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Abstract

Variable speed AC motor drives are widely used for industrial applications and
a majority of the industrial drives employ induction motors. In most of the drives,
variable speed is achieved by V/f control strategy, where the air-gap flux in the motor
can be maintained constant at all frequencies. The V/f control can be achieved by
various modulation schemes in inverter-fed drives.

This thesis analyzes the advantages and limitations of the existing modulation
schemes for V/ f control and presents an improved modulation scheme called the uni-
fied modulation scheme (UMS). This scheme combines the advantages of two popular
modulation schemes (the delta and sine-PWM modulation schemes), at the same time

their dis The devel i ion results and

tal implementation of the proposed scheme are presented. Comparison between the
different modulation schemes shows the advantages of the unified modulation scheme.
This thesis also presents simulation results of a8 SIMULINK implementation of

an induction motor dr've using the unified modulation scheme. These results are

compared with the results of the delt: dulated inverter-fed i motor drive.
‘The results show that the unified modulation scheme provides improved performance

in terms of lower-order t i ion and sub- ic elimination. Finally,
a modified unified modulation scheme is using the i sine-PWM
scheme, for performance enhancement.
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Chapter 1
Introduction
'AC machines are known as the work-horses of the industry. Nearly eighty-five percent

of the industrial motors in use today are induction motors. The induction motors

have when to DC motors such as higher efficiency,

lower mai better reliability, lower cost, weight, volume and in-

ertia. The presence of commutators and brushes make DC motors unsuitable for
losi and dir ty i [1).
Most of the earlier primary applications involving induction motors have been

constant speed applications. This is because variable speed drives demand precise
and continuous control of speed with good stability and transient performance. The
induction motors are inflexible in speed when operated from a constant frequency AC
supply. But the tremendous growth in power semiconductor technology has changed
this scenario and enabled the widespread use of induction motors for variable speed
drives. Also the advances in power circuit integration, packaging concepts and inte-
gration of power circuit with the control have greatly aided the above process.

1



Before the main focus of the thesis could be discussed, it would be appropri-
ate to provide a clear picture of the induction motor speed control strategies, their
characteristics and capabilities and the ways to implement variable voltage, variable
frequency AC supply. It then becomes easier to point out those aspects which the
thesis aims to improve. The following section describes the basic principles of speed
control methods.

1.1 Speed control methods in induction motors

Speed control ies in induction motors can be di d under two broad topics

namely
1. Vector control schemes

2. Scalar control schemes

1.1.1 Vector control schemes

The steady state performance achievable in inverter-fed AC motor drives is as good
as the one compared to separately excited DC motor. However, the dynamic perfor-
mance, which is a measure of how fast the motor can respond to the change in the
command speed or torque, is not so good in the case of inverter-fed AC motor drives.
Recently, the vector control strategies have made a great change in the dynamic per-
formance of AC motor drives. Vector control has made it possible to control an AC
motor in a manner similar to that of the separately excited DC motor, and achieve



the same quality of dynamic performance(2].
‘The reason for the superior dynamic performance in separately excited DC motor

is due to the ic d ling between the d field circuits. The m.m.f.

produced by the field current and the m.m.f. produced by the armature current are
spatially in quadrature and hence there is no magnetic coupling between the two
circuits. This decoupling continues to exist, because of the repetitive switching action
of the commutator on the rotor coils as the rotor rotates, irrespective of the speed or
the angular position of the rotor. This makes it possible to effect fast changes in the
armature circuit without being hampered by the large inductance of the field circuit.
Since the armature current can change rapidly, the machine can develop torque and
accelerate or decelerate very quickly when speed changes are required.

Similar to DC motors, the torque in an AC motor is produced as a result of the
interaction of a current and a flux. But for singly-fed induction motors, since the
power is fed on the stator side only, the current responsible for the torque and the
current responsible for producing the flux are not easily separable.

‘The fundamental principle of vector control is to separate the component of the
motor current responsible for producing the torque and the component responsible
for producing the flux in such a way that they are magnetically decoupled. The two
decoupled currents can then be controlled independently, as it is done in separately

excited DC motors. Several schemes based on the above concept have been described



in the literature(2, 3, 4, 5, 6].

The vector control strategies are used in motor drives that require good dynamic
performance, such as reversible sheet rolling mills in the metallurgy industry and
other machine tool drives. Such drives are called high-performance drives and they
are more recent, highly accurate, complex and expensive.

1.1.2 Scalar control schemes
The scalar control schemes are known as medium performance drives as they have

very good steady state d i Most of the

industrial ications need medium drives where accuracy and dynamic

performance considerations are not so stringent. Hence this thesis focuses on scalar
control schemes for speed control of induction motors. The various methods of scalar

control employed in inverter-fed induction motor drives are listed below
1. Variable terminal voltage control
2. Rotor resistance control
3. Injecting voltage in the rotor circuit
4. Variable frequency control

The first and the last methods are applicable to both squirrel cage and wound rotor
induction motors, whereas the second and third methods are applicable only to the

wound rotor induction motor.



1.1.2.1 Variable terminal voltage control

Speed control is achieved by varying the terminal voltage until the torque required
by the load is developed at the desired speed. The terminal voltage of the motor
can be allowed to vary only till its rated voltage. Hence this method allows speed
control only up to the rated speed[7, 8, 9]. The torque developed is proportional to
the square of the terminal voltage, as shown in equation 1.1 [1]

w0 V2R, /s
e u..{(n.+ E );+(x, +x;)') =

where T is the mechanical torque developed
V; is the terminal voltage at the stator
W, is the synchronous speed
R, is the stator resistance
X, is the stator reactance
R, is the rotor resistance referred to the stator circuit
X! is the rotor reactance referred to the stator circuit

s  is the rotor slip

The rotor current is directly proportional to the terminal voltage. Thus the torque to
current ratio decreases with the terminal voltage. Low-speed operation is only possible
if the load torque decreases with speed eg: fan-type load. A set of torque-slip curves
for a fan-type load is shown in Fig. 1.1. The variable voltage at the terminals is

5



r V=1pu

Fan load
- V= 0707,
V=025
)
)
H
A,

Figure 1.1: Speed control of a fan-type load by stator voltage control of an induction
motor{10]

usually obtained using thyristor based AC voltage controllers. Stator voltage control
is simpler and cheaper to install. It is widely used in fan and pump drives, fractional
horsepower drives, and ac-powered cranes and hoists where there is a demand for
large torque at high slip only for intermittent portions of the duty-cycle(l, 11). The
limitations of such drives include poor operating efficiency and motor de-rating at
low speeds to avoid overheating due to excessive current and reduced ventilation.
1.1.2.2 Rotor resistance control

The wound rotor induction motors are normally designed to obtain a compromise
between the normal running performance and the starting performance. The rotor

winding is designed to have a low resistance so that the running efficiency is high and



the full-load slip is low. The starting can be by ing an
external resistance in series with the rotor winding. The increase in rotor resistance
does not affect the value of maximum torque but increases the slip at maximum
torque. This also substantially reduces the starting current. As the rotor starts
accelerating, the external resistance can be slowly decreased[1, 11].

For a given load torque, the motor speed is reduced as the rotor resistance is
increased. Thus speed control below the rated speed can be achieved. But the rotor

resistance speed control is an inefficient method. Although it offers a constant torque

with a high torque-t it ratio, the rotor copper losses increase with a

decrease in speed and most of it is dissi] d in the external resi However, it
has the advantages such as low cost, good power factor, and high torque-to-current

ratio for a wide speed range. Rotor resi control finds licati in low cost

drives requiring a high torque-to-current ratio such as low-power excavators, crane
hoists etc [12, 13].

Figure 1.2 shows the static rotor resistance control where the rotor circuit resis-
tance is smoothly varied using the principle of a chopper. The slip frequency rotor
voltages are rectified using a 3-phase diode bridge and applied across an external re-

sistance R. The self- iconds switch S, d in parallel with
R, has a period T and remains on for & time to, for each period. Thus, the effective

value of the external resistance varies from R to 0 as t, varies from 0 to T. The



Diode bridge
Figure 1.2: Static rotor resi control of a wound-rotor induction motor{1]

speed-torque curves for various values of the duty-ratio (1 = t/T) are given in Fig.
13

1.1.2.3 Injection of voltage in the rotor circuit

The equivalent circuit of the wound rotor induction motor with an injected voltage
V,{¢, can be represented as shown in Fig. 1.4

In the absence of injected voltage, the rotor current I, is zero when the rotor
speed equals the synchronous speed. In the presence of injected voltage, when V; is
in phase with the induced voltage E at the stator, the condition at which the rotor
current will be zero is given by the slip speed equation

v ‘% 12)



Jde 1>8>8>0

Figure 1.3: Speed-torque curves for static rotor resistance control of a wound-rotor
induction motor(1]

Figure 1.4: Induction motor equivalent circuit with rotor-injected voltage[1]



where a is the turns ratio between the stator and rotor windings. The motor speed
is given by the equation(1]
av;
‘.,,,.=(1_T ) (1.3)

where w,, denotes the motor speed, and wy,, the synchronous speed. The speed of

the induction motor can be from to by varying V,

from 0 to (E/a). Also if the polarity of V; is reversed, the slip becomes negative and
super-synchronous speed can be achieved.Thus by adjusting the voltage injected into
the rotor circuit, speed control can be achieved1, 14, 15, 16, 17]. The torque-speed

characteristics for speed control by injection of rotor voltage are given in Fig. 1.5

Figure 1.5: Speed control by injection of voltage in the rotor circuit(1]




1.1.24 Variable frequency control

The synchronous speed of the motor is directly i to the supply
Thus by changing the supply frequency, the synchronous speed and the motor speed

can be controlled above and below the rated speed.

1.2 Need for constant Volts/Hertz control

The rotating air-gap flux wave ® induces a counter e.m.f. E, in the stator winding.
This counter e.m.f. is less than the applied stator terminal voltage V; by the stator
leakage impedance drop. Thus the magnitude of the induced em.f. E; is proportional
to the magnitude of the terminal voltage V; and is given by the following equation[18]

Ey =444k, fNi® (1.4)

where k,, is the winding factor, f is the supply frequency and N, is the number
of series turns per phase of stator winding . From equation 1.4 it can be inferred
that the air-gap flux @ is proportional to E,/f. If the stator drop is neglected, the

air-gap flux can be i ional to Vi/f. ion motors are usually

designed to operate at the knee-point of the magnetization curve to make full use
of the magnetic material. Thus for effective utilization, the air-gap flux must be

kept constant at all fr ies. Any reduction in the supply fre without a

corresponding reduction in the terminal voltage, will increase the air-gap flux and
saturate the motor. This leads to an increase in magnetization current, distortion

11



in the line current and voltage, increased core losses and stator copper loss, and a
high-pitched acoustic noise (magnetic hissing).

At lower frequencies of operation, the stator drop cannot be neglected since it is
comparable to the induced e.m.f. E,. In order to maintain the air-gap flux constant
for a given torque, a voltage boost is required.

Having explained the various speed control strategies applicable to induction mo-
tors, the next section discusses the induction motor characteristics and its capabilities.
1.3 Induction motor characteristics and capabili-

ties

The ch. istics and ities of the i ion motor can be discussed by iden-
tifying three distinct regions in the operation of the motor as shown in Fig. 1.6
namely

1. Constant-Torque region

2. Constant-Power region

3. High-speed motoring region

1.3.1 Constant-Torque region

‘The region of speed below the rated speed is referred to as the constant torque region.

The ic torque Tom by the motor is given by the equation[11]

Tom = b2, fu as)
12
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Figure 1.6: Induction motor characteristics(1]

'where kr denotes the proportionality constant and f,; denotes the slip frequency. The
slip frequency fu equals sf,where s is the slip and f the supply frequency. In the
constant-torque region, f,; remains constant at its rated value and the air-gap flux @,y
is kept constant by maintaining a constant volts/hertz ratio. Thus as per equation
1.5 the machine delivers the constant rated torque. The characteristics in Fig. 1.6
show various motor parameters such as terminal voltage V, motor torque T, output
power P, stator current I, and slip speed w,; versus per unit frequency a. Also the
figure shows the voltage boost required at low frequency operation.

1.3.2 Constant-power region

If the stator frequency is increased beyond the rated value, the motor speed increases

beyond the rated speed. But in most of the applications, the terminal voltage is



not increased beyond the rated value. Thus keeping the supply voltage constant and
increasing the supply frequency causes a decrease in the air-gap flux. The electromag-

netic torque in equation 1.5 becomes proportional to 1/f2. But the constant power

demands that the ic torque vary inversely with frequency. By

itabl I of the rotor ina lip drive, the motor torque can

be made to vary inversely with f as required. This constant-power mode of operation

to the field i ion of the DC motor.

1.3.3 High-speed motoring region

‘This mode requires that the motor be operated at speeds higher than those achieved
~

in the constant-power region. In this region, the supply voltage is maintained at the

rated voltage and the slip is maintained at its il value as the stator

frequency is increased. The output torque therefore varies inversely as speed squared.

This is shown in Fig. 1.6.

1.4 Implementation of variable frequency AC sup-
ply

‘The need for constant V/ f control has been outlined in the previous sections. In order

to implement the required V/f control, a variable frequency - variable voltage AC

supply is The ion of variable AC power can be achieved

by rotating and static frequency
‘The rotating frequency converter usually consists of a synchronous machine driven

14



at variable speed in order to generate a variable frequency power. Maintaining
the field current constant, enables the synchronous machine to deliver a constant
volts/hertz output. Also at low speeds, the field current can be increased so that the

volts/hertz can be boosted for low frequency operation.

Static offer i and reliability over ro-
tating fre Static employ static solid-state
switching devices such as power i gate turn-off thyris (GTO), i d

gate bipolar transistors (IGBT) and MOS-controlled thyristors (MCT).

‘The static frequency converters can be classified as follows

1. DC link converter

2. Cycloconverter
1.4.1 DC link converter

The block diagram of the DC link converter is shown in Fig. 1.7. The fixed voltage

=0)

Figure 1.7: Block diagram of DC link converter [18]

fixed frequency AC supply is rectified using a standard rectifier and the resulting DC
power is fed into the static inverter. The static inverter uses semiconductor switching

15



devices to convert the DC input into an AC output. The switches of the inverter are
switched sequentially such that the output is as close to a perfect AC waveform as
possible. The output frequency of the inverter is determined by the rate at which the
hwmmm“uwmmm:mhmmdxmilmﬂy
consists of a group of logic circuitry which generate and distribute firing pulses in
the correct sequence to the various switches. The output of the inverter, both the
voltage and its frequency, can be controlled using the control circuit of the inverter.
But the output voltage waveform is not sinusoidal and may contain various dominant
harmonics. External filter circuits are not often employed due to the difficulty in
obtaining effective operation over a wide range of frequencies. Harmonic effects must
be taken into consideration while choosing a motor for inverter driven applications.

The non-sinusoidal output of the inverter is directly fed to the induction motor.
This does not pose serious limitations except a slight reduction in the rating and
efficiency of the motor. The V/f output of the inverter can be controlled by various
control techniques which can be used to implement the inverter control circuitry.
These techniques will be outlined in chapter 2.

The DC link converter involves double power conversion to achieve variable volt-
age, variable frequency AC supply. The efficiency of the converter can be anywhere

from 85% to 95% in practice.



1.4.2 Cycloconverters

In this type of static frequency converters, AC voltage at supply frequency is directly

converted to AC voltage at load without i i ification. The
output frequency is usually about one-third the supply frequency and hence the drive

is suitable only for low-speed operation. Thyristors are used to selectively connect

the load to the supply and the low-fry output is fabri from of

the supply voltage waveform. This is shown in Fig. 1.8.
PKCKXRXRXK

LAY

O AN Y
7 o‘o'c'o'o'oWo'o'owt'&'o‘

Figure 1.8: Input and output of phase (18]

As stated above, the output frequency of the cycloconverter is less than the supply
hes the supply the

fi As the output fre
distortion in the output voltage increases, since the output voltage waveform is now
being composed of fewer segments of the supply voltage. This results in increased
losses in the cycloconverter and the AC motor, and the overall efficiency of the system

is reduced.



1.5 Objectives and outline of the thesis

motor ch istics, and the i i i for a variable voltage vari-

able frequency AC supply. Most of the industrial drives loying induction motors

operate in the constant-torque region. Hence efficient V/f control becomes critical.
In order to realize the constant volts/hertz control, DC link converters are widely
used.

This thesis aims to develop an improved V/ control strategy after a thorough
review of the available control strategies used in the inverter control of the DC link
inverter. Thus the principal focus of the thesis is to develop an improved inverter
control strategy for the DC link converter which aims to provide an efficient and
feasible V/f control characteristic in the constant-torque region.

Chapter 2 focuses on the review of available V/f control strategies such as sinu-

soidal PWM and delta modulation schemes, di ing their and limita-

tions. It also looks at the limitations of these control strategies for variable frequency
induction motor drives, thereby setting the stage for the development of the improved
modulation technique.

Chapter 3 outlines the of the i d modulation scheme called

the unified modulation scheme and discusses the characteristic features of the new

scheme. A comparison of the characteristics of the new scheme with that of the
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existing schemes is also carried out. Also, this chapter briefly discusses the effects of
harmonics on motor drives.
Chapter 4 deals with the experimental verification of the proposed modulation
scheme using PIC micro-controller. The experimental results are also discussed.
Chapter 5 focuses on the application of the unified modulation scheme for an
induction motor drive. The simulation results obtained using SIMULINK models

d using the

are compared with the results of an induction motor drive i
delta modulation technique. Machine de-rating calculations due to harmonics are
also carried out.

Chapter 6 outlines the development of a modified unified modulation scheme based
on the unified modulation scheme and the conventional sine PWM scheme. The
characteristics of this modified unified modulation scheme are discussed along with
its application for a variable frequency induction motor drive.

Finally chapter 7 summarizes the entire thesis focusing on the contribution of the

research work and the scope for future research.
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Chapter 2

Review of existing modulation
schemes

The dc link converter, as described earlier, is a two-stage conversion device in which
fixed voltage, fixed frequency AC power is converted into variable voltage, variable
frequency AC power. DC link converters are widely used to realize V/f control
characteristics required for speed control in induction motor drives. The second stage
of the DC link converter involves the inverter which is responsible for generating a
variable voltage, variable frequency output. This chapter will discuss in detail the
various inverter control techniques used in attaining the required volts/hertz control.
‘This chapter also provides the opportunity to discuss the characteristic features of
each of these techniques, thereby bringing out the necessity for an improved control

scheme.



2.1 Inverter control techniques

‘The function of the inverter is to change a DC input power into a symmetrical AC
output of desirable magnitude and frequency. The inverter could be controlled to
give either a fixed or variable voltage output at a fixed or variable frequency. The
frequency control is achieved by controlling the frequency of the control signal usually
known as the modulating signal. The variable voltage output is achieved by varying
the DC input voltage and maintaining the inverter gain constant, or by maintaining
a constant DC input and varying the inverter gain. The inverter gain can be defined
as the ratio of the AC output voltage to the DC input voltage.

In most of the practical variable speed control applications, the DC input voltage is
maintained constant and the AC output voltage is varied by varying the inverter gain.
This general method of voltage control is termed pulse-width modulation (PWM).
In a more refined form of PWM, the pulse width is varied throughout the half-cycle
in a sinusoidal manner. Also in recent years, the use of delta modulation techniques

which are simple forms of differential pulse code modulation technique have gained

much larity. The ing sections on these control techniques used

in inverters namely
o Sinusoidal pulse width modulation (SPWM) technique

® Delta modulation technique
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2.2 Sinusoidal PWM modulation technique

The characteristic feature of the sine PWM is that the pulse width at a particular
angle should be proportional to the sine of that angle. Voltage control is obtained by

varying the widths of all pulses and still maintaining the sinusoidal relationship. In

the case of inverter control, a high frequency triangular carrier wave v.(t) is compared
with a sinusoidal reference wave v,(t) at the desired frequency as shown in Fig. 2.1.

‘The cross over points are used to determine the inverter switching instants. The
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Figure 2.1: Sii idal pulse width



carrier has a fixed litude and a constant i The ratio

of the sine wave amplitude to the amplitude of the carrier is termed as modulation
index M. Control of the output voltage is achieved by variation of the amplitude of

the modulating signal i.e. the sine wave. This variation alters the pulse widths in the

output voltage but pi the sinusoidal property.

The ratio of the carrier to the modulati is termed as the

carrier ratio p. The distribution of undesired harmonics depends on the carrier ratio.
For large carrier ratios, the sine PWM inverter delivers a high-quality output voltage

in which the i ics are in the higher order, clustered around

the carrier frequency and its harmonics. Thus the carrier ratio is crucial in determining

the order of the dominant harmonics in the output voltage of the sine-PWM inverter.

The h i of the output obtained using Fourier series anal-
ysis, shows that the harmonics occur at the side-bands of the carrier frequency and
its multiples. In general form, the harmonic order can be given by k = np + m. The
‘harmonics are non-existent when both m and n are either even or odd. Therefore for
even values of n, there is an odd side-band spectrum and for odd values of n, there is

an even side-band The i arei of the carrier

ratio p, provided p is greater than nine[11]. The magnitudes of the major harmonic
components plotted as a function of the modulation index M are given in Fig. 2.2

Figure 2.2 shows the harmonic magnitude V; expressed as a fraction of the maximum



Figure 2.2: Harmonic content of the sinuscidal PWM voltage as a function of modu-
lation index

fundamental magnitude Vima- plotted for values of the modulation index M between
zero to unity. The linear relationship between the fundamental voltage magnitude
and the modulation index can be seen from Fig. 2.2. Also it can be seen that the

lowest h ics of i i is of order p — 2. The fundamental volt-

age amplitude V,, is given by the following equation 2.1, which is also a measure of

voltage utilization or inverter gain by the modulation scheme.

V=MV for0SM<1 (21)
where V. is the voltage magnitude of the DC supply. Improved voltage utilization can
be achieved if the molduation index M is increased above unity. Such an increase in
M overrides the normal sinusoidal modulation and is termed as the over-modulation.
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The penalty paid is the of lower order h ics at the output voltage

form and the ionship between the itude of the and M

becomes nonlinear.

to the i sine PWM technique have resulted in the uni-

form sampling technique{19] based on the sample and hold principle, where the sine
modulating signal is replaced by an equivalent stepped signal. This called for a mi-
crocomputer implementation, and the power of the microcomputer was also used in
With an overview of the sine PWM scheme, we proceed to discuss the application
of the sine PWM technique to induction motor drive with the V/f control strategy.
2.3 Sinusoidal PWM inverter fed induction motor
drives
In the case of variable frequency induction motor drives requiring V/f control, the
application of constant volts/hertz supply at the motor terminals results in a con-
stant air-gap flux, provided the stator voltage drop is negligible. At low frequencies,
this drop constitutes a large proportion of the terminal voltage. Thus, for motoring

there is severe under-excitation and i loss of torque bil
‘This problem is usually tackled by implementing a terminal voltage boost at low fre-
quencies to compensate for the stator drop. This is shown in Fig. 2.3a. The linear

characteristic represents the ideal V/f curve. The non-linear characteristic shows the
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voltage boost required at low frequencies. In the offset linear characteristic, a con-
stant voltage component V, is added to the frequency-proportional component kw;,
to define the stator voltage as11]

Vi=Vo+kuy (22)

If the load requires a high starting torque, V, can be adjusted such that a large

"

Figure 2.3: Linear,non-linear and offset V/f characteristics for induction motor
drives [11]

motor current flows at starting. However, this large boost may cause overheating if
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the motor operates continuously at low frequencies.

Fig. 2.3b shows the block diagram for an induction motor requiring V/f control.
Most of the medium performance drives involving open-loop speed control use sine
PWM voltage-source inverters. The absence of speed or flux sensing makes this a
low-cost, commercially viable adjustable-speed drive. Also, the sine PWM scheme
has a constant switching frequency and hence there is no frequency modulation. The
amplitude modulation required to achieve variable c;utput voltage is accomplished by
myingt.hnmp!itndeoﬁl;gmw. However there are sufficient limitations
to the use of sine PWM scheme for the V/f control of inverter fed induction motor
drives. The sine PWM scheme lacks an inherent V/f feature. This calls for the
use of additional circuitry in analog implementation. However in digital hardware

)l jon, the diffe in lexities are not so signil Also in sine

PWM, due to constant switchi ion, at lower

there will be signi ion of lower-order ics. But as the

of operation increases towards the break frequency of the V/f curve, the output of
the modulator becomes more of a square wave thereby causing significant presence of

lower-order ics at the output Also, a constant switching

frequency for all frequencies of the reference signal signifies that the switching fre-
quency will always not be an integral multiple of the reference frequency. This causes

the ion of sub ics in the of the output. These
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harmonics increase the copper losses, decrease the efficiency and also cause torque

as will be ined in chapter 3. Ci i intensive and impro-

vised sine PWM techniques which aim at b ic elimination have been

to improve the performance (20, 21].

2.4 Delta modulation scheme

‘The use of delta modulation technique in static PWM inverters was first introduced
by Ziogas [22]. The delta modulation scheme can be used for variable speed drives

because it offers the following advantages
« Inherent V/f control
o Attenuation of lower order
© Smooth transition from the V/f mode to the constant volts mode

Delta mod imple forms of di ial pulse and can be grouped

into the following categories (23]
o The linear delta modulator (LDM)
o The sigma-delta modulator (T — AM)
o The adaptive delta modulator (ADM)
o The asynchronous delta modulator (ASDM)



‘We limit our focus to one icular type of delta modulator known as
the rectangular wave delta modulator (RWDM) which has been successfully imple-
mented and analyzed [24].

The rectangular wave delta modulator has found wide acceptance in inverter ap-
plications. The block diagram of the rectangular wave delta modulator is shown in
Fig. 2.4. It consists of a comparator, a hysteresis quantizer in the feed-forward path
and an integrator or a low-pass filter in the feedback path. The reference signal v,(t)
is compared with the feedback carrier signal v(t), which is obtained by integrating
the modulator output signal. Based on the sign and the magnitude of the resultant
error signal e(t), the output of the modulator has two possible levels +V,. The time
duration between two successive levels is determined by the slope of the reference
signal. Assume the output of the modulator to be +V,. This output is integrated
by the integrator in the feedback path to produce a signal which ramps up with a
slope S, equal to the integrator gain. When the magnitude of the integrator output
exceeds the reference signal by a preset value+AV , known as the hysteresis band-
width, the modulator output switches to —V,. Now the integrator output will ramp
down with the same slope till the error signal e(t) reaches the preset value ~AV (the
lower hysteresis limit), when the modulator output switches to +V,. The equations

the wave delta are given as[25]

e(t) = u(t)—w(t) (23)
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Figure 2.4: Block diagram of the

output and the modulation process [25]



v(t) = Visgnle(t)] (2.4)

where v,(t) is the modulator output

V, isthe ion level of the

v(t) is the reference signal
v(t) is the carrier signal

sgn is the sign function

A detailed performance analysis including the effects of the modulator parameters

on the output form of the wave delta modul: was reported by

Abdel Rahim [25]. He showed that the parameters of the modulator that affect the

fi of the lator output are: the i gain S,, the h
bandwidth AV, the amplitude V; and angular frequency w, of the reference signal.
He further reported that the amplitude of the modulator output depends on the

dulation index and the i gain. The order of dominant harmonics at the

output depends on the k is bandwidth and the i gain, both of which

have a direct bearing on the switching frequency.

As enumerated earlier, one of the attractive features of the delta modulation
technique is its inherent V/f feature ie. the output voltage changes in a certain
constant proportion with the input signal frequency, which lends itself suitably for
inverter-fed variable frequency control of induction motor drives, as will be explained
later in this chapter and in chapter 5.
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1t is also i to discuss the limitations of the delta modulati

First among them is known as the idle channel condition, which occurs when the
reference signal is DC. This condition usually does not arise in inverter applications,
although the phenomenon may occur at low frequencies (0.5 - 1 Hz). The second
limitation is known as the slope overload condition, where the rate of change of
the reference signal is faster than that of the carrier signal. When the slope of the
reference signal increases and slowly approaches that of the carrier signal, the output
of the modulator starts to become more of a square waveform. Square wave mode
of operation results when the slope of the reference signal is greater than that of the
carrier signal over the whole cycle. Thus to avoid the slope overload condition, the
maximum slope of the reference signal must be less than or equal to that of the carrier
signal. For motor drives, this phenomenon is likely to occur at high speed operation.

In the case of the delta inverter, dulation occurs in con-

junction with duty-cycle ion. This adds ity in small signal modeli
of delta modulated inverters. Also, the output waveform is not synchronized to
the modulating waveform and hence is not periodic. This asynchronous operation
introduces a periodic asymmetry at the output. Thus the spectrum of the delta mod-
ulator cannot be analyzed using Fourier series because of the non-periodic nature of
the output. Bird et al. ([26] have used the technique of Fourier series expansion

in two variables to analyze asynchronous PWM systems. This method is valid as



far as the asynchronous signal is either due to frequency modulation or duty-ratio
dulation. So far in the lif the analysis of the delta modulation scheme has

been simplified by considering the output to be periodic over several cycles of the
modulating signal. It was further simplified by Rahman et al. [27] by considering
the output to be periodic. This, however, produces accurate results only in a small
number of special cases. In an attempt to minimize the asynchronous nature of the
output signal, Green et al. (28] developed a scheme in which the carrier signal was
forced to zero at the zero-crossings of the modulating signal. The approach resulted
in a quarter-wave symmetry of the output signal. However, in some cases, the pulse
width of the PWM signal near the zero-crossings were so small that it infringed on
the minimum pulse-width requirement for the inverter switches. Christiansen et al.

(29] da ized delta-modulation techniaque by adding

pulses to the error signal of the feedback loop of the delta modulator in order to fix

the switching fr This ique suffers setbacks such as period doubling, loss

of synchronism following slope transition and loss of commutation cycles during slope
transition.

The order of dominant harmonics in the output waveform depends on the fre-
quency of the carrier signal. The frequency of the carrier signal f, is given by the
expression (28]

fo=Sa-m), @9)
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where m = S,/S, and h = 2AV. §, is the slope of the reference signal. From the
equation 2.5 it can be seen that modulation of the frequency of the carrier signal
occurs, as mentioned earlier. Hence the order of the dominant harmonics at the
output spectrum is not an exact integer multiples of the reference frequency. This
causes the generation of sub-harmonics in the output frequency spectrum. Also the
order of the dominant harmonics changes with the change of the reference frequency.

There i i ion of lower order h ics at fr ies well below the

break frequency (the frequency at which the slope of the reference signal equals that

of the carrier signal). But as the reference the break

the shape of the output waveform approaches a square wave and becomes a complete
square wave at the break frequency. Thus for frequencies close to the break frequency,
there exist significant lower order harmonics at the output.

In ion, the delta i heme presents an inherent V/f characteristic

which is much needed for V/f speed control. However, as a result of the frequency

dulation, the order of i lower order ics is i As well,

the frequency and duty-cycle modulation produce asymmetrical output signals.

2.5 Delta-modulated inverter fed induction motor
drive

‘The delta modulation scheme, with its inherent V/ f characteristics is especially suited
for V/f control of induction motor drives. But surprisingly, to the best of author's
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