(J)) max(f(J)) 0 1.1*max(Ms(J,D))]);
t(D)
end
if f1==12,
for i=1:Lt,
if t(i)>=t1, I=i; break; end
end
for i=(I+1):Lt,
if t(1)>=t2, I=I:i; break; end
end
for j=1.Lf,
if f(j)>=f1, J=j; break; end

end
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figure;
plot(t(I),Ms(J,D);
xlabel('time (second)");
ylabel('magnitude');
axis([min(t(I)) max(t(I)) 0 1.1*max(Ms(J,1))]);
)
end
if (t1~=t2)&(f1~=£2),
for i=1:Lt,
if t(i)>=tl, I=i; break; end
end
for i=(1+1):Lt,
if t(i)>=t2, I=I:i; break; end

end
for j=1:Lf,

if f(j)>=f1, J=j; break; end
end

for j=(J+1):Lf,
if f(j)>=f2, J=J:j; break; end

end
figure;
surf(t(),fJ),Ms(J,1));
xlabel('time (second)’);
ylabel('frequency (Hz));
zlabel('magnitude');
view(0,90); % top view
end
noise=10*log(Ms(J))
figure;
plot(f(J),noise);
xlabel("Frequency (Hz)");
ylabel('Acoustic Noise (db)");
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