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Abstract

High frequency switching power supplies are becoming part of
electronic - equipments to provide regulated dc of desired
voltages at a low cost and efficient manner. These power
supplies have three distinct advantages over their counterpart
the linear power supplies. The advantages are smaller compact.
size due to elimination of step down transformer and small
filters due to high frequency operation. They are more
efficient because the regulating switches work in switching
(ON/OFF) mode ensuring minimum device 1loss. The other
advantages are their output voltage are isclated and can be
controlled for a wide range of input voltage fluctuation by
ON/OFF ratio (duty cycle) control.

Four common types of switch mode dc to dc converters are BUCK
(step down), BOOST (step up), BUCK-BOOST {step up/down) and
Clk converters. At present these converters use high frequency
multiple pulse or sine triangular modulation to generate the
controlling signal/s of switching devices. Recently delta
modulation technique has been adopted in many power converters
for easy implementation and versatile control. 1In this
research possible use of rectangular wave delta modulation to
control a BUCK type switch mode power supply has been
investigated. It is known that in rectangular wave delta
modulators several parameters like magnitude of reference
wave, window width, frequency and slope of modulating wave can
be varied to change the shape of modulated wave. In this work
it has been shown that of these parameters frequency variation
of the modulating signal can usefully be used in controlling
a BUCK type switch mode power supply. To investigate further
a BUCK type delta modulated switch mode power supply has been
designed, constructed and tested. From theoretical and
practical 1investigation it 1is clear that 'controlling a
switching power supply by delta modulated wave is possible and
may be advantageous. The advantages may be easy implementation
of control circuit and possible -on line harmonic control.
Further investigation is necessary to find the applicability
of delta modulation to control switch mode power supply in
future.
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ANALYSIS OF DELTA MODULATED SWITCHMODE

'POWER SUPPLY

Chapter - 1

Introduction

1.1 .INTRODUCTION

A switch hode power supply (SMPS) is a db to dc static‘power
converter switched at a very high frequency. Conversion of
both step down and step up dc-with insignifiqant filter size
having faéility of feed back regulation by ON/OFF high
frequency switching is possible in an SMPS. These power supply
units are light weight and more efficient than their
counterpart' linear power supplies. Various features 1like
isolated multiple outputs and seif protection of power units
and loads can be incorporated in an SMPS. As a result, use of
SMPSs are on increase in'space power applications, computers,
TV and industrial units. SMPSs havé advantages of being low
cost, light weight, efficient, compact, sélf regulating and
self protected. Diverse typesof SMPS are investigated to meet
users requirements and research is still continuing to find
newer ways of switching, increésed switching frequencies,
modified topologies and enhanced performance of filters to

reduce ripples and EMI.



A simple SMPS ponsists of a rectifier fed by line voltage
(transformerless), a filter {to obtain pure dc), an static
switch (BJT, MOSFET etc. switched by control qircuitry at a
verf high frequency to step down or step up dc voltage by
ON/OFF ratio contreol), the filter {(electrolytic capacitor and
ferrite core inductor) and feedback the circuit (for voltage

regulation). Fig.-1 shows the block diagram of an SMPS.

Switch mode power conversion requires fundamental knowledge in

three areas

1. Power circuit configurations
2. Control system and
3. Magnetic circuits.

Principles of magnetic circuit analysis require better
understanding of power inductor and power transformer design
requirements. Closing the feedback loopé in PWM systems
requires basic understanding of dc-to-dc converter dynamics
and understanding of transfer functions and frequency responsé

methods [1].

The control circuit of an SMPS basically generates high
frequenéy gating pulses for the switching device to control
thé dc. Switching is performed in multiple pulse width
modulation (pwm) fashion according to feedback error signal

from the load to serve two purposes
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a) Produce high fregquency switching signal
b) Control ON/OFF period  of switching signal to

maintain constant voltage across load,

High frequency pwm switching also reduce filter requirements
at the‘INPﬁT/OUTPUT side(s) of the converter. Simplest pwm
control uses multiple pulse modulation generated by comparing
a dc with a high frequency carrier tfiangular wave. However,
energy efficient SMPS use more advanced sine pwm waves
geﬁerated by comparison of sine wave with triangular wave. In
this thesis focus is given on analysis and implementation of
delta modﬁlated pwm switching of a step down SMPS. Delta
modulation is the simplest known modulation technique, easily
implementable and easy to control process aﬁd would give an
edge over other modulation process in use for switching SMPSs

these days.
1.2 REVIEW OF SWITCHMODE POWER SUPPLIES

1.2.1  PRINCIPLE OF OPERATION :[1]

Fig,-2 illustrates the circuit for classical linear power
cdnversion.- Here power is controlled by a series 1linear
element, either a resister (mechanical ‘control) or é
transistor is used in the linear mode (electronic control).
The total load current is passed through the series linear

element. Thus greater the difference between input and output



voltage (the higher the controlling power range of the linear
element) more power is lost in the controlling device. Linear
" power conversion is dissipative {even in the ideal.case of the
element) and hence inefficient. The efficiency range is

typically 30 to 60%.

The circuit of Fig.-3, describes basic principle of a switch
mode power conversion. The centrolling device is a switch. By
controlling the ratio of the time intervals spent in the ON
and OFF pcsition (defined as duty ratio), the power flow to
the load can be controlled in a very efficient way. Ideally
this method is 100% efficient. In p;actice, the efficiency is
reduced as the switch is non-ideal and loéses occur 1in power

~circuits.

The semiconductor deQices can be used as a switch in an
efficient Way (for example, bipolar transistor). When the
switch is a transistor it is driven b? a pulse width modulator
{PWM). The dc load voltége is controlled by controlling the
duty cycle of the rectangular waveform supplied to the basé of
the switching transistor. When the éwitch is fully ON, it has
only a small saturation voltage drop across it (typically 0.3
Volt to 1 Volt). In the OFF condition, tﬁe power 1loss 1is

negligible.



The output of tﬁe sﬁitch mode power ponversion control (Fig.-
3) is not dc as in the linear power supplies (Fig.-2). This
type of output is applicable .in some cases such as oven
heating without proper filtration. If constant dc is required,
then output of SMPS has to be smoothed out'by the addition of

a low-pass LC filter.

Swifches are required as basic components for efficient
electric power conversion and control. Ideally lossless
storage components, inductors and capacitors are required
to generate dc output voltage. Inductors and capacitors
are used to smooth the puisating dc orfginating'from the

switching action.

Although the conversion would be 100% gfficient.in the ideal
case of Ioséless components (Fig.-4), in practice each of the
components is lossy. Thus, efficiency is reduced. Hence, one
of the prihe objectives in switch mode power conversion is to
realize conversion (such as dc-to-dc conversion) with the
least number of components having bettef efficiency and

reliability.
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1.2.2 TYPES OF CONVERTERS :

The simplest dc-to-dc SMPS converter topology consist of a
single switch (Single-Pole double throw ideal switch S in

Eig.~5), a single inductor and a single capacitor.

By different arrangement' of these limited number of
components, four type of converter have been developed in the

past [references] , these are,

a. Buck {step down) converter
b. Boost (step up) converter
c. Buck-Boost converter and
4. C{lk converter.

Buck Converter : [1,2]

The simplest configuration'of Buck converter is shoWn in Fig.-
6. Thé input dc voltage V, is chopped‘by the switch S. Hence,
this converter is also called Chopper. Due to the chopping, an
intermediate pulsed waveform V; is produced. This voltage V,

is filtered by a low-pass filter.

When the sWitch is ON (t=T,. } input current rise§ through
filter inductor L, capacitor C and load resistor R. As the
switch is turned OFF (t=T,,,) the freewheeling diode D,

conducts due to energy stored in the inductor and the inductor



o o——PFE—o0
A/_
|
L :] R
Vg T l |
| |
|
i
1 R
§
.
UL
"Fig.-5 : Simple generalized de-to-dc
converter topology (buck, boost and
buck-boost can be realized by
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current continuous to flow through‘L, C, load and diode Dy
The inductor current falls until the switch is again turned ON

in the next cycle.

Let,
D - = Duty ratio

By definition,

D = (On time interval)/(Total switching interval)
= T/ T
" Tcn = DTs T e e e e e (1)
Let, |
Togg= D'T, L (2)

Ts
Var = 1/Tg[v.dt
DTg s
1/T[[vg.dt + [O.dt ]
(2] DTS

1/T[Vy(DTy - 0) + 0('.1.'s - DT{) 1]

I

1

1/Ts(vg.DTs)
= DVg
s~ output dec voltage,
Vie = Vy

=>V =DV, (3)
Thus, by controlling the duty ratio of the switch, the output

dc voltage can be controlled.

Equivalent circuit, current and voltage waveforms of BUCKTYPE

SMPS are shown in Fig.-7.

10
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The buck converter pulsating input current, often requires an
input filter to smooth out large current variations. Hence the
buck converter of Fig. 8(a}) has an input capacitance to reduce

current ripple returned to the source.

Boost Converter :[1,2]

A simple interchange of the source and load of the BUCK
CONVERTER (bilateral inversion) generates a boost converter

from the original buck converter as shown in Fig.-8

Operation of boost converter can be explained from Fig.-9.
When the switch is ON (t:Ton) the input current rises through
filter inductof L and the switch. When the switch is OFF
(t=T,¢¢) the current that was flowing through the switch wéuid
now flow through L, C, load and diode D,. The inductor current

~falls until the switch is again turned ON in the next cycle.

The dc gain of the new boost configuration, due to the nature
‘of the source and load interchange, is equal tp‘the reciprocal
of the buck converter gain, i,e,

The boost converter gain is,

V/V, = 1/D 2 1 for D[0.1] A X

In the Practical implementation of boost converter as shown in
Fig.-9, the input capacitance is also omitted as non essential

for basic operation of the converter. Hence, again, conversion

12



is realized by the least number of components : a single

switch, an inductor and a capacitor.

Equivalent circuit, current and voltage waveforms of an SMPS

operated in BOOST type topology are shown in Fig.-10.
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BUCK-BOOST CONVERTER :[1,2]

Buck converters can step~down and boost converters can step-up
dc voltages separately. The buck-boost converter in which the
inductor is grounded can perform either of these two
converéions. The output voltage polarity is opposite and as a

result the converter is also known as an inverting converter.

I—
VW
o

Boost converter

5
/_\ »
——D (=

Conventional buck-boost converter
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To explain the operation of buck-boost converter, let us
consider Fig.~11. When the switch is turned ON, the diode‘Dm
is reversed biased. The input current rises through inductor
L and the switch. When the switch is turned OFF (t=t_;,) the
current which was flowing .through inductor L, would flow
through L, C, D, and the load. The energy stored in inductor
L would be transferred‘to the load and the inductor current
would fall until the switch is again turned ON in the next

cycle,

From the wusual volt-sec balance in steady state, the dc
voltage gain is obtained as,

v/v, = D/(1-D) e Laa(4)

Thus either a step—up‘ (D>0.5) or a step-down (D<0.5)
conversion can be achieved with the same converter. For D=1.0,
the gain becomes infinite, but practically a finite voltage
gain results due to the inclusion of inductbrfs parasitic

resistance.

Equivalent circuit of a BUCK-BOOST converter, current and

voltage waveforms are shown in Fig.-12.
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Ciik Converter :{1,2]

Similar to the buck-boost converter, Clk converter provides an
oufput voltage which is less than or greater than the input
voltage but the output voltage polarity is'opposite to that of
the input ﬁoltége. The clk converter is based on capacitive
energy transfer. Thus 1its dc current gain may be easily
deduced from the capacitor current Qaveform using & charge

balance method in steady-state (Fig.-13)
I,D'T, = I,DT, e (6)

or, from thg 100% efficiency argument, dc voltgge gain is,
V/V, = D/(1-D) N €2

For simplicity of argument, the inductors were assumed to be
large enough such that the slope is negligible and results in -

rectangular current wave form.

When the switch is turned ON (t=T,,) current rises through
inductor L, . At the same time voltage of capacitor C;, reverse
biases diode D, and turns it OFF. Capacitor Cl discharges to
the circuit formed by C;, C;, load and L,. When the switch is
turned OFF (t=t_;;) the capacitor C; is charged f;om the input
supply and the energy stored in the inducfor L, is transferred

and the switch provides a

to the load. The diode D

i8



synchronous switching action. The capacitor C, is the medium

for transferring energy from the source to the load.

Equivalent circuit, current and voltage waveforms are shown in

Fig.-14.
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1.2.3 SWITCHING

The output veltage is not‘aﬁ ideal dc. In addition to a dc
component if consists of ripple voltage component at switching -
frequency fs'sllTS as shown in Fig.—15.- The pulse width
modulated (pwm) voltage waveform at thg input of the low-pass
LC filter may be split into its dc component and harmonics at
the switching frequency £, aﬁd integer multiples by use of
sampling frequency of the Fourier series. The dc component
passes unattenuated through the filter to generate desirable
~dc output V = DV,. |
Provided that the filter corner frequency f. = 1/2n JLC is-
significantly lower than the switching frequency'(tfpically at
least a decade below fs) the first and higher order harmonics
are substéntially attenuated by the LC filtér, resulting in an

acceptably low switching ripple voltage at the output.

Switching losses
Efficieﬁcy of an SMPS is ideally 100%. But due to nonideal .
elements (stray resistances in induétances and capacitors) and
switching of devices, losses take place in an SMPS. Losses due
to nonideal elements accounts negligibly towards total loss.
However, the losses associated with switching device is
substantial and it changes with regulation and switching.

Switching device losses are of two types
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1. Product of device drop (0.3 to 0.7 V) and current
through the device during ON time
2. Product of voltage and current in the device during

turn ON or OFF period.

Usually no loss occurs during OFF period. The second loss
depends largely on the frequency of switching and time
required to turn ON and OFF. Switching loss is illustrated in

Fig.-16

ON/OFF switching per seccnd gives rise to losses in SMPS and

dissipates as heat.
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1.2.4 REVIEW OF MAGNETIC CIRCUIT AS APPLIED TO AN SMPS

Design of filter circuit comprising inductor and capacitors of
an SMPS require special attention to magnetic materials and
properties because they have to work. under very ‘high
frequencieé. Since eddy current and hysteresis losses in the
magnefic circuits are dependent on frequeﬁcy, these iosses
would be large if iron core inductors were used. Special grade
ferrite cores are used in the construction of filter inductors
of SMPS. Emphasis is given to the selection of B~H curve of
the core material of the inductors and isolation transformers
{if used‘ahy). Following is the preview of magnetic concept

applied to ferrites used in SMPS.

Two vector field quantities are associated with the magnetic
field,
1) field intensify

2) fluk density.

The electric current produces the magnetic field and hence the
field intensity vector H (also known aS'field strength} is
directiy related to the electric curfent as given by the
Ampere's law in the integral form,

$H.Al = [[J.a8  ....... ;.(8)
g
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The flux density B (also called magnetic induction) is
directly related to the effects (mechanical forces, electric
voltages) of the field as given by Faraday's law "of

electromagnetic induction (rate of change of magnetic—flux,¢)

v

I

4 (ng)
dt P

d
—N[B.ds e 9
dtI _ : (9)

For the simple case of the infinite straight conductor in free
space carrying current I, the field intensity vector H cén be
easily found using the symmetry argument (equal tangential
vector H at distances_ of radius r) as seen in Fig.-17.
Ampere's circuital law then simplifies to

H = I/2nr e (10)

In principle, the magnetic field intensity H caused by the
conductor carrying curfent I can be found for any point in
free space. Associated with vector H is the flux density
vector B, which in free space is always paraliel in direction
and proportionél in magnitude, {as seen in Fig.-17) such that

"B=pH- (11)
whére I, is the permeability of free space which characterizes
this medium for its magnetic properties, just as conductivity

g, characterizes electrical properties.

0
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Characteristics of ferromagnetic materials

Ferromagnetic materials are able to produce larger effect
(lérger B hence larger flux) with smaller H hence smaller
current. This can be understood easily by visualizing the
presence of a great number of magnetized regions, called

magnetic domains, such as shbwn,in Fig.-18.

Each magnetic domain may bel conceptually visualized as
originating from a magnetic dipole (small loop of current).
For demagnetized materials such as shown in Fig.-18(a)
(current I reduced to zero); these magnetic'dipdle has a
random orientation in space. Thus the net flux contribution of
the elementary magnetic domains on a global scale_is Zero,
although locally it may be fully magnetized. However, even a
small current I in the conductor, such as shoﬁn in Fig.-18(b),
may generate sufficient external field strength H to orient
the majority of the small magnétic domains in the direction of
the external field H. Thus thé flux'density in free space pJ{
is augmented many times by the additional intrinsic flux
density of the material B, as seen in Fig.-17{b). Stating
this in equation form,

B=pH + By L {(12)
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Further increase of current I results in,further increase of
external field H, and hence leads to an even greater number of
magnetic domains oriented in its direction. For an ideal
linear medium (B, parallel to H and proportionall to its
magnitude), mathematically this may be expressed as,

B,=p,xH  heeeeeea (13)
where, x is magnetic susceptibility.

combining equation 12 & 13,

B.a

p, (1+x) H

Hi

B b, H
= pH ' e e (14)

where pr'is-the relative permeability of the ferromagnetic

material, which can be in range of 100 to 100,000.

Comparison of equation 11 & 14, picforially represented in
Fig.-19 (a), eﬁphasizes the role of the ferromagnetic material
in enhancing its magnetic characteristics through gregtly
increﬁsed-sfope on the B-H characteristic. However, after a
certain point, further increase of field strength does not
lead to as rapid increase of flux density as before (following
the dotted line in Fig.-19(a}}, but instead follows the slope

of the flux density in free space, as illustrated. in

27



Fig.;lg(b).'This is due to the finite number of magnetic
domains as in Fig.-19. Thus, when the externally applied field
strength H is sufficient to orient all magnetic domains in its
direction, further increase of H will not produce as rapid
increase of flux density. In other words, a phenomenon called
saturation of magnetic flux density occurs as illustrated in
Fig.-20. This saturation flux density B_,,, becomes a very
important rferromagnetic material parameter sincg, it has
direct bearing on the size and weight of the maghetic

components.

Another important classification of the ferromagnetic
materials is also readily visible from Fig.-20. In some
materials such as silicon iron (3% Si, 9% Fe), Orthonol (50%
Ni, 50% Fe), even a very small field strength H is capable of
fully aligniﬁg ali magnetic domains and results in the square
pharacteristic of Fig.-20(a). These materials are often termed
square-loop materials. On the other hand, in materials such as
Ferrite (MnZn alloy) the flux density variation is gradual,
such that a distinct linear region is visible before the
saturation point is reached. These materials are ideaily
categorized as linear materials. They can be approximated by
equation (14) and a constant permeability p designating the
slope of the characteristic. Experimentally, either square oOr
linear materials exhibit a nonlinear relationship of B

.and H, such that no align value of permeability can be used to
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characterize it, as seeh from the expefimentally measufed B-H
~characteristic for square and linearrmaterials in Fig.-21.1.
Thus, due to the nonlinear magnetization Characteriétic, the
B-H characteristic exhibits hfsteresis loép behavior. The
static losses are directly assoclated with the area of the B-H
loop at a given frequency, while the dynamic losses
characterize additional core losses owing to the winding of
the B-H loop at higher frequencies. Although they can'also be
appropriately modelled {12}, we shall limit our discussion to
- the linear materials characterized by conétant B in {(14) and
the idealized B-H characteristic of Fig.-21(b). This enable us
to get a handle on the flux distribution in magnetic circuits,
just as easily as finding the cUrrént distribution in-eléctric

circuits by use of Kirchoff's laws[1l].
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Regulation

Switchmode power supplies are self regulating. The switching
schemes (pwm) are incorporated with feedback from the output
and ON/OFF periods are controlled according to change in load.
As a result a predesigned constant voltage is maintained
across load at the output of an SMPS. Usually SMPS ars
designed with stringent voltage regulation (0.01%) these days.
Howevef, this regulation 1is not unlimited. Normally 20-30%
fluctuation of input voltage variation and about 50% load
variation are accounted in by feedback control. Beyond
specified load or input variation, SMPSs .are provided with
overload and under voltage protection. Virtual load is always
connected to protect SMPSs from severe damage that may occur

if they are turned ON without load.

Protection

" Protection of SMPS from over voltage, under voltage, overload
and switching trahsients are problematic. Recent SMPSs are
provided with power on checks or wrong connections, spike
voltages  and noload shut down protections. These threes
protections are not inherent to SMPSs énd ﬁusf be provided by
static relays and sensors. In the occurance of any of the
faults mentioned modern SMPSs are provided with automatic shut
down by static relay connected to the input side of the power

supply.
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1.3 ADVANTAGES AND APPLICATIONS OF AN SMPS :[1,2]

Switchmode . powér, supplies have following advantageous

features,
* Isolation between the source and the load
* High power density for reduction of size and weight
* Controlled direction of power flow
* High conversioﬁlefficiency
* Input and output waveforms with a low total
harmonic distortion for small filters
* Controlled power factor if the source is an ac

voltage

For efficient switch mode power conversion, following

components are required (Fig.-22).

The transformer shown is an additional unit which is used in
practical unit for dc isolation between input and output and

ground.

Isclated supply':

DC isolation between input and output is required for many
reasons such as main protection, requirement for differenp'
output grounds. Besides, dc isolation isralso required for
many practical applications and a number of additional side
benefits achieved. As illustrated in Fig.-23,. fhe dc
isolation can be obtained in two simple steps, first two

winding inductor is built (Fig.-23(a)), and then electrical
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connection between the two windings is broken, thus resulting
in the dc isolated version of Fig.-23(b). This process itself
suggests that the transformer obtained in such a way must have
the same inductivé storage capability as the original single
inductor. This has a serious drawback since such a transformer
has to be designed to withétand a dc bias greater than the
average input current and also limit its usefulness for higher

power design.

-However, for lower power design,_the isoclation feature bfings
as a by product some additional benefits. A simple changé of
the isolatiﬁn transformer turns ratio. contributes an
additional step-up {or step-down) factor as illustrated in

Fig.-24.

Other advantages of SMPS such as high efficiency, reliable
regulation, light weight and self protectioﬁfetc are obvious
from previous discussion. Due to various advantages that can
be achieved by an SMPS these dc power supplies are having.wide
yariety of applications at present. The main uée of these
power supplies are in space, aerospace and computer fields
becaqse of their compact nature with reduced weight and high
efficiency. Radio, TV transmitters and receivers and mobile
telephone ahd radar equipments are also adopting these power
supplies for their better voltage regulation and high
efficiency. Indust;ial control units are ‘also gradually

adopting SMPSs for their power supplies.
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1.4 REVIEW OF PWM TECHNIQUES AS USED IN POWER CONVERTERS
In many industrial applications, it is often réquired to
control the output voltage of the converter. The most
efficient method of controlling the gain (and output voltage)
is to incorporate pulse—widthwmodulation (PWM) control within
the inverters. The commonly used techniques afe

1) Single~-pulse-width modulation

2) Multiple-pulse~-width modulation

3) Sinusoidal pulse-width modulation

4) optimized pulse-width modulation

5) Delta pulse-width modulation

6) Trapezoidal pulse-width modulation

Single-pulse-width modulation :[2]

In Single—puLse—width modulation control, there is only one
pulse per half-cycle and the width of the pulse is varied to
control_the converter output voltage. The gatinglsignals are
generated by coﬁparing a rectangular reference signal of
amplitude, A, with a trianguiar carrief waveiof‘amplitude, A
as shown iﬁ Fig.-25. The frequency of the reference signal
determines the fundamental frequency of output voltage. By
varying A_ from 0 to A_, the pulse width 3, éan be varied from

0 to 180°.
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Multiple-pulse-width modulation :[2]

In multiple-pulse-width modulation, several pulses in each
half cycler of the output voltage is used to reduce the
harmonic contents. The gating signals are generated by
comparing a reference signal Arivith a triangular carrier wave
A, as shown in Fig.-26. The frequency of reference signal séts
the output fregquency, f,, and the carrier frequency, f.,
determines the number of pulses per half-cycle. The modulation

index (=A[/'Ac) controls the output voltage.

Sinusoidal pulse-width modulation :[2]

In sinusoidal pulse-width modulation the width of each pulse
is varied in proportipn to the amplitude of a sine wave
evaluated at the center of‘the same pulée. The distortion
factor and the lower-order harmonics are reduced
significantiy. The gating signals as shown in Fig.-27 are
generated by comparing a sinusoidal reference sighal with a

triangular carrier wave of frequency, f The {frequency of

o

reference -signal, f; determines the converter output

L’

frequency, f,» and its peak amplitﬁde, A controls the

I/

modulation index, M, and in turn controls the rms output

voltage, V,.
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Optimized pulse-width modulation :[3,4,5]

The pulse width modulation processes generated by OFF line
computer computation and micro computer implementation can be
made such that selected harmonics can be completely eliminated
from the output waveforms of the converters. Such qptimization
can also 1include performance enhancement of converter
application as well. In_selective harmonic elimination, the

Fourier series of the output waveform are expressed in terms

of arbitrary switching points a, Gy, dg....... etc. Then by
setting Fourier coefficients to desired values (an = some
value or 0, b, = some value or 0} a set of egquations are

n

obtained which are solved simultaneously to have values of dy,

g ceenneennan a (switching points of the converter). Once the

n
modulation pattern is generated by desired i, Ay evvevnnnn

a the converter output waveform will not contain any

n
-harmonics which were set to zero during formulation of
equations. Also magnitude of fundamental and other harmonics
of the converter waveform can be pre-set as desqribed. Such
implementation is still done by OFF liﬁe computation of
switching points and generating the gating signals of the
converter by micro-computer. However, effort is also underway

to realize such implementation in micro-computer ON line

basis.
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Delta pulse-width modulation :[2]

In delta modulation, a triangular wave is allowed to oscillate
within a defined window AV above and below the reference sine
wave v,. The converter switching function, which is identical"’

to the output voltage Ve is generated from the vertices of the

triangular wave v, as shown in Fig.-29. It is also known as

c
hysteresis modulation. If the frequency of the modulating wave
is changed keeping the slope of the triangular wave constant,
the number of pulse and pulses widths of the modulated wave
would change. The fundamental output voltage can be upto

1.27'Vsand is dependent on the peak amplitude Arand freguency

fr of the reference voltage.

Trapezoidal pulse-width modulation :[2]

The gating signals are generated by compafing a triangular
carrier wave with a modulating trapezoidal.ﬁave as shown in
Fig.-30. The trapezoidal wave can be ‘obtéined from a
triangular‘wave by limiting its magnitude to A, which is
related to the peak vélue Aﬂmn! by

A = OAI[MX) ......... .(15)

I

where, o is called the triangular factor, because the waveform

becomes a triangular wave when ¢ = 1.
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1.5 DELTA MODULATION AND ITS ADVANTAGES

Linear delta modulation was first reported in 1946 and early
description emerged in 1950; [6,7]. In linear delta
modulation, an encoder, is accommodated at the transmitter and
receives a band limited analog signal and pfoduces a binary
output'signal. The output pulses are also locally decoded back
into anlanalog waveform by an integrator in feedback loop and
subtracted from input signal to form an error which is
quantized fo one of the two possible levels depending on its
polarity. The closed loop arrangement of the delta modulator
ensures that the polarity of the pulses areladjusted by the
sign of the error signal which causes the locally decoded
waveform to track the input signal. Stated another way, the
delta modulator produces binary pulses atrits output which
represent the sign difference between the input and feedback
signal. The modulatioh is known as linear, because the decoder
is a linear network. Despite the attractive simplicitylof the
delta‘modglation coders, their drawbacks had prevented their
wide use initially [8]. Delta modulation remained simply'an
interesting field for theoretical studies in comhunication
systems for decades. This situation began to change when
refinements were suggested [9] and today the development of
delta modulation is in full progress. Many communication
researchllaboratories are engaged in exploring in depth the
theory and the application of delta modulation [10-12]. The

simplicity of delta modulation (DM) has inspired numerous
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refinements and variations since its basic invention in 1946
by Deloraine and Derjavictch. Most of these DM systems have
been motivated by application to digitization of audio and
video signals. The initial DM coder consisted of signal
integrator (analog) or a first order predictor (digital
implementation} in its feedback path. Subséquently, DM coder
with . double integrator and mulfible iﬁtegrator or its
counterpart, the predictors were used in the feedback path for
more precision in digitization [13]. Some investigators
replaced the integrator of the feedback loop by RC network
[14] giving fise to exponential delta modulation encoders.
Both signal integration or the double integration deita
modulation were found suitable for éoding signals of
correlated waveforms. To suit the DM technique for
uncorrelated signal, sigma delta modulation was introduced in
1962 [15,16]. Sigma delta modulation uses an integrator to
integrate the input prior to DM coding. This preemphasizes the
low ffequencies in the input and increases the adjacent sample
corfelations. For using variable step size gquantization to
compete with pulse width modulation (PWM), adaptive delta
modulation (ADM) was suggested by many authors [16,17}. In
adaptive DM, the value of the signal at eacﬁ sample time 1is
predicted to bé non-linear function of the past values of the
quantized signal..The other two kinds of the delta modulation

scheme encountered in literatures are companded delta
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modulatioﬁ scheme and the asynchronous delta modulation
[18,19]. Companded DM technique uses compression of large

levels as compared to ﬁhe smaller ones prior to encoding,
‘using compfessor circuit. The asynchronous delta modulation
systems have digital output quantized in amplitude but not in
time. The rectangular wave delta modulation (RWM) is one type
of asynchronous DM technique. In RWM DM, the memoryless
quantizer of delta modulation scheme is replaced by nonlinear
element whose characteristics are that of a hysteresis loop
and the sampler is permanently closed. This form of delta

modulation was first reported by Sharma and Das [20,21].

In single stage delta modulation scheme, the encoder generatesg
"information which is dependent on the polarity of the error
signal, where the error signal is the difference between input
signal and the reconstructed version of the input signal. The
basic problem with any form of single stage DM is that the
encoder‘genérates information which is only dependent on the
polarity of the error and once the input signal is modulated
to ﬁulse waveforms, the error information is lost and no
minimization of signal distortion is possible. Multistage
delta modulation was introduced in communication networks to
overcome this problem by successive approximation of input

signals with the help of several coders[22,23,24].
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Rectangular wave delta modulation in its single stage and
multistage formé have been reported in this thesis for the
operation of a switch mode.power supply. Detailed mathematical
models are developed for this purpose and their theoretical

and practical investigations have been done.
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1.67 PROPOSED RESEARCH AND OBJECTIVES

Delta modulation is the éimplest technique requiring minimum
hardware components. Recently its application in power
electronics has been reported in switching static inverters
and rectifiers. Switch mode power supplies usuaily use
triangular wave carrier modulation of dc to obtain proper
switching signals of static devices. In this thesis possible
use of delta modulation in switching an SMPS has been
investigated. Theoretical study has been made to find out
~suitable paraméter variation of a delta modulator to determine
“an effective method of voltage regulation of an SMPS by delta
modulation. Such parametric study were done by FAST FOURIER
transform - on modulated switching signals. Practical
implementation of a delta modulated SMPS has been carried out

to verify theoretical results.
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1.7 ORGANIZATION OF THE THESIS :

This thesis consists of fqur chapters. Chapter-1 deals with
introduction to SMPS and PWM techniques. It also incorporates
various advantages and requirements of the SMPS. Objective of
thesis research and discussions on expected results are also
included in Chapter-1. Chapter-2 includes detailed parametric
study of a delta modulator. Results of parametric study of
delta modulator is necessary for proper choice of modulator
parameter thap can be utilized in voltage fegulation'of an
SMPS. Chdpter—B incorporates practical implemental details of
a delta modulated SMPS. Results of the modulator and SMPS
performance with theoretical predictions are presented in this
thesis. Chapter-4 concludes the thesis with summary,

achievements and suggestion on future works.
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Chapter - 2

Analysis of delta modulation for an SMPS

This chapter contains the analytical performances of delta
modulator used in the SMPS., Focus is given to optimize the Pwm

waveform obtained'by delta modulation.

2.1 DELTA MODULATOR DESCRIPTION

The delta modulation scheme used in operating an SMPS is a
single sfaje type. In single stage delta modulation (DM)
scheme, the encoder generates information thch is dependent
on the polarity of the error signal e(t) (Fig.-31), where the
error signal is the difference between input sine‘wave signal
n{t) and the locélly reconstructed version oflthe input signal
fi(t). The signal fi(t) tracks the input sighal in stepé of
specified A. Many variation of the delta modulation is
possible. The block diagram of two basic typeé of single stage
delta modulation schemes are shown in Fig.~§2; One is the
modulator with hard limiter, comparator and feed forward path,
the other is with hysteresis quantizer, comparator and feed
forward path. The expected wave forms of the two modulators
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arérsh0wn in fig.—33. In the first mbdulaﬁor the error signal
isguhbouﬁded'and as a resﬁlt the expected signal may not
o fdllow the input signal in amplitude. Whereas, in the second
modulator, thé hysteresis quantizer is limiting the travel of
--expéctéd signal within a band and thus tracking the input
signal both -in slope and magnitude. The second type of
ﬁoduiatorl is -known as rectahgular wave'_hysteresis delta
modulétor. In both the modulators sampler is absent and this
results in'variable pulse width rectangular modulated wave. In
anractual delta modulator used in communicatioﬁ circuits a
sémple: is provided after the quantizer producing pulsed
modulatedlwave.-However, in a static converter switching the
- rectangular pwm waves are necessary for the switching device
of 'the converter. Hence, for tﬁe application 1in étatic
converter delta modulators' samplers are omitted. The‘effect
of withdrawing sampler from a delta modulator is to produce
rectangularrrpwm and the estimated wave appearing like a
triangular wave spperimposed on the input.signal. Estimated

wave in a delta modulator is also called the carrier wave.
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Fig.—32l: Block diagram of two basic DM encoder.

50



by

expected wave .

—_—<

P U GO I WAL 1

T 2T BT el i “\

1 oA m l\| |\| %"ﬂrror or difjerence signal
NN NN

> Wt

O
U UL

¥ - = LY v, Sinwt
- It - /
-
l - g M= N - Ry s nim -
f, -7 T~ N niy= Vms;n(.}-\:_
N7 s - s vaSinet
Tl_/’ t, X > W(t)

N
g

(b)

"Fig.-33 : Expected waveforms of encoder of Fig.-32.

51



2.2 CHARACTERISTICS OF DELTA MODULATED WAVE

One of the imbortant ch&racteristics of delta modulator when
used in converter application is that the output voltage to
frequendy ratio of the modulator remains constant, i;e,

V/f = constant.

Above statement can be verified by following [Fig.~34]
Vi/V, = 1/jeRC
V,/V; = jeRC
V/Vi = V,/Vy = jeRC | |
| [where, Vj; is the fundamental

component of Vr]

Vo/@ = jVyRC

i

v,/ j2nVyRC A S 1))
Since m, Vp and RC product of the modulator are -all constants,

Vp/f =K i, (17)

Another important characteristics of the delta modulated wave
is that, with increasing frequency of .the input signal and
constant hysteresis band, the pwm signal tends to be sguare

- wave. This is explained in Fig.-35.
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T

Fig.-34 : Delta modulator block diagram used to

explain one of the characteristics (V/f = -

constant) of modulated wave.
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Third characteristic of the delta modulator is that the slope
of the carrief wave and the band width AV of the hysteresis
band can be tuned easily to change the output modulated wave.
The integ;ator of DM as shown in Fig.?37.can bermodified‘as
shown in Fig-38. For the normal integrator shown in Fig.-37,
the slope is determined by R and C.

vy, = (1/JeRC) Vy

L 8Slope, 8 = RC.  cieieaeaen (18)

The modified integrator shown in Fig.-38 includes a multiplier

and

VD = ( 1/j(l)RC )V'IDEC

il

{1/30(RC/E,) IV,

RC/E,. e (19)

Hence, Slope, §

Where, E is the control

c
voltage which also controls the
frequengy of the input sine

wave to the modulator.

Thus slope can be varied by R, C and E, for a multiplier
integrator. E, change the frequenéy of the input modulating
signal. Similarly, R can be varied easily by using a voltage

control resistor.
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Tuning of delta modulator allows on-line parameter variation
and provides means to change modulator wave form according to
need. This type of on-line parameter'variation cannot be

obtained in other sine pwm modulators so easily.

2.3 SWITCHING POINT DETERMINATION OF DM:

Switching points of the mbdulator are required to determine
the Fourier series of the converter output voltages. The
switching points of a rectangular wave hystéresis delta

modulator can be determined as follows

Case I : Modulator with hard limiter in the feed forward

path
For the wave forms of Fig.-33(a), the switching points of the

modulated Wave can be found from the following expressions

b{t) = sign [n(t) - fi(t-T)] e (20)
fi(t) = f (t-T) + Ab(t) ... (21)
e(t) = n(t) ~ fi(t) ... (22)
m(t) = V sign [e(t)] . (23)

at every switching instant e(t) = 0.
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Where, n(t)

fi(t)

b(t)

m(t)

Solving the equations

be determined for the

input sin wave signal

estiméted signal, reconstructed by
the filter from the modulated wave
at the encoder

step size in the vertical direction
step size in  the horizontal
direction

+ve or -ve sign of the difference of
actual iﬁput to the estimated input
of the previous step and .

the equation of the modulated wave.

20 to 23, the switching points t;'s can

modulator of case I.

Case II : Rectangular Pulse modulator - hard limiter with

-hysteresis band

For rising slope, (Fig.-33(b})

S = [AV/2 + V; sin oty - (-AV/2 + V sin et;4)1/[e(t; -~ t; ()]

=> So(ti - tiq) = AV + vV, (sin ot; = V, sinlmtbl)

=> (t; -~ tj4) = [AV + V, (sin et; - V, sin et;)]1/Se

=> t; =ty + [AV + V, (sin ot; - V, sin et;,)1/Se
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For falling slope,
S = [AV/2 + V; sin ety; - (-AV/2 + V, sin et;)1/le(t; -
ti-q)1
=> Sﬁ)(tl - ti'l) = AV - Vm (sin (ﬂti - Vm sin (u.)ti_l)
=> (t; - tbl) = [AV - ¥V, (sin wt; - V, sin et ;)]/Se

=> t.

i = tl'l + [AV - Vm (sin mti - Vm sin (Oti_i)]/S(O.

In general,

g = tyy + [av + (-1 vy (sin ety - Vv, sin etj)]1/Se

Solving equation 24, switching points t;s can be determined

for a sine wave input.

Once the switching points tis of the modulated wave are known,
the switching waveforms before filtering can be expressed in
general as,

m{t)

I
w
W]
o+
N
Hr‘l'
Nr‘l'
l
\Q
joi]
+
et
rt
[ ¥ ]
+
.Q
w
o+
r+
tad
et
e
|

= (-1 oga(t, ty, ty) . (25)
Thus, for the SMPS,
jﬁg _q yitl Vic
V, = T z (-1) | ga(t,tj, t;,) + T X ga(t,tl+T/2,t“1+T/2)
.......... (26)
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The Fourier components of the waveforms of the above equations
are obtained by the FAST FOURIER transform of V:, using
commercially available software MATLAB (Appendix)

fit(vy) = Fourier Series.

The parametric variation causes modulated wave to exhibit
various features whick are studied by FFT on simulated
modulated SMPS outwput voltages. Following sections elaborate

the rosults of these parametric variation studies.
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2.4 CHANGE OF MODULATOR PARAMETERS:

2.4.1 ~ CHANGE OF MODULATOR PARAMETER TO FIND EFFECT ON

MODULATED SHPS WAVE
To find effective method of voltage regulation by DM

technique, the following parameters of DM were varied,

1. 'Frequency of the input sine wave, f

2. Window width of the hysteresis band, AV
3. Slope of the carrier wave, S and . .

4, Amplitude of the input sine wave, V..

These parameters vary the harmonics of the output voltage.

Salient observations made from these studiés are,

Case 1. Frequency variation

Fig.-39, 40, 41 and 42 describes the harmonic-éharacteristics
for varying f frém 1000 Hz. to 4000 Hz. (kKeeping AV, S and v,
constant.) Output voltage [refer to Fig.-39(d), 40(d), 41(d),
42(d)]:increases,with the increasing frequency [refer to Fig.-
39(a), 40(a), 41(a), 42(a)] upto f = 4000 Hz. Beyond this
frequency, output voltage remain constant. This result is as

expected and described previously.
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Case II, width variation

Fig.-43, 44, 45, 46, 47 and 48 describes harmonic
characteristics for varying AV from 1.5V to 6V, with all other-
parameters'constant. It is seen that, output voltage increases

with increasing AV and at AV = 6V, output voltage is constant.

Case III, Slope variation

Fig.-49, 50, 51, 52 and 53 describés the effect of varying
slope of the carrie: wave of the DM. Slope varies from 150,000
V/Sec. to 500,000 V/Sec. and it is observed that the output
voltage decreases witﬁ increasing slope with all other

parameters constant.

Case IV. Amplitude variation

The effect of variation of the amplitude of the sine wave is
described in Fig.-54, 55, 56, 57 and 58. It is seen that the
average output voltage increases with increasing'the amplitude
with all other parameters constant. Amplitude is varied here

from 5V to 8.5V and it is seen that at 8.5V, output voltage is

constant.
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2.4.2 DISCUSSION

From the above results it can be inferred that thé output
voltage variation is possible by varying any of the
pafameters.'In an SMPS, the input sine wave of the DM is
generated from a Voltage Control Oscillator (VCO). The input
voltage of the VCO is the difference between the feedback
voltage from the locad and a reference voltage. When the
feedback voltage from the load increases, the frequency of the
output of the VCO (i,e, input sine wave of the DM) decreases
which again decreases the output voltagé of the DM (case.I)
and hence the average load Voltage. Similarly, as the load
voltage of fhe SMPS decreases, the feedback voltage decreases,
frequency of the input sine wave of the DM increases and hence
output voltage of DM increases (case.I) which again increases
the load voltage. Thus it is possible to maintain a constant

load voltage.
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Chapter - 3

Practical Implementation

3.1 IMPLEMENTATION OF DELTA MODULATION CONTROL CiRCUIT 

FOR PULSE WIDTH MODULATED SMPS
The delta modulation technigue requires simple circuitry to
generate switching waveforms for switching the device
(transisfor, MOSFET etc.) of an SMPS. Fig.;59 is an analog
circuit which is capable of producing the waveforms éhown in

Fig.-60.

The operation of the circuit caﬁ be described as follows

Sine reference‘or modulating wave V, is supplied to the input
of the comperator A and the carrier Vi is generated in the
following manner; wherever'the'outpuf‘Voltage of AZ exXxceeds
the upper or lower window boundary (preset by Rpﬂq ratio), the
Comperator A; reverses the polarity of.V; at the input of A,.
It forces carrier wave V; to oscillate around the reference
waveform vy at ripple frequency f,. The switching waveform is

obtained at the output Aj.
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3.2 -EXPERIHENTAL DELTA MODULATION FOR STATiC CONVERTERS :

This section deals with experimental verification of
analyticél results of delta modulation carried out so far. The
implementafion of the logic circuits and verification of the

main features of delta modulation are described.

3.2.1 Implementation of the logic circuits:

The basic circuit used for the delta modulation is shown in
Fig.-59. The output waveform of this circuit are shown in
Fig.-61 through Fig.-69. Different outputs of the modulator

are obtained by changing

1. Frequency, f of the input Signal to the DM.

2. Window width, AV of the hysteresis band of the DM
and
3. Slope 8, of the carrier wave of the DM.

Fig.-61 shows the carrier wave and the output of the DM with

- a sine input. Frequency of the input sine wave is 40 Hz.
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3.2.2 Effect of change of frequency of the input sine

wave to the DM

For comparative study Fig.-62(a) agailn describes Fig.-61 and
Fig.-62(b) describes the rectified carrier wave and output

wave of the DM for f=40 Hz. and Av=4 Volt.

Frequency of the input sine wave is then increased to 60 Hz.
keeping AvV=4 Volt.-This is shown in Fig.-63(b). By comparing
Fig.-63(a) and 63(b), it is seen that the pulse width of the
outpﬁt of DM increases. The same thing happens when ffequency
increases from 80 to 100 Hz (Fig.-64 and Fig.-65 ). This
indicates that as the freqﬁency of reference sine wave 1is
increased, the modulated wave changes having widef pulses. As
a result dc voltage of the modulafed wave increases. Also, as
frequency is increased number of pulses/half cycle (number of

switching) deceases
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Carrier and modulated output of a DM

circuit for f=40 Hz.,

V/Sec.
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(a)

(b

Fig.-63 : Carrier and modulated output of a DM
circuit for f=40 Hz. and 60 Hz., AV=4

Volt, 5=%,405 V/Sec.
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Fig.-64 : Carrier and modulated output of a DM
circuit for £=60 Hz. and 80 Hz., AvV=4

Volt, S¥5,405 V/Sec.
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(b>

Fig.-65 : Carrier and modulated output of a DM
circuit for f=80 Hz. and 100 Hz., AvV=4

Volt, 38=5,405 V/Sec.
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3.2.3 Effect of change of window width of the Hysteresis

band of the DM

Fig.-66{a) shows the waveforms when f=40 Hz and Av=4 Volt. By
keeping the frequency constant (f=40Hz}, AV 1s changed to 7V
and the output is shown in Fig.-66(b). Comparing these two
illustrations it is clear that the pulse width of the output
of DM.the increases with increasing AV; The effect of change
of output due to change of AV for another constant frequency.
(£f=100 Hz) is illustrated in Fig.-67, where it is again clear
that the output pulse width incréases with increasing AV, The
result of increasing window width A has same effect as
increasing the frequency of the modulated wave. Both the
parameters éan therefore be used fo contrel the output voltage
of the modulator and also to control harmonic content of the

modulated output.
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Fig.-66 : Carrier and modulated output of a DM
circuit for f£=40 Hz., AvV=4 Volt and 7

Volt, 8=5,405 and 9,459 V/Sec.
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Fig.-67 : Carrier and modulated output of a DM
circuit for £f=100 Hz., AvV=4 Volt and 7

Volt, S=5,405 and 9,459 V/Sec.
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3.2.4 Effect of change of slope (Volt/Sec) of the carrier

wave:
The slope of the carrier wave also effects the output of the
DM like window width. As slope increases the pulse width of
the output of the DM decreases. This is clearly described in

Fig.-68 {(for f=40 Hz.) and Fig.-69 (for f=100 Hz.).
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3.2.5 ‘Discussion:

It is clear that by changing any of the parameter (f, AV, S)
of the DM, the output pulse width can be increased or
decreased. These pulses are. given to the gate of the MOSFET
(or base of the transistor) which acts aé the switch of the
SMPS. As the pulse width can increase or decrease, the OFF/ON
time of the switch can be increased or decreased contrblling
the switching time of the SMPS. Any of the parameters like
frequeﬁcy, window width or slope can be chosen as the control
parameter of the modulator to cdntrol output voltage of an
SMPS. However, in our work we have investigated the method of
changing thé frequency of the modulating wave. The change of
. other two parameters can be incorporafed in fhe SMPS control
.with further advantages such as harmonic elimination/reduction
and better filter size etc. Such worklcan be a part of

future work,

3.3. Practical SMPS requirements : [1]

This section describes the operation of the total SMPS system.
The complete SMPS system is shown in Fig.-72. Before

describing this circuit. Let us examine the key ideas behind
a switching regulator. Fig.-70 illustréteé such a switching
regulator. A string of pulses drives the bése of the
transistor. When the base voltage is high, the transistor is
saturated. When the base voltage is low, the transistor is

cutoff. The main idea is that the transistor acts like a
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switch. Ideally, a switch dissipates no power when - it 1is
closed or open. In reality, the transistor switch is not
perfect, and so it does dissipate some power, but this power

is less than that dissipated by a series regulator.

A diode is connected from the emitter to ground. This 1is
necessary because of ‘inductive kick back'. An inductor will

try to keep the current "constant through it. When the

transistor cuts off, the diode continues to provide a path for

current through the inductor. Without the diode, the inductive
kickback would produce enough reverse voltage to destroy the

transistor.

By contrélling the duty cycle out of thé pulse generator, we
control phe.duty cycle of the input voltage to the LC filter.
Ideally this input voltage varies from 0 to Vi aslshown.
Although obsolete in ordinary power supplies the LC filter is
very popuiaf in switching regulators because the switching
frequency is above 5 Kz. As a result a small inductor and
capacitor can be used. The output of the LC filter is dc
voltage with only a small ripple. This dc vbltage depends on

the duty cycle, and is given by,
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The output voltage is fed back to the pulse generator. In moét
switching regulators, the duty cycle is inversely proportional
to the output voltége. If the optput voltage increases the
duty cycle will decrease. This means that narrower pulsés will
drive the LC filter and its output will decrease. In effect,
we have negative feed back. Since the output voltage is being
sampled and fed back, output voltage is the quantity being

stabilized.
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Fig.-70 : Transistor acting as a switch in an SMPS.
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For a cohcrete idea of how a conventional switching regulator
works, Fig.-71 shows a low power design. The relaxation
oscillator produces a square wave whose frequency is set by Ry
and Cj. The square wave ié integrated to get a trianguiar
wave, which drives the non inverting input of a triangular-to-
pulse converter. The pulse train ouf of this  circuit drives
the transistor. The output of the LC filter is sensed by a
voltage divider, sending a feedback voltage to the comparator.
This feed back voltage is compared with a reference voltage.
The output of the comparator then drives the inverting input

of the triangular to pulse generator.

If the regulated output voltage tries to increase the
comparator produces a higher output raising the reference
voltage of the triangular—todpulse converter. This means that
the narrower pulses drive the base of the pass transistor.
Since the duty cycle is low the filtered output 1is less

canceling the original increase in output voltage.

Conversely, if the regulated output voltage tries to decrease
the output of comparator decreases the reference voltage of
triangular to pulse converter._Since Qider'pulses drive the
transistor higher véltage results at the output of the LC
filter. The net effect is to cancel the original decrease in

output voltage.
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There is enough open-loop gain in the system to ensure a well-
regulated output voltage. The boot strap effect in the
comperator implies that,

v

1

1ef [RZ/(R1+R2)]VGUt ....... e e 28.

LRy /Ry +L1IVpp vveemeenn s 29.

I

or, Vi
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Fig;—71 : Conventional switching regulator [25].
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This thesis give emphasis on the éontrol circuit of the SMPS
which is diffe;ent'from that used in the conventional circuit.
The input 50 volt AC (Can be 220 V AC with changing the rating
of all other components of the circuit) at 50 Hz is rectified
by a bridge rectifier and then filteréd by a capacitor filter.
The dc is switched by a switch (MOSFET) and the output of the
switch is again filtered by a LC filter and finally fed to the
load. Main attention is given to the control circuit of the

switch which is discussed in the following section.

3.3.1 Incorporation of DM in SMPS controller

Attempt is taken to make a 50 volt, 50 Hz AC to 5V dc SMPS. A
feed back voltage is achieved by using a divider circuit and
the available feed back voltage is,

[5/(1x10% +470x10%)]x470x10° = 1.59 = 1.6 Volt.

A reference voltage is provided by using a éapacitor divider
circuit and a 10V Zener diode. Though ideally the Zener is 10V
practically ifs output is 9.6V. This voltage is inverted to

-9.6V by using an inverting amplifier and -9.6 V is used as
reference voltage of the circuit. The feed back voltage and
the reference voltage is then compared by a comparator. The
-output of the comparator 1is,

Vieed back ~ Vief.
=1.6 - {(-9.6)

11.2 Volt.
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The output of the comparator is fed to the Pin 8 of a sine
oscillator IC 8038. The basic construction of this chip is

described below

3.3.1 Voltage controlled oscillator, ICL 8038

The ICL 8038 waveform generator 1is a monolithie integrated
circuit capable of producing high accuracy sine, sgquare,
triangular, sawtooth and pulse waveforms with very few
external components. The frequéncy can be selected extremely
from 0.001 Hz to more than 30b KHz using either resisters or
capacitors or by frequéncy modulétion achieved by sweepling

with an external voltage.

The frequency of the waveform generated is a direct function
of the dc voltage at terminal 8. By altering this voltage,
frequency modulation is achieved. For correct operation, the
sweep voltage should-be within the range,

+ 2V] <_VH%P<VWWH'

L2730 Yoy

As the sweep voltage‘increases the frequency of the output
sine waQe at pin 2 decreases and vice versa. This a desired
case for the control circuit of ‘an SMPS. The capacitor (0.1
uF) and the‘register (1;5 K) usedrat the output of pin 2 is

for dc offset.
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3.3.2 Amplification of the sine wave generated by VCO

The amplitude of the sine wave generated by VCO is very low.
This low amplitude sine wave can not perform delta modulation
effectively. The amplifier shown in the circuit of Fig.-72

amplify this sine wave.

3.3.3 Rectification of sine wave

This sine wave generated by the VCO is a full sine wave. DM
smps required modulation of a rectified sine ane;A An
isolation trénsformer of 1:1 is used to isolate this sine
wave form_ground and then a bridge rectifier produces ther
required rectified sine wave. The output of this rectifier is
"fed to the input of the DM. The operation of the Delta

modulator is described in section 3.1.

3.3.4 Necessity of Hex inverting buffer

Ihe ON/OFF time of the switch of the SMPS depends on the
ON/OFF pulse width of the output of the DM. The design is made
for a &5 V dc output at the load. Practically it is'seen that -
the ON pulse width of the DM is wider than the OFF time which
results more than 5 V at the lecad. Thus an Hex inverfing
buffer is uéed to invert the pulse of the DM output. Finally
these pulses are fed to the gate of the MOSFET which acts as

the switch of the SMPS.
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3.4 Filter design : veoltage ripple. [26]

The output of the switéh is a train of -pulses- which 1is
filtered by inductor and capacitor. The small switching ripple
AV of the converter {less than 1%) directly translates into
idealized rectangular voltage waveform and.triangular current

waveform on the inductor.

Let us assume that the average inductor current I flows into
the load resistance R to generate the dc voltage V = IR, while
the inductor current rippie Ai, flows into the output
capacitor to generate the output voltage ripple AV (Fig.-73}.
This is a good approximation for small switchingrripple. The
capacitor.ripple current is triaﬁgular in shape. The storé
charge AQ corresponds to the area under inductor current

ripple.

Hence from Fig.-73(e),

U}

AQ = [1/2 x (DT,/2) x (Ai;/2)] + [1/2 x (D'T,/2) x (Ai;/2)]

1/2 x [(DT, x Ai;)/4) + (D'T, x Ai)/4]

I

1/8 x TAi; (D+D’)

1/8 x AiT, (- D+D’ = 1] ...... U 30.
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waveform (e) inductor current waveform

neglecting voltage ripple.
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Again for

Thus from

Now,

the inductor,

V = L(di/dt)
=> di/dt = V/L
Slope = V/L iy 31

the falling slope of inductor current,

Slope = V/L

(8i,/2)/ (D T,/2)

=> V/L = AiL/D' T,
=> Bip = (V/L)D Tgo tvvneennneenneenns 32.
C = Q/V
=> v = Q/C
AV = AQ/C
= 1/8 x Al x T, x 1/C
= 1/8 X V/L x DT, x T, x 1/C
= 1/8 x D'T® x 1/LC x V
= 1/8 x (D'T)/LC x V ..........33.
which 1s the absolute
output voltage ripple.
2 AV/L = 1/8 % (D'TZ)/LC oovvennnnnnnnns 34.

i the expression for

relative voltage ripple.
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Corner frequency can be obtained as,

£, = 1/2n{LC
=> £2 = 1/47°LC
=> 1/LC = 4m?f*"
~ AV/V =

1/8 x D’Tsz4n’fc2

(M3D)/2 x (£,/£0% ....... 35.

Which is the expression
for ripple in terms of

corner frequencies = and

~where T, = 1/f.

This result for Buck convertor can be generalized for others

switching convertors as well.

Small switching ripple =>> natural fregquencies << switching

frequency.

On the basis of small switching ripple requirements the

voltage waveforms of the inductor in many converters have the

typical rectangular shape.
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3.5 Semiconductor implementation of the switching action (1]

A semiconductor implementation of the single pole double throw

swiﬁch is desired for the full electronic control of the

convertor.

Consider Fig.-74, the diode'with a transistor operating in its
cut off and saturation region. When the switch is ON, the
input dc voltage reverse biases the diode and turns it OFF for
the interval PT,. During transistor OFF condition the diode is
forward biased by the .inductor voltage. However, this
semiconductor implementation simulates thé original 1ideal
switch only in a limited fashion. Namely, while the ideal
sﬁitch conducts current in either direction and can block
voltage of either polarity the shown semiconductor version
limits the current flow in one direction only and blocks
voltage of any polarity. This implementation by nature limits
the whole cbnvertor to single quadrant operation (i,e, only
one voltage and one current polarity are available at the

output).
As the switch of the SMPS works at a very high frequency, the

semiconductor diode used is a schotky dicde rather than a

normal diode.
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Fig.-74

Semiconductor implementation of SMPS

circuit.
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3.6 Results:

Fig.-75 and Fig.-76 deécribe the output voltage waveform of
the SMPS without feed back for various inductor and capacitor
values. In the complete SMPS, the feed back voltage is
compared with a reference voltage'and the comparator output is
used as a input voltage of.the VCO. Considering the safety of
the circuit, instead of the feed back voltage, another voltage
from a different dc source is applied to the input of the VCO
and by changing this voltage within the range (2/3 VNPNY + 2V)

< V <V

skeep swﬂy) it is observed that constant output 5V is

obtained. Fig.-75{(a) shows the output voltage without any
filter. By using only inductive filter (L=0.125 mh) theroutput
is shown in Fig.-75(b). Fig.-76(a) describes when the filter
_ have both inductor (L=0.125 mh) and capacitor (C=22pf).
Keeping the same inductor value the output ﬁaveform improves
(tends to be more dc) when the capacitor value is increased

from 22 pF to 3300 uF which is shown is Fig.-76(b).
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Fig.-75 : QOutput of the SMPS without feedback
{(a) without any filter

(b) Inductive filter only.
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Fig.-76

)

OQutput of the SMPS without feedback

{a) Capacitor (22uF) and inductor

(0.125mh) filter.

(b) Increased capacitor value (3300 upF)

and same inductor value.
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Qutput of the éomplete SMPS circuit with feed back is shown in
Fig.-77 for wvarying input from 35V A.C. to 50V A.C. Upper
waveform indicates switching wave and the lower indicates_

output wave,
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Fig.-77

.

20.0
4013

Output of the SMPS with feedback :

input (a} increased from 40 to 50 volt
A.C. (b) decreased from 50 to 35 volt
A.C. and {c) increased from 35 to 40 volt

A.C.
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Chapter - 4

Conclusions

DC to DC converters with isolation transformers can have
multiple outputs of various magnitudes énd polarities. The
regulated power supply of this type has wide 3pplications,
particularly in computer systems,'where'a iow voltage high
current power supply with low output ripple and fast transient
response are mandatory. Switch mode power supplies haye éome
ih to wide spread usa.in the last decade. An essential feature
of 'efficient electronic power processing 1is the use of
semiconductors in a powefiswitching mode (td achieve low
losses) to c&ntrol the transfer 6f energy from source to load
through the use of pulse width modulated techniques. Inductive
and capacitive energy storage elements are used to smooth the
flow of énergy while keeping losses to a low level. As the
frequency of Switching increases, the size of the magnetic and
capacitive elements decreases in‘a direct proportion. Because
of their superior performance {i.e. high efficiency, small
size and weight and relatively low cost), they arerreplacing
.conventional linear (dissipative as they opérate in-linear or
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conduction mode) power supplies even at very low power levels.

The switching techniques of switch mode power supplies are of
many types. Recently delta modulation has been successfully
used for controlling inverters and rectifiers. This thesis has
rbeen an effort to investigate the possibility of using delta
modulated switching in switch mode dc-dc power supplies. With
this iﬂ mind extensive theoretical and practical work_has been
done to implement DM switching for a BUCK type switch mode
power supply. The work included a review of SMPS and analysis
of DM technique to 1investigate the possible way of
implementing the technique in pracfice. It has been observed
that output of delta modulated éwitching converter can be
controlled in four ways. These are’
1) By controlling the frequency of reference signal of
the modulator
2) By variation of slope of the estimated wave of the
modulator
3) By variation of window width of the modulator and

4) By variation of magnitude of reference signal.

These observations were made from the spectral analysis of the
modulated wave of the simulated converter waveforms. Of the
-four parameters mentioned, the slope and window variation are
significant in changing the output pulse numberé and harmonic

contents rather than changing output dc¢ voltage widely. The
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frequency control of the iﬁput reference signal was quite
dominant in changing the magnitude of the output dé voltage,
With these observations, it was decided to place a delta
modulator in the SMPS BUCK topology to maintain constant dc

for 25 percent load and input voltage variations.

A practical modulator was designed and incorporated into a
BUCK type SMPS {also designed and fabricated during this
thesis work) to verify the simulated results. Results of
practical modulator output wéveforms, SMPS, filter and
modulator as voltage regulator and high frequency switcher was
observed. However, the result was not comprehensive and
conclusive. It has been proved that delta modulator can be
easily used as switch mode power supplies switching converter.
It remains  to be investigated by future researcher to

highlight the merits and demerits of dm as SMPS controller.

Conventional approach has been made to design the SMPS and its
filfer and controller. But it has been felt that modern
modelling, analysis and design of these should be undertaﬁen.
Future research may include modern modelling and solution
techniques together with more appropriate circuit components
to implement and justify the. merits and demerits of delta
modulated switch mode power supply. Initially it was observed
that delta modulators are simple and easy to implement. The

circuit diagrams presented in this thesis may appear to
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contradict this when compared to present state of the art
commercial SMPS. However, it should be noted that commerciai
SMPS use almost custoﬁ made integiated circuits to fabricate
the SMPS and hence their circuits may look favorable than what
is presented in this thesis. It can be claimed that DM SMPS
controllers if fab;icated in one single chip will also look

simple in configuration.

One important point can be mentioned at this point is that
design and construction of switch mode power supply 1s a
combination of theory and practice. In the design construction
phase practical results such as filter and loop frequency
responses are of paramount importance. This research shows
that desigh proeedures without experimentation would fail at
some point. Several éspects of switching regulators were not
incorporated or implemented during this thesis work. One of
these are the.pfotection component of the fegulator and the
other 1is a reliability and redundancy study of the power
supply. In future similar works such implementation and study

should be undertaken to complete the analysis -design point.
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PROGRAM IN MATLAB LANGUAGE FOR CALCULATING SWTCHING
POINTS AND SIMULATING WAVEFORMS AND FOURIER TRANSFORMS

tm—l./fm,
© t=0:tm/511:tm;
wm=2.*pi*fm; '
w=ga(t,0,tm/2.) - ga(t tm/2. tm);
Np=512;
11=500;
t1(1)=0.0;
for i=2:11;
- 1=1;
anum=2. *dv; '
den{i) = s+{{-1.)"(i- 1)*vm*wm*cos( wmxt1l(i-1)));
t1{i)=t1(i- 1)+anum/den(1),
if(t1l(i) >= pi/wm)
t1(i)Y=pi/wm;
break
end
end ,
wsuml=0.0;
for i=1:1/2;
wl=ga(t,t1(2*i-1),t1(2*i));
w2=ga{t,t1(2*i-1)+tm/2,t1(2*1)+tm/2);
ww=Wwl+w2; .
wsuml=wsuml+ww;
end
clear wil;
clear w2;
. clear ww;
- inpwm=w. *wsuml;
SMpS=w. *inpwm;
zsuml=0.0;
for i=1:1-1;
-I pml=(- 1)“(1+1) ga(t,tl(1i), t1(1+1))
X pm2=-(-1)7(i+1l)*ga(t, t1(1)+tm/2 t1(1+1)+tm/2),
pm = pml+pm2;
) . zsuml=zsuml+pm;
4t end
pwm=zsuml;
clear pml;
clear pm2;
clear pm;
clear zsuml;
g2=(dv+vm*sin(wm*t1(2)))/t1(2};
gsuml=q2*t.*ga(t,t1(1),t1(2));




for i=2:1-1;
g=s*(t-ti(i));
y=((-1)“(i+l)*q+(—1)“i*dv+vm*sin(wm*t1(i))).*ga(t,tl(i),tl(i+l));
gsumi=gsumi+y;
end
clear g2;
clear q;
clear y;
q3= (dv+vm*51n( wm*t1(2})))/t1(2
qsum2 g3*{t-tm/2.}.*ga(t, (t1(
for i=2:1-1;
qg=s*(t- (tl(1)+tm/2 V)
yl=({(-1)"(i+1)*qq+(-1)" 1*dv+vm*51n(wm*(t1(1)))),.
y2=ga({t,(ti{(i)}+tm/2.),{t1(i+1)+tm/2.))
Yyy=yvl.*y2;
gsumZ=gsumz2+yy;
end
gsum=gsuml-gsum2;
clear qg;
clear vl1;
clear Y2,
clear Yy;
clear gsuml;
clear gsuml;
axis([0 tm -2 21)
subplot(222),plot{t,smps,’'-")
xlabel('Time in Sec.')
ylabel({ 'Magnitude in p.u.')
subplot(223),plot(t,pwm,'-"'
xlabel('Time in Sec.')
ylabel('Magnitude in p.u.')
fs=(Np-1)/tm;
=(fs/Np)*(0:(Np/2)-1);
y=fft(smps,Np});
- pyYy=(y.*conj(y))/(Np/2};
spec=sqrt(pyy/(Np/2));
spec(l)=spec(1)}/2.;
axis([0 45000 0 1.25])
subplot(224),plot(f,spec(1l:Np/2));
xlabel('Frequecy in Hz.'},ylabel('Magnitude in p.u.')
axis{[0 tm -15.151)
yl=vm*sin{wm*t);
yZ2=+dv+vm*sin{wm*t ) ;
y3=-dv+vm*sin(wm*t}; ’
SprlOt(221),plot(t,yl,'—',t,YZ,'—',t,y3,'—',t,qsum,'—');
xlabel('Time in Sec.'), ylabel{'Magnitude in p.u.'};

);
y+tm/2.),{t1l(2)+tm/2.)});

)
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