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ABSTRACT

Switching mode converters are basically nonlinear time
varying discrete time systems. For analysing such systems
either nonlinear discrete time or small scale linearization
techniques are used. This work is concerned with modelling
and analysis of the audiosusceptibility performance of a

switching mode converter using DIDF technique.

A general method for modelling power stages of any
switching mode d.c. to d.c. converter has been developed
through the State-Space approach. The fundamental step is
in replacement of the state space description of the two
switched network by their average over the single switching

period T, which results in @ single continuous state space

description. From state space description a canonical circuit
model is developed which gives various performance charac-

teristics of different switching converters directly.

Using this technique, a small signal average model of
switching mode regulator is derived to investigate the complex
interaction among input filter, output filter and control loop.
Performance indices of a switching regulator have been formulated,
and a comparison has been made for a series switching regulator
using different input filter configurations. Basic constraints

for optimal two stage input filter configuration have been

discussed.
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LIST OF SYMBOLS USED

T: T : Time period

Ton »Time when switch is ON

TOFF :+ Time when switch is OFF

d : uty cycle

Zs s+ output Impedénce of Input filter

Zi : Input Impedence of switching regulator
H + Forward transfer function of Input f£ilter
M :+ Transformation ratio of dec. to d.c. transfommer
W, :+ Filter cut-off frequency

F : switching frequency

Fe : Duty cycle power stage gain

Fp :+ Power stage transfer function

FI‘ : Transfer function of Error Processor

FM ¢« Transfer function of P

GT(S) : Open loop gain of switching regulator
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X : Attemuation of nput filter

BF : Resonant peasking of H

B :

Resonant peszking of zs
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1.1

INTRODUCTION

Most of the practical systems are non-linear in nature.
For a nonlinear system superposition principle is no longer
valid. 1In such systems there is no possibility of genera-
lized form of response, as the regponse of such systems
depends upon the magnitude and type of the input. In other
words a non-linear system behaves completely differently for
different type of inputs, This constitutes a fundamental

and important difficulty in studying nonlinear systems,

In spite of the analytic difficulties, we have no
choice but to attempt to deal in some way with nonlinear
systems, because of the importance of such systems. No
single.method can be used for agll types of nonlinear systems.
The existing methods for analysing nonlinear systems are des-

cribed in (9), these can be classified as under:

1. prototype test
The most certain means of studying a system is to

build one and test it. The greatest advantage of this

is that it avoids the necegsity of choosing a mathematical

model. The disadvantages are the time required to construct

a series of trial systems, the cost involved etc,

2. Closed Form solution .

.

There are a number of nonlinear differential equationsg,
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mostly of second order, for which exact solutions have
peen found or for which cCertain properties of the
solutions have been tabulated., But this is applicable

only for certain special cases.

Phase plane Solution 3

The dynamic properties of a system can be described

in texms of the differential equations of state, and
an attempt made t o solve for the trajectories of the

system in the state space.

Lyapunov'!s Direct Method s

One of the most important properties of a system,
stability, can in principle,: be evaluated without cal-

culating the detallged responses of the systam,

Seri=zs Bxpansion Solution s

A whole family of techniques exists whikeh develop
the solutions of nonlinear differential equations or
express the dynamic properties of non-linear systems

in expansion of various forms,

Linearizatidn : _ g

The problem of studying a nonlinear system can be
avoided altogether by simply replacing each nonlinear

operation by an approximating linear operation and



studying the resulting linear system.

7. Computer Simulation :

In the cases where manual analysis of nonlinear
characteristic becomes impractical, modern comnputer is
the only alternativé. Smnall signal operation of semiconductor
devices can be represented by linear circuit model which
may be analysed through the use of well documented

computational techniques.

For design and analysis of a system with multiple
nonlinearities, it is separated into functional blocks, with
each block containing one nonlinearity. The block is then
linearized, and all linear blocks are then used jointly to

arrive at an initial system design and analysis,

A switching regulator contains two major non-
linearities, The first resides in the power stage, and is
due to the on-off operation of the power switch and the
different circuit topologies attendant to the respective time
intervals. The second exists in the digital signal processor
acconplishing the analog to discrete time duty cycle conversion,
But before going in detail of modelling and analysis of
switfhing mode converters and the problem arises therein we
will briefly discues in the next section the conventional
power supplies and the advantages of switching mode converters

over con¥entional linear power supplies.



1.2

Linear Power Supply & Switching Mode Converters :

A power cupply equipment is defined as 3

"An item of equipment that accepts power from
batteries or from the maims, and converts or
modifies it for use in a particular part of
equipment,"
When a load requires precision control of both
voltages and current and when an outside ac or dec source
of energy is used, a system must incorporate a power supply using

a regulator, Basically there are two types of regulators -

dissipative and non-dissipative.

The dissipative regulator absorbs the difference
between input voltage at the source and the regulated voltage
at the load. A non-dissipative regulator stores excess power
in an LC filter and delivers the power to the load in
measured intervals, Non-dissipative regulators use switching
devices to control output power. During the time switch is ON,
power is stored in an energy storade network (the LC filter)
and is delivered to the load as required. Ideally, the
switching approach exhfbits non power dissipation. The

block diagram of linear power supply is shown in fig. 1.1,

Switched mode power Supply s

The term 'Switched Mode Power Supply® comvers a
number of modern techniques and circuits for the conversion
of a given dc voltage and current., to one or more other dc

voltages and/or currents, In other words, Switched mode
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power supplies are all d.c, to d.c. converters. The

quali fication “switched mode" indicates that the input
voltage to the'power supply is switched on and off, normally
at a rate above the audible range, Thus switched moder
power supply is a modern solid state version of the

electranechanical vibrator,.

The schematic diagram of switched mode power supply
is shown in fig,., 1,2, Main a.c. inpuﬁ of 50 Hz is rectified
énd smoothed by input réctifier and filter, the output of which
is unregulated d.c. voltage. This d.c, voltége 1s chopped at
high frecuency by a transistor and output is fed to a trans-
former., The output of power étagé gives high frequency pulses
of 20 KHz. These are rectified and filtered by ocutput
rectifier ard filter to give required d,c, output, Output is
sensed by the control circuit and a correction Signal is
produced which is used to vary the ON/OFF ratio usually called

‘Duty -Cycle' which results regulated d.c. voltage at output.

Non-dissipative components are the basis for switch mode
regulation., The inductor and capacitor of switched mode
regulator exhibits little d.c. resistance, hence dissipate
little d.c. power. The switch, a transtor,either fully off or

saturated dissipates much less power,



Advantages of Switching Mode Regulators :

(i) Power Dissipation :
Linear dissipative series or shunt regulator
dissipates large amount of power at high load currents,

especially when input-output di fference is large,

Since the power transistor switch is always either cut.
off or saturated (except for a very brief transition between these
two states) and load current flows.through low resistance
elements, the switch, the inductor, capacitor and the 'ON°

diode, the d.c, dissipation is therefore less,

Xii) Size and Weight :

‘The sigze and weight of a power supply rated for
any given output power are determined chiefly by the switching
frequency, the internal power dissipation and the size of the
heat exchanges. Other factors are the magnetic components -
trans formers, inductors and capacitors. The size of the
magnetics included in the powef supply is inversely
proportional to the switching frequency of the regulator.

For example, a typical 50 Hz transformer that can handle one
kilowatt of power has volume of 160 cubic inches and weight
about 10 Kg. A 20 KHz transformer, on the other hand would be
about 40 cubic inches and weight just one Kg. Thus with high

switching frequency there is a considerable reduction in



trans former size and weight and some reduction in the size

of the smoothing components,

(iii) Efficiency

Since power dissipation in switching regulator is
less, it maintains high efficiency over wide range in 1oad
current., Moreover, with the reduction of size, the power loss
to maintain the same temperature rise in-the regulator box is
also reduced, as cooling is proportional to surface area., This
again results increase in efficiency. In general switching

’

regulators are twice as efficient as linear supplies. The

typical efficiency figures for linear power supplies are 30%

to 40%, whereas, for switching mode regulator it is 60% to 90%.

Since efficiency of switching regulator is twice
that of linear power supplies, therefore, input current
amplitude will be half as high in case of switching regulator,
which in turn, reduces the amplitude of the input current

Spectrym,

In addition to saving in weight, volume , power and
cost, the switching power supplies offer further advantages
because of its versatility., It is simple matter of cha ging
one connection to enable a supply to operate with either 110 volt

or 220 veclts a.cC.

Furthemmore, in case of a.c. input,since smoothing is



done at 250V instead of at the low voltage, it allows
further saving in capacitor size and cost. Because energy

. 2 . o .
stored is proportional to c¢v , while the capacitor volume is

proportion to cv,

Disadvantages

1. The primary power source delivers current to the
switching regulator in pulses which for efficiency
reasons, have short rise and fall times., In
these applications where a significant series
impedance appears between the supply and regulator,
the rapid changes in current can generate considerable
noise, This problem can be reduced by reducing
the series impedance, increagsing the switching
time, or by filtering the input to the regulator.

2 Response time to rapid changes in load current. The

switching regulator will reach a new eguilibrium
only when the average inductor current reaches it
new sSteady state value, In order to make this time
short, it is advantageous to use low inductor

values,



1.3 General Circuits for Power Supply Regulators -

There are several designs for power supply circuitory.

The common names for the six most widely used circuits are -

1. ) Buck regulator

2. Boest regulator

3. Buck -Boest regulator

4, Full bridge regulator converter
5. Half bridge regulator converter

6. Push-Pull regulator converter,

Here we will discuss only the first three circuits which

are most couunon,

Tivy = i m :‘-,;..‘.j;-:'m;.'f...._‘... l. A5
Bilick Regulator

The circuit for this type of regulator is shown in fig,
fig. 1.3(a). The control circuit causes transistor switch Q1
to switch ON and OFF at a predetermined frequency £, During the
time that Q1 is ON, Ton' the input‘voltage, E;, 1s applied to
the input of IC filter, causing current il to inCcrease, When
Ql is OFF, the energy stored in the inductor L maintains

current flow to the load, circulating through "“catch" diode

Dl' The input of the LC filter is now at zero volts, il dec-
reases to its original value and the cycle repeats.

The output voltage Eg, will equal the time avefage of

the voltage at the input of the LC filter :



10

Where 't::]-/f ..0'.0.......‘C’.O.......I.‘..'.O.(1‘])

The control ckt, senses and regulates Eo by
controlling the duty<ycle , d = Ton/t . If E, increases, the
in
control circuit will cause a corresponding reduction in the

duty cycle as to maintain a constant EO

E = B ceocecasl(le2)

The output voltage is controllable from zero volts to

B The voltage stress on the series switching transtor is

in®

equal to E plus t he forward drop of the commubating diode.
in

Average current through the transistor switch is equal to

the load current, Current limiting is achieved by

cort rolliing the switch duty <ycle. The Buck Regulator is

very efficient for simple stepdown regulation.

Boost Regulator :

It is similar to Buck regulator except chat the
circuit is designed to provide an output voltage that is
higher than the input voltage. This circuit is shown in

fig. 1.3(b).
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[he Boost regulator has drawbacks in sane applications.
It has no inherent capability to limit current and the output
voltaye canuot be reduced to zero. It has a minimum value equal

to the input voltage.

Buck-Boost Regulator

The circuit for Buck-Boost regulator is shown in fig, 1,3(c)
It provides both regulation and isolation, if we use transformer
for L, Multiple dutputs are possible with just the single
device. Output voltage can be either.higher or lower than the

input voltage.

This circuit has two characteristics, First, the use
of a transformer in the circuit creates a problem of leakage
inductance., Secondly, this type of regulator generates high
output dynamic impedance and may Jgenerate high output ripple. A
series regulator at the output may be used to reduce ipedance
and ripple., This approach, of course, somewhat complicated and

sacrifices sowe efficiency,
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Per formance Indices¢Switching Regulators :

Input Reflected Ripple :

A dc/dc converter term which describes the voltage spike
resulting fron switching generated transient currents as measured

at the d.c. input source,

Line Regulation s

Change in DC output voltage due to variation of input
voltage with all other factors held comstant, expressed as a
% of the nominal d.c. output voltage. Also called source

voltage effecCta,

Load Regulation s

| Change in d,c. output voltage, due to variation of
external load current with all other factors held constant :
expressed as a % of the nominal d.c, output voltage, Usually
the external current is varied from zéro to rated maximum,

also called load effect,

Overall Regulation

The peracent of output voltage change resulting from
a specified change of input voltage , output load, temperature
or time, The resulting specifications are line regulation,

load regulation, temperature coefficient and stability,
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Ripple :

The periodic AC noise component present at the power
source d,c, output, Unless specified separately this
specification may include random voltage nofse, It is

usually expressed as peak, peak to peak or RMS,

Ripole and Noise (PARD) :

AC components present in the power source d.c,
output that are measured within a 10 Hz to 20 MHz bandwith,
Expressed as peak, peak-to-peak, or RMS, the specification

is also termmed Periodic a&nd Random Leviations.

Organization of the Thesis

In cnapter 1I, apart from state space modelling and
averaging technique, a third method for modslling switching-
converter power stagds i1s discussed, whose starting point
is the unified state space representation of the switched
networks and whose end result is a domplete state space
description and its equivalent small signal low frequency

linear circuit model,

A canonical circuit model is discussed whose fixed
topology contains all the essential input-output and control
properties of any d.c. to dc¢ switching converter by which

di fferent converters can be Charactorized in t he fomm of a
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table conveniently stored in a computer data bank to

provide a useful tool for computer aided design and optimization,

Chapter III deals with the necessity of input filter for

switcﬁing requlators, i1ts advantages-disadvantages, and effect

on performance of switching regulator are discussed. The
interaction between the input filter and the control loop

of switching regulators often results in loop instability,
transient response and audio-signal -rejection rate etc., A

small signal average model is derived to investigate these
effects, Design consfraints of an input filter and

" switching regulators system are formulated,

In chapter IV, a computer program in FORTRAN is
developad to analyse the switching mode converter and
the eficct of input filter on its performance, Different
cypes of input filter were taken to £ind out the optimum

design., Their comparative performance is plotted on graphs.

In last chapter, the conclusion of this work is
made and scope for further work is suggested, The state
space matrices for Buck type switching regulator are given in
Appendix A. Appendix B gives the fundamental approximation
in the state space averaging approach . In Appendix C, Dither
method is discussed to obtaln pulsewlidth modulator signal

and its describing function.
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CHAPTER ~II

MODELLING OF SWITCHING MODE CQONVERTER

2.1(a) Introduction

2,1,1 Small Scale Linearization method :
State Space, Averaging, State Space
averaging techniques, Assumptions and
Limitations, '

2.1.2 Nonlinear discrete time model.
2.1(b} State Space Representation
2.2 Averaging Technique

243 State Space Averaging

2.3.1 Basic State Space model

2.3.2 Linearization and Final State Space Averaged
Model,

2.3.3 Circuit Realization /
2.3.4 Canonical Circuit Model.

2.% Modelling of Modulatqr
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2.1 INTRODUCTION :

The switched mode dc-dc converter dan be characterized
by the three basic functional blocks : power stage, analog
signal processor and digital signal pressor or duty -cycle

controller, as shown in fig. 2.1.1.

The power stage process the power from input to output.

The analog signal processor togetherwith the digital signal
processor regulates the power flow from input to output. The
output of the power stage is processed_by the analog signal proces
sor for error anplification and compensation. The output

from thez analog signal processor is converted into a discrete
time-interval by a digital signal processor, which provides

tiw duty <<ycle control of the power switch in the powe r stage.
Such converters can be characterized as nonlinear time varving
system and have presented considerable difficulties in
modelling and analysis. We cahl these systems as time varying
since duty cycle 'd' is a function of time and varies
considersbly in case of large scale or transient perfommance,
Thus during turn on interval the duty cycle increases
gradually as shown in fig. 2.1.2. Similarly during the
transient period duty cycle d( the ratio of TON/TbFF) varies
with time before it reaches to its steady state value in about

1 sec, This is necessary (i) to avoid undesircd over shoot
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in output response (ii) to avoid saturation ofrnagnetié
components (iii) to prevent over-voltage tripping., Partially
due to the nonlinear discrete naturs of such system and
partially due to the rapidly evolving new circuit technology,
modelling and analysis of power processing systems has been

constantly lagging behind the circuit development,

The di fferent modelling techniques can be broadly
classified into two categories : (1) small -scale linearization

technique (1)}, (2} and (2) non-linear discrete time model

(33 (4.

Snall -scale Linearization Method :

In this technigque the model of the converter is
linzarized about its operating point with the following

assumptions s

(a) Duty cycle d is constant and only small perturbations

ar: allowed,

( bX Inductor current is in continuous ¢ onduction mode,
(c) . There' are only small changes in input voltage or load.
(&) The performance is evaluated over single repetition

period 'T' by averaging over two switched intervals

The technigques in this category are averaging
technique, state space modelling and state space averaging

technique,
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(1) State Space Modelling @

This approach remains strictly in the damain of
equation manipulations and hence relies heavily on numerical
methods and camputerized implementations. Its primary
advantage is in the unified description of all power stages
regardless of the type (Buck, Boost, Buck-Boost or any other
variation) through utilization of the exact state space

equations of the two switched models,

(2} Averaging Technique :

This technique is based on equivalent circuit
manipulations, msulting in a single equivalent linear circuit
model of the power stage. This has the distinct advantage
of providing the circuit designer with physical insight into the

behaviour of the original switched circuit.

(3) State Space Averaging Technique 3

This method bridges the gap between the state space
technique and the averaging technique of modelling power stages.
This model offers the advantages of both the previous methods,
the general unified treatment of the state space approach, as

well as an equivalent linear circuit model as its final result.

As per the assumptions, the above teclniques are valid
only when the inductor current is in a cont inuous conduction
mode (explained in the next paragraph) and can not beAapplied

for discontinuous conduction mode.,
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In each cycle of the converter operation, two power
stage topologies can be defined. On= is for the ON time
interval when the power switch is "ON" and the c8mmutating
diode is "DOFF" and the other is for the offi time interval
when the power switch is OFF and the diode is ON. These
two power stage circuit topologies for Buck type dc-dc switched

converter are shown in fig. 2.1.3 (a) & (b} respectively.

As we know if L is equal to or greater than the
critical inductance, the current throughthe inductor L is
always greater than zero as shown in fig. 2.1.3(ch. From

this figure it is clear that in this case the period of each

switching cycle can be clearly divided into two time intervalse
Ton (switch is ON and diode is O#fF) and TOFF(SWitCh is OFF
and diode is ON)}, This mode is called continuous conduction

mode and the state space averaging technique is limited to this

mode only.

But if L, is less than the c¢ritigal inductance, a
third state exists when inductor current Dbecomes zero.
During this time interval, both the power switchand the
diode are in the “OFF" state. The circuit topology for this
timme interval consists of only the filter capacitor and the

Yoad as shown in fig. 2.1.4(a).
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The inductor current for this case is shown in Fig.
2.1.4(b). In this case the current through the inductor
reduces to zero and resides at zero for a time interval Toff2'
This is called non-continuous conduction mode., To analyse such

sy stems we have to go for non-linear discrete time model.

The linearized models as explained above are limited
only to analyzing the small signal steady state operation when
the duty cycle signal can be regarded as a .constant, However
in most applications, the converter is fregyuently subjected to la:
signal step line/load transients, subsequently varying the duty
cycle ratio to maintain input-output regulation, Due to the
time varying and switching nature of the system, it is
impossible to deduce the lardge signal performances from
the above small signal linear models, Therefore to study such

systems we have to go for non -linear discrete time model.

Non-linear discrete time model

The limitations of small sScale linearization method
can be overcome by this nonlinear discrete time model.

This method is suitable for

(a) Generalized converters

(b) Large-scale performance

(c) Transient response

(Q) Small scale linearization can also be done,
(e) Non -continuous conduction mode,

(D Stability can also be predicted.
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() Large frequency range.

(h) Audio-susceptibility can be predicted,

This method is discussed in (3} & {4)] in detail. In
this technique, system is characterized by three piece-wise
linea r state space equations. The third equation represents th
behaviour of the system when inductor current is zero. A non -
linear recurrent time domain equation is derived that
characterizgs the converter behaviour exactly. The approach
discussed in (4) is generalized to include all types of power
stages, all types of duty cycle, controllers with single or
multiple feedback loops and both cont.inuous and discontinuouas
inductor current operations., Here we will discuss small -sScale

linearization methods in detail.

State Space Representation

Voltage across t he capacitor and current through the
inductor are selected as t he state varialles X of the system.
But state variables can bé choosen differently depending upon
individual problem, In general X is an n x 1 column vector,
Tne system representation for continuous conduction mode is

= 2.1.1
e Alx + byu duriing Ton ( )

x = A X *+ b.u during T (2.1.2)

2 2 OrF

The column vector ¥V is an (m x 1) input vector,

€ontaining the input voltage Ein’ the reference Eref’ the
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saturation voltage drop across the power transistor and the for-
ward voltage drop across the diode etc., The n X n matrices A, and
A, and the n x m matrices by & by are constant matrices representec
by the variocus circuit parameters. These matrices for Buck type
stage are shown in the Appendix A.

The converts, which are basically nonlinear switching circui-
are accurately described by the different equations represerted by
(241) & (242). The solution of the linear differential equations

can be expressed by the following state transition eguation

x(t+T) - <pi(T)x(t) + D (Tu eee (2.1.3)
where L
@i(r = HiT ; i=1,2
A.'I' Iea) ~ . 000(2-104)
pi(m= et [JY e 5 as]mi 5 oi=1,2 3
O

1

@i(T) and Di(Tl) for any given L can be computed either analyticall
or* numerically. If they are conputed numerically, the following

Tay lor series expansion 1s used :

P 7Y 2 namy 3
et = I + a5l + (AiD) 7 (84D

2. 3.

i P fj_:l;z o-¢(20105

2.2. AVERAGING TECHNIQUE )
This technique is based on Equivalent Circuit manipulation

and is discussed in (1). Here non-linear circuits are converted

into single equivalent linear circuit by averaging the forcing

functions, Here we will develop these equivalent linear circuits

for the three bhasic power stages, Buck, Boost and Buck-Boost.

First we will take Boost power stage circuit, The general

circuit and equivalent circuit of this power stage are shown in

Fig.2.2.1(a) and (b)respectively. Duty cycle d(t) is defined as :

a(t) =

1 Switch closed
{ 00.(2‘2-1)

0 Switch open
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Since thn state variables response times are always
much grzater than the nominal switching period T, therefore
the forcing functions (sources) may be averaged over a time
interval T in the following manner :

t
«a@> () = 1 [ ax)yax cee{(2.22)
t-T

With this apoproximation, the time averaged model of

-

the Boost power stage is drawn in Fig. 2.2.1(c). In these .-
circuits circles are uscd to denote independent sources,
whereas squares are used for dependent generators,
Similarly averaged models of Buck power Stage and Buck Boost
power staye are developed in Fig. (2.2.2) and Fig. (2.2.3)
respeciively. Since generator gains of Buck power stage
averaged model are unity, this wss further simplified to a

linear circuit shown in Fig. 2.2,2(c).

Analysis of lesononse to Source variations :

Now we will assume t.at the average duty ratio is
constam &t and we take D as numerically ecqual to the dc average

of d(t) i.e.
<dy (t) = B eee (2.23)

then we substitute this assumption in average model
of Buck power stage of Fig. 2.2.2(c) we get equivalent
linear circuit shown in Fig. 2.2.4(a). This relates
unspecifiad source variations to the corresponding output

variations for <the Buck power stage ,
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Similarly for Boost and Buck-Boost power Stages we define

a complementary duty ratio D' as
D' =1 ~-D eee (2.2.4)

The Averaged Boost and Buck-Boost Power Stage models after
substitution of Ed, (2.2.4) are shown in Fig, 2.2.5(a) and
2.2.6(a) respectively. To eliminate depehdent generators,
constant generator gains must e unity. For this we divide
voltage sources and impedance values by D', so that the current
<i> will remain unchanged, Similarly to maintain <«v> unchanged,
we divide current generator gain by D' and multiply impedances
by D'*. The circuits, after normalizing the cons tant generator
gains to unity, of Boost and Buck-Boost models are shown in
Fig. 2.2.5(b} and Fig. 2.2.6(Db). These circuits are further
simplified to Fig. 2.2.5(c) and Fig. 2.2.6(c) . The averaged
circuits in Pig. 2.2.4(a), 2.2.5(c) and 2,2.6(c) are equivalent
linear circuits for Buck, Boost and Buck-Boost power stages
respectively for source variations and constant control. These
circuits are useful for analysis of either transient or fre-

quency responses caused by variations in the source veltage.

Analysis of Response to Control Variationss

We will now consider the situation when the averaged

source voltage is constant
i.e. <vg (t) = Vg eee(2.2.5)

and the averaged duty ratio <d»> is fluctuating with time. Using

this substitution in Average model of Buck power stage of
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Fig. 2.2.2(c), we get equivalent linear circuit shown in Fig,
2.2,4(b) . But when this substitution of Eg. (2.2.5, is applied
in Averaged models of éoost Pig. 2.2.1(c) and Buck-—Boost Fig,
2.2.3(c), these models are nonlinear for variations of the duty

ratio and therefore a different approach is required.
For this approach we consider the control perturbation

i.e. <d> (t) = D+ d(t) e.e(2.2.6)

where d is a time varying perturbation of the duty ratio D.

It

<1-d> (t) 1 - [(D+ &t)]

il

1 -D - d(t)
= D'-4(t) cee(2.2.7)
The effect on state variables due to control pertur-

bation may be expressed as :

¢vy (t) = V + v(t) ve.(2.2.8)

¢i> (£)y =1 + I(t) | eeel242.9)

When the above perturbations are substituted in
FPig. 2.2.1(c), the equivalent circuit of the averaged boost
power stage becomes as shown in Fig. 2.2.7(a). To find ¥
in terms of 4 we split this circuit Fig. 2.2.7(a) into
unperturbed values (steady state eqguivalent circuit) Fig.2.2.°
and perturbed values as in Fig. 2.2.7(c). This circuit can
be linearized by neglecting second order terms éG and éi as
in Fig. 2.2.8(a). After separating dependent and indepen-

dent generators, this circuit becomes as in Fig. 2.2.8(Db) .
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This circuit can further be simplified by normalizing the gains
to unity as in Fig. 2.2.8(c). Fig. 2.2.8(d) shows the final
equivalent circuit for variation for Boost power stage model

when the averaged source voltage is constant.

The steady state equivalent circuit of Fig. 2.2.7(b) is
simplified in Fig. 2.2.9. The relationship between d and ¥
can not be obtained from Fig. 2.2.8(c) directly, Jdue to the
presence of two generators, But since this circuit is linear,
Laplace transforms can be manipulated using Thevenin and Nortons

equivalents to combine the generators into the single source as

shown in Fig. 2.2.10.

Fig. 2.2.9(b) and Fig. 2.2.10 show the equivalent circuits
of the averaged boost power stage model for small control varia-
tions and constant source for steady state and linearized for

variations respectively.

Same procedure is applied for Buck-Boost power stage.
When the perturbation from Egn. (2.2.6) to (2.2.9) are subs-
tituted in Pig. 2.2.3(c), the Buck-Boést power stage model
becomes as shown in Fig. 2.2.11. This circuit may be simpli;
fied as in the case of Boost power stage. The steady state
eduivalent circuit and its reduction is shéwn in Pig. 2.2.12.
Similarly circuit for variations is shown in Fig. 2,2.13.
Fig. 2. 2.13(d) represents the equivalent linear circuit for
variations for Buck-Boost power stage. As in the case of Boost

power stage, since the circuit is linear, Laplace Transform can
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be obtained usin¢g Thevenin and Norton equivalents to combine
the generators into the single source and final linear circuit

is shown in Fig. 2.2.14.

Since there is no capacitor current or Inductor voltage
in the steady state, the static source to output gain of each
power stage configuration can easily be derived from, the

averaged power stage models with static conditions

il

<vg> (t) Vg

D

Il

<d> (t)

From Averaged Buck Power stage model of Fig., 2.2.2(c),

with above conditions

V. _ _R_
DVS R+Rl
\ R
r = eeel(2e2.1
° VS R + Rl ( 0)

For steady state Bdost Power stage model of Fig. 2.2.9

v N D'R
'}5 VS DlR + -5%-
D*'v (D') 2R
or v =
s (D*) “R+R;
v_ o DR veu(2.2.11)
or VS = (D') 2R'h:{l

For steady state Buck-Boost power stage model of Fig. 2.2.12(c)
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.._._._y____._ = B'R
'EIT}— VS D'R + Rl
Dt
oxr
Vv __ _ _DD'R ce. 12.2.12)
Vs (D') 4R+ Ry

Thus the Averaging technique characterizes the low fre-
guency response of switched power stage. The above analysis
reveals one interesting thing that when we consider averaged
control duty cycle <d> fluctuating with time, the averaged Buck
power stage circuits becanes linear-whereas averaged Boost and
Buck-Boost models are nonlinear for which perturbations were

considered.

2.3. STATE.SPACE AVERAGING

The previocus technigues, state space modelling (6) and
Averaging technique (1] have little correlation between each
other, The first approach is in the domain of equation mani-
pulation whereas Ave:aging technique is based on eduivalent

circuit manipulation.

In this section the state-space averaging method is
developed first in general for any dc- to - dc switching
converter, and then demonstrated in detaii for the particular
case of the boost power stage in which parasitic effects (esr of
the capacitor and series resistance of the inductor) are includec
General equations for both steady state (dc) and dynamic perfor-

mance {(ac) are obtained, fran which important transfer functions

are derived and also applied to the special case of the boost

-



29

power stage.

Basic State-Space Avergged Model :

The pbasic dc~ to - dc level conversion function of switching
converters is achieved by repetitive switching between two linear
networks. We assume that the circuit operates in the Qontinuous
conduction mode, therefore, there are only two different ! states®
of the circuit, If we take a boost power stage c¢ircuit shown in
fig. 2.3.1(a), for analysis, the two linear circuit models, when
switch is ON and when switch is OFF can be represented as in Fig.

2.3.1(b) & (c) respectively.

These two states may be represented by the corresponding

set of state-space equations

(i) Interval Td (ii) Interval Td*

X = Ax + byv % = Agx + byvg

g

ee.(2.3,1)
T =
V1= Clx Y= ng

where Td : interval when the switch is (N

T(l-d) = Td*' : interval when the switch is OFF, as shown in fig.
2.3.2.

The objective now is to replace these two state space des-
criptions of the two successive phases of the switching cycle T
by a single state space description which represents approximately
the behaviour of the circuit across the whole period T. For this
we take the average of both dynamic and static equations for the

two switched intervals (2.3.1), in the following manner ;
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No
]

d (Alx + blvg) + d*' (Aoxx + bzvg)

y=doy1+ d‘-yz 000(2.3.2)

(&fﬁ-&c%x

After rearranging (2.3.2) we obtain the basic averaged state

space description over a single period T :

li

> 3 -+ ' t
% (QAl d Az) X + (dbl + d'b,) vy

ce.(2.3.3)

il

y = (ac] + a'chx

In essence, comparison between (2.3.3} and (2.3.1)
shows that the system matrix of the averaged model is obtained
by taking the average of two switched model matrices Al and.Az,
its control is the average of two ©ontrol vectors by and by,
and its output is the average of two ocutputs Y4 and Yo over a

period T.

The justification and the nature of the approximation
in substitution for the two switched models of (2.3.1) by

averaged model (2.3.3) is indicated in Appendix B.

If we now assume that the duty ratio d is constant from

cycle to cycle, namely, d = D (steady state dc duty ratio) we

get :
X = AX + bvg .
T 000(20304)
y = C™x
where A = DA + D'A2
— 000(2.3.5)
b = Dbl + D‘b2

T_ T ) T
C™= DC] + D'Cj
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Since (2.3.4) is a linear system, superposition holds and
it can be perturbed as in Averaging technigue by introduction o
line voltage variations Gg as vg = Vg + Gg , where Vg is the dc
line input voltage, causing a corresponding perturbation in the
state vector x = X + §, where X is the dc value of the state

EA . . . .
vector and X is the superimpdsed ac perturbation, Similarly,

vy = ¥+§, Putting these value in (2.3.4) 3
X = A(X+x) + b(Vg + vg)

~ T a
¥+y= C (X+x)

or 3‘<=Ax+bvg+A§<+bx‘rg
.a0(2c3c6)
¥+y - cx + ¢T3

Separating steady state (dc) part from the dynamic (ac)

part, we get :

(33

Steady state {dc) model

AX + BV =0 ;Y =CX
or X = -A"leg . Y = -CTA"leg e (2.3.7)
dynamic (ac) model :
X =a%+ blg
vy = cTx ...(2.3.8)

From the ac model, the line voltage to state vector

trans fer functions can be easily derived as



s%(s) = aAR(s)} + b ng(s) | ce.(2.3.9)
J(s) = cT8ys)

or &£S%- = (sI~A)"1b :
Vgl e..(2.3.10)

We now will include the duty ratio modulation effect into

the basic averaged model (2.3.3).

Perturbation :

-—

Now suppose the duty ratio changes from cycle to cycle,

that is,

d(t) = D+ d

AL . s
where d is a superimposed (ac) variation.

Put these values in (2.3.3)
= {(Drd)a+ (1_D-'<i)A2}(x+3‘<) + [(Drd) by +(1=D=d) b2](Vg+{\{g)
v+ = {(D+8) cl + (1-D-3)C5 } (x+3)

A pren ) a N N
or X = (DA1+DA X + (DAJ+D'A ) X+(A -A) dX + (Aq-A)) dx

2) .
A

. e ' . _ -~ g >
t (Dby+D bz)vg t (Dbq + D'b2)vg + (bl—bz) dVg+(b1—b2)dvg
A T 'I. -~ |"P T -~ . A
Yt+y = (DCl -+ D'Cz) (X+4x) -+ (Cl - C_)d({X+x)
2
~_ ~ A -~ S A
or  R=AX+DVg + ARtV + ka;-anx +(b_ ~bo) Vgl ot (A -25) Rt (by-b) ¥y

dc.term line va- duty ratio nonlinear second
riation variation order temm
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Ta 7 T g
TX + C X +(C§

T ~ -D,\ ~
- Cz) xd + (C, - Cq)x d ces(2.3,11)

L

S Y+§ = C
d.c, a.c. a.c.,tcem nonlinear term
term term
The above perturbed state space eugations are nonlinear
owing to the presence of the product of the two time dependent

quantities ¥ and 4.

Linearization and Final State Space Averaged Model

Small Signal Approximation : Variations in the steady state
values are negligible compared to the steady state values them-

selyes, 1.e.

‘79 a e
—-= <1 = <<l ; = <<1l. ceo{(2.3.12)
Vg D X

Using above approximation we can neglect second order

terms and we get
Ao A A
R = 8% + Vg + 8% + B0 +[(A;-AX + (D-b)) V) d
Y+y = CX + C™% + (Cl - CZ)X d

which is a linear system.

Separating steady state (d.c.) and dynanic (a.c.) part we

. 8teady state (d.c.) model :

1 m

X = ATV Y= CX eee(2.3.13)
T -1
= Ca "bv
7Y
Dynamic (ac) model 3
R =A% + bbg + [(Aj-A)X +(by-by)Vv ] d «..(2.3.14)

g
il

T'\- IT "IT'\' ol
C™x (C1 - QZ)Kd
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Equations (2.3.13) and (2.3.14) represent the small signal
low frequency model of any dc to dc switching converter working

in the continuous c¢onduction mode.

Boost Power Stage with Parasitics : We will now illustrate an
example of Boost Power stage. With assumption of ideal switches,
the two switched models of Fig. (2.3.1)(a) are shown in fig.
2.3.1(b) & (C). We take inductor current i and capacitor

voltage v as state variables, i1.c.

Intermal Td : Fig. 2.3.1(b)

di = v -_1 v
v _ = Ryl + L. Y . - V T e
g - "1 = 1 RiRg s D at
di R V2 dv
or e L Vg or =L _1 \'4
dt R v dt C  RAR
c
S -1 0 i %
.. - L + Vg
s 0 -1 v 0
C(R+R_)
= +
% Alx blvg
= c'r
R
. _ = ﬁ; 0 b, = !“% ] CT _ R ]
e 817 1 1 RTR,
O - ui__m_ o J
(R+Rc)c

e..(2.3.15)

Interval T4d' Fig. 2.3.1(c)

. - Y2-V
14 =




or

or

or

Y, = R(;L-:Ll) =

R(1 - Y27V )

Re

y i B—— v
R 2 Rea

= R,i + L Kex +
M gt T Y2
R,i + L A + (RWR_ )i + R v
= A « 1 B
1 at c R 1?;
dt L L(R+R_)

= 1 3
v - Ef—lldt

R
(R\\Rc) 1+WV -V

_ A
= dt
RC
..(.j.K _ 1 Rn RC 1
= = - i -
at C R C (RHRQ)
[ Ry + RWRg R 1 T.7
. ~ TL{RR) i
R o __ 1 v
(R+R ) C (R + R_)C
L C C N L— B
— —_— /.;@,.
R{+RU R, = L
B L T TIIRFRY) v
. P =
R - 1 2
C(R+Rg) CR+R_) ﬂ@
b - \
L
CT = [ RRC _ -—.&.—.—.—J
2 T R4R RHRy
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R R
+ R"-T-’"PC;:“V = (Rt Rc)i + T:R: v

gl I3
<

* b =b.,=b
L2 J 1

ee.(2.3.16)
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Substitute these values in (2.3.5) we get
A = DA; + (1-D) Ay
= D(A;-A5) + A,
r"' oy — -
RcuR R _ R1+R3|R R 3
a=>0|"1L L(R+R_) + i ETR+RC)
. R 0 R - 1 —
Tﬁ?ﬁZTE T§¥§;75 (§$§;7C
— @2}
R Y ot
1 . R UR A R
g " TRy (D)
A
= R = (1-D) L
(R+R_)C % TR+R_)C
. Ny
cT = DCT + (1=D) cT
1 2
_ T T, T
= D(c1 - 02) + C5
] D" _ RR . RR R _ RRC(l-D) R =~
R+R R+Rc R+RC R+Rc R+RC
L
o)

Steady state (d.c.) model :

(2.3.13)

1
b v
g

From eq.

X = =A
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, 2 2 2
a] = Ry#(I-DIRR . R7(1-D) _ (R+R,)  Ry+(1-D)R IR +R7(1-D)
2 = 7]
LC(R+RC) LC(R+RC) LC (R+RC)
- 1 R(1-D) 1
s b = LC (R+R.) TTC(EFR) LURFR_) T
Ry+(1-D)R 1R+ Biil:Eli R.+(1-D)R R
1 c R+RC _ _R(1-D) _ 1 c 0
C(R+Rc7 L
L__ - - o
1
IC (R+R)) LC(R+R )
Rl+(1—D74R + D(l—D}RCnR _ R(1-D)
LC(R+RC)
; ool
I ' 1
X = = -alpy. = Z
v g R! R(1-D)
where R' = Rl + (l--D)2 R + D(1-D) RC\\R
g R! R+Rc R+RC R(1-D)
2
\Vs RR _(1-D) RS (1-D)
or = gt [—mem— )
R R+R R¥R
- Vg
g+ R (1-D) eee(2.3.17)

where I is the dc inductor current, V is the dc capacitor

voltage, and y is the dc output voltage.

Dynamic (ac small signal model)

From ed. (2.3.1.4)
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. — — Aﬁ pe—— o
. _ Rl + (1-D)RC“R _ R(l"D) 1 %
. a i L L(R+R )
}? = oz c ~ +
T | 5 R(1-D) o1 v 0
TR+R_)C (R¥R_)C
C C
- -~ -—
ng RC“R R 1
TR
+ =5 L L{R+R
_ _R 0 (1-D)R
(R+RCSC
. ool b w—
- ar A [] - -
_ Ry+(1-D)R_NR _r(-p) |l % _F %
L L(R+Rc5
_ + v
= R(1-D) _ 1 o o g
T§+Rc7c (R+RC)C
2 ~ L - L -
[~ -
R D'R + R
T v S v 4
+ R+R g
Rl
_ R
ZR+RC')'E
L i

oy
il

(l-D)(RCnR)

[(1-p)r_n R ﬁ%‘ﬂ [v

ar
R
R+Rc

I
i
| mad
i

+| -RIR, : © R(1-D)

<>y -3
f I
]
! <
-LQ
Qi

~

i RUR, .
} b Vg d 010(293018)

A

<D

If we consider dc voltage transformation ratio fromg(2.3.1

we get
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v _ .Y _ 1 (1-p)°R

s Vg 1D (1-D)?R+R +D(1-D)R_ Il R
. c
ideal )
dc gain Correction factor

eee(243.19)

If£f all parasitics are zero i.e. Ry=0 : R ;= O

then do voltage gain = T%ﬁ" or %7

And in presence of parasitics, this gain is slightly

reduced since correction factor is less than 1.

From the dynamic model (2.3.18) we can £ind the duty ratio

to output and line voltage to output transfer functions.

circuit Realization

BY the basic averaged model given by eg. (2.3.3) we can
find a useful circuit realization for any specific converter.
Here we will demonstrate this circuit realization for the same
boost power stage example:

Put the values of Al' Ay, C1 & C2 in egn. (2.3.3) we get

— o

._di ~ ) Rl+d'(RcuR) _ a'r B %
— L L(R+R )
dt C
+ v
= g
av d'R _ 1 v 0
I (R+Rc7c (R+RCJC
L e -l T = d -

«..(2.3.20)

y = d'(Ra\R)
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RR
c . R
or = as ——e e
Y R¥R_ + R¥R v

Capacitor voltage

R¥R
v = n y - (1~d)RC1
- 1 i — 7]
- or .
i 1 0 i
g
v AR, R+R y ...(2.3.21)
L J L R A

Substitute eqn. (2.3.21) im eg. (2.3.20) we get

 di r-—(Rl+d'(chR) d'd'RR, 51 r . 1
at 5 c ¢ - g 1 '-E
L L({R+R_) 1
C
. v
dv d'R o _4'Ro 1 y 0
at (R + R)C (R+chc RC '
. L -~ L, — -
— 7 - T = — -
di . ,
L. 3¢ —(Rl+dd'(RcuR) ~d i 1
or - ) + vg
[} - —
c %% a | B vy 0
e - L-. L et o) o _ -
o-¢(203¢22)

From the egn. (2.3.22) we can reconstruct the circuit
as in Fig. 2.3.3(a).

In this circuit realization we have taken non-perturbed

values and therefore this model is valid for d.c. regime only.
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The two dependent generators can be treated as an ideal d':l

transformer as sharn in Fig. 2.3.3(b).

The circuit model of Fig. 2.3.3(b) reduces to switched
models in fig. 2.3.%(b) and 2.3.1(c) for d=1 & d=0 respectively.
If 4 is constant i.e. d = D, the dc regime can be found easily
by considering L to be short and C to be open. Hence the dc

voltage gain (2.3.19) can be directly seen from fig. (2.3.3(b).

In the ideal d':1 transformer, turn ratio changes when .
the duty ratio is a function of time, d(t). 1t is through
this ideal transformer that the actual controlling function is

achieved when the feedback loop is closed.

The Canonical Circuit Mmodel :

We know that the general final state space averaged
model defined in eg. (2.3.13) & (2.3.14) gives complete
description of the system behaviour. But in usual practice
we need a circuit model which describes the input-output and
control properties of the system. The Block diagram of such
model is shown in Fig. 2.3.4i.e. from state space averaged mode.
we will derive a circuit model which directly gives the input -
output and control properties and is called as ‘Canonical

Circuit Model't.

Although in deriving this Canonical Model from State
space averaged model, some information about the internal
behaviour of some of the states will certainly be last, but

there are many advantages of this Canonical model, specially

in computerization. Since Canonical Circuit Model contains
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all the essential input-output and control properties of any
dc - to - dc switching converter, regardless of its detailed
configuration, therefore by this model different converters
can be characterized in the form of a table and which can be
conveniently stored in a computer data bank, which is very
useful for Computer aided design and optimization.

o]

A new Ccanonical Circuit Model is shown in Figs. 2.3.5.
Any switching convert input-output model, regardless of its

detailed configuration could be represented in this form.

Different converts are represented simply by an appro-
priate set of formulas for the four elements e(s), j(s), m, Hel(s

in the general equivalent circuit.

Derivation of the Canonical Model through State Space :

We will reproduce general state space averaged model

X - -2~ Vg i v = ctx

= -CTA—lbvg
ko= ak + 0+ [(a)-2y)% + (by=by)V ] 4
g =ct% + (cqu-cg) X d

Taking Laplace Transform we will get :

1

»ﬁ(s) (s1-2)"

~ -1 A
bvg(s)+ (s1~4) [(Al-—Az)X +(b1-b2)vg}d(

(s) = cTx(s) + (cf - cg Y% A(s) ceu(243.23)
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Now, converter input-output relationship is defined as

G Gg(s) + .. a(s)

~ ~ A
In which G's are known from (2.3.23). The subscripts
of G's designate the corresponding transfer functions. For

example Gyg is the source voltage Gg to output voltage f tran-

sfer function.

For the proposed canonical circuit model in fig. 2.3.5,

we directly get :

v(s) = (Y, + e(s)d) § H(s)
A A A A 1
i(s) = j(s)d # (e(s)d + v_)  —5——o0
g uzzei(s) eeel(2e3.25)
or §(s) = E-H (s)v _(s) + e(s) iH (s)a(s)
X e g ne
~ 1 A e(s) A
i(s) = e (s) + 3 + d(s)
nzZgy(s) d p2zei(s)

cee(2e3.26)

Compare (2.3.24) & (2.3.26)

1

G gls) = i;He(s) Gyq = els) 7 H(s)
= e(s).Gyg
1 . e(s)
G, (s) = —s—— G, = j(s) +
ig pzzei(s) id nzzei (s)

j(S)+e(S)Gig(s)
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. Gyd(S)

e e(s) = W J(S) = Gid(S) - E(S) Gi

(s)
v9

g
eee(2.3.27)

He(s) = J Gyggs)

A could be calculated from :

T -1

o = -C'a7'b = %F correction factor. ci.(2.3.28)

g

e(s) and j(s) can be defined as
e(s) = fl(s)

j(s) = J £,(s)

where fl(O) = fZ(O) = 1, and E&J are the dc gains of the fre-

quency dependent functions e(s) & j(s) respectively.

Example : Ideal Boost Power gtate -

averaged model for Boost Power Stage becomes

From (2.3.18) with Ry=0 & R_=0, the final state space

iy - Ir A . - - 7
ai 0 - o 4 = RD’
ac J L L L
. - v A
X = + V., # g
&% D’ 1 ~ g 1 7 ¢
TE c - RC v © e bT R
i A R L __J
— Ly i e ¢ b .09(203029)
v = [o 1) 1

Q
<>
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T e R
] - RC L L
oo Cale = 0 1) E
9
D D
- 0 @]
1
.—D-—-'-
Put in eg. (2.3.28)
~ . v ~
di _ _D'ZS 1~ g
& T Vtivg toov ¢
& _pty_ La_1 Ve
it = C RC ¢ L2 g
Taking Laplace Transform, we get
Vv
o . D' =~ 1~ g 3
si(s) =- ) v(s) + E'vg(s) + THT (s)
5 Ry 13 1 g 3 2.3.30
sv(s) = ol i(s) - ol v(s) - = 5 (8) «ee(2.3.30)
D R
(sv 27y ) 50s) = 2§ (o) 4 DUBIL g G
or s+ + v(s) = v (s) + .
sCL RC sCL g SCL.D'ZR g
G _.(s) (D'2R - sL) V
Gygrs7 D'"R
D'2R - 5 L
= 3k v V(1= s 2o )
D' R
LlE=vV £4(s) = (1-sZ )
L Y : 1 R

Solving egn. (2.3.30) for i(s) we get
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1 + sRC 2 + SRC o

~
i(s) = v (s) + e V_d
sL(l+SRC)+D'2R g D' sL{1+sSRC)+D'2R ‘g
compare with (2%3.24)
1 + sRC 2 + SRC
G, (s) o G, .(s) = v
ig sL(1+sRC) +D¥R id sL(1+sRC)+D‘2R
. 2 4+ SRC D'2R - sk
. J(S) = 2 - 2 « V
. sL(¥+sRC)4+D'“R D'“ R
¢1 + srC)

sL(1+sRC) + D'2R

After solving we get

i(s) = 4 o s —1— £ (s =TJ
its o %A .. X o7 “) \ 24%)

Expressions for the elements in the canonical equivalent
circuit can be found in @ similar way for any converter confi-
guration. Results for the three common converts, the buak,

boost; and buck~boost power stages are summarized in table 1.

Table 1
(D) E £,(s) J £,(s) L Ry
\ v
L R
Boost 1-D A4 ’ 1-s§$ __X;*z_ 1 L > 1 =
(1-D)°R (1-D) (1-D)
Buck~ l-p v Re+SLe A% L R
Boost D - T 1-D R - 7] 1 .
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The negative sign4E & J in case of Buck-Boost power stage
indicates the inverting polarity of the ideal transformer. There-
fore for positive input dc voltage Vg’ the input dc voltage Vv is

negative.

2.4. Modelling of Modulator

We have discussed about the switching mode converter in
the previous sections. NOw a general representation of a switchi:
mode regulator in which switching mode converter is represented b:

a buck=boost power stage, is shown in fig. 2.4.1.

We have already overcome the main difficulty in analysing
the switching mode regulator viz. the modelling of its nonlinear
part, the switching mode convert by cobtaining the small signal

low—-frequency circuit model in the canonical circuit form.

Now in the next step we will develop a model for the
modulator. This is easily done by writing an expvession for
the essential function of the modulator, which is to convert an
(analog) control voltage VC to theswitching duty ratio D. This

expression can be written as
Ve
D = T
m

where Vm = Range of control signal required to sweep the duty

ratio over its full range from 0 to 1.

A small variation ¥, superimposed_upon V_ therefore

. : . o c .
produces a corresponding variation d = T in D, which can be
m
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generalized to account for a nonuniform frequency response as :

o (o)

v f (o) = 1.
Vo, c m

Thus, the control voltage to duty ratio small signal
transmission characteristic of the meodulator can be represented

in general by the two parameters Vo and fm(s), regardless of the

detailed mechanism by which the modulation is achieved.

Now if we substitute é from the above equation in the two
generators in cahonical circuit model of the switching converter,
the resulting model will be expressed in terms of the ac control
voltage Gc‘ Thus the resulting model will be a linear ac equi-
valent circuit that represents the small-signal transfer pro-

perties of the nonlinear processes in the modulator and converte:

Nyow if we add the linear amplifier and the input and out-
put filters, we cobtain the ac eguivalent circuit of the complete

closed loop regulator as shown in Fig. 2.4.2.

In the circuit the modulator transfer function has been
incorporated in the generator designation and therefore in the
closed loop regulator, the generators no longer are independent

but are dependent on another signal in the same system.

The current generator in fig. 2.4.2 is responsible for the
interaction between the switching mode regulator-converter and
the input filter,thus causing performance degradation and/or
stability problems when an arbitrary input filter is added. The

design of the input filter will be discussed in next section.

Thus as shown in fig. 2.4.2, we have succeeded in obtainir
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the linear circuit model of the complete switching mode-
regulator. Hence the well known body of linear feedback
theory can be used for both analysis and desigp of this type

of regulator.

NOow let us summarize the modelling aspect of switching
mode regulator. A general method for modelling power stages

of any switching dc- to - dec converter has been developed througt

state-space averaging approach. The fundamental step is in re-
placement of the state space descriptions of the two switched
networks (2.3.1) by their average over the single switching

period T, which results in a single contimuous state-space

equation description (2.3.3) designated the basic averaged state

space model.

After some perturbation and linearization steps, & final
state space averaged model is given by (2.3.13) & (2.3.14). From
these equations a Cancnical circuit model of fig. 2.3.5 was
developed. Different converters are represented simply by an
appropriate set of formulas (2.3.27) & (2.3.28) for four element
in this general equivalent circuit. Besides its unified des-

cription, one of the advantages of the canonical circuit model

is that various performance characteristics can be compared in

a dquick and easy manner.



CHAPTER - III

DESIGN AND ANALYSIS OF SWITCHING CONVERTERS

3.1(a) Introduction

3.1(b) Input Filter Considerations in Design and
Application of Switching Mode Regulators

3.1,1 Necessity of Input Filter

Ways of designing an Input Filter
Oscillation problem

Small Signal Average Model

W ww

.1
.1
1

e o o
=W N

3.2 Input Filter Design

3.2.1 8ingle Stage Input Filter Configurations
3.2.2 Input Filter Interactions
Loop Stability & Transient Response
and Audiosusceptibility.

3.2,3 Optimal Input Filter Conflguratlon & Design
Constraints

3.3 Analysis of Switching Mode Converters with Input
Filter,



50

3.1 INTROIUCTION

We have discussed the modelling of switching mode
converter and developed a canonical circuit model which
degcribes the input-cutput and control properties of the
system, Now in this section we will analyse sane switching

- jode converters with input filters. The effect of input
filter on system performance will be discussed and a
comparative study will be made for switching mode converters
with single stage and two stage input filter, Design
constraints for optimal input filter configuration are also

obtained,

In case of two stage filter, the constraints of optimal
design becanes very complicated and difficult'to solve,
Scme approximations are made to simplify these eguations and the
effects of these approximations on input filter and system
performance are also discussed,

Input Filter Considerations in Design and Application of:&dﬂﬁm@
Mode Regulator

As we have discussed, at power levels above a few
hundred watts, switching mode regulators are more useful
because of the significantly higher efficiency than can be
obtained with linear dissipative regulators. But when we use
switching regulators, the regulator input current has a subs-
tantial ripple component at the switching frequency . When
more than one power supplies are connected to a cammon main as

1976 972
[VERSITY OF ROCRICEE
poARY TETVE
el ROVDISED
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is shown in Fig. 3.1.1, the reflected ripple current of one
of the power supplies may affect the performance of other
power supplies, e.g. if we consider Buck type SWitching mode
regulators of Fig. 1.3(a) its inductor current and input
current is shown in Fig., 3.1.2. Fig. 3.1.2(a} & (b) show
inductor imdauectex and iﬁput current respectively when L is
equal to the critical inductance L,. Fig. 3.1.2(c) & (d

show these currents when L = SLC. For battery driven systems,
to meet this peak current requirement, capacity of the battery
has to be increased very much, Moreover, it affects battery
e.m.f. and therefore other power supplies connected to the same

battery will also got affected,

Similarly, as shown in Fig. 3.1.1 when an apparatus
such as a d.c. motor, a iine printer etc. is connected to one
of the power supplies, the noise generated in this apparatus
and noise of one power supply is transmitted to the other
power supplies which again affect the performmance of other

power supplies,

Therefore, to smooth the current drawn from the
unregulated bine supply, use of an input filter is a
neceSSity.l One function of the input filter is to present a low
pass trans fer characteristic to current variations in the
opposite direction. A switching mode regulator may demand
an input current that has a large camponent at the switching

frequency and input fiilter prevents this component from
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flowing in the line source., Another function of the input

-filter is to present a low pass transfer characteristic to the

unregulated line voltage VS in Fig. 2.4.1 so that higher

frequency disturbances Vg are suitably attenuated at the

regulator. These functions " forward voltage transfer funct%??",
8

and “reverse current transfer fumction®™ are defined by H(S8)

as shown in Fig. 3.1.3 and called Forward Transfer Characteristi

of input filter. This function H(s) is defined for the ™unloade:
filter, that is, without the regulator attached; this makes
H(B) a property of the filter only, unaffected by'the complex

nature of the regulator input impedance,
This input filter serves to :

1) prevent the regulator switching current from being
reflected back into the source;

2) to isolate source voltage transients so as not to
degrade the performance of the switching regulator

down -stream,

. Consequently, the filter is required to provide not
only high attenuation at the switching fredquency but also
sufficient damping against any line disturbance so t hat output

peaking is properly controlled.,

There may be two ways of designing an input filter
for switching mode regulator :

(1) Design Regulator and Input Filter Simultaneously s

The preferred approach is to design the regulator
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and input filter together so that the inequality condition
for stability shown by equation (3.1.2) and other conditions

may be satisfied,

(2) Post Facto Design 3

If the regulator is a 'black box' for which no
information on its internal structure is available, we have
to design the input filter on the basis of direct exXperimental
measurements of input impedance % of the regulator and thus
maintaining the inequality condition Zo< 2y But such an
input filter design procedure ensures only system stability,
and does not guarantee that the regulator perfomance will
remain essentially unaffected, Ahother drawback of this
design is that the system may oscillate because of this

inadequate input filter.

Nature of the Oscillation Problem :

To understand this problem we will consider a Buck

type switching regulator as shown in Fig. 2.4.1.

The switching mode converter acts as a dc transformer
having some voltage conversion ratio M = V /V to the extent
that the conversion is 100 percent efficient, the current
conversion ratioc is I /I = 1/u and the converter input
power P = VSIS equals the output power VI, For-a given load
resistance RL' the feedback action of the regulator adjusts
the conversion ratio p to maintain constant output voltage

and hence constant output power, even if the input voltage V
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varies. It follows that if VvV, increases, Ig must decrease
since the input power also remains constant. Consequently the
regulator exhibits a negative incremental input resistance

Ri given by -
i dig Y dIfg Isg Ig

v ‘
—}12 T = .alzRL (3.101‘

-
=

£16<

This is the low frequency value of the regulator input
impedance z; indicated in fig. 2.4.,1. For the basic Buck
converter configuration shown, the conversion rat;o is p = 1/D
where D is the dc duty ratio of the power switch, so that

- 2
Ry = R /D .

The regulator negative input resistance R, in combinatic
with the input filter can under certain conditions constitutes
a negative resistance oscillator, and is the origin of the
system potential instability. The input filter output impedance

Zg 15 a low (positive) resistance at dc and low fredquencies,
but in the neighbourhood of the filter cut-off fregQuency its
output impedance rises to a resonant maximum [{Zg|max which
in a high Q filter may bé many times t he associated ohmic
resistances, and if {Z| rises sufficiently that the net

vircuit resistance becomes negative, oscillation will occur,

To explain further, let us consider the circuit of

Fig. 3. 1.40

- ZIRyl {2z 4
Equivalent impedance = =——"———

n, \£s‘ -lRiJ :

Therefore if lRihdZs&: the net resistance becomes negative and
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oscillation will occur,

Therefore, to ensure stability the input filter must
be designed to have low @, which is in conflict with the
requirement for low ohmic resistances, %o maintain high

efficiency. Therefore the condition for stability

\z <R cee(3.1.2)
1

sl max

For the basic single section input filter and Buck
converter shown in fig.(2.4.1) the filter Q factor is
_VEg/Cq

Qg = Rg

!Z

= 2 =
QSRS Ls/CsRs

s max

so that the stability condition is

I R
L
Cg < =3 ee.(3.13)
s s D

Therefore we have to compromise between low Q to meet
the above stability condition and high @ to maintain good

efficiency.

The above stability condition ié not éufficiently
general., The regulator input impedance Zi is a negative resistan
R; = 412R;, only at low frequencies; at some high frequency
beyond the regulator loop dain crossover fred., (the fredq, at
which the loop gain magnitude falls below unity), Z; must have

a positive real part. Therefore, the input impedance Z; must

begin to deviate fram its negative resistance value of ﬁszL
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at some low frequency. The stability condition (3,1.2) is
therefore only correct if the frequency at which 12| reaches
124l max » namely the filter cut-off fredq., is below the
frequency at which the regulator input impedance 4; begins to

deviate fram its low freq. value -pZRL.

The practical design criteria for stability is ¢ the
input filter cut-off frequency should be chosen lower than the
averaging filter cut-off frequency; the input filter output
impedance should be made much smaller than the regulator open-

loop input impedance.

Small Signal Average Model

We have already developed a canonical model in the
previous chapter, in which two lumped linear circuit topologies
corresponding to the power switch ON time and OFF time were
replaced by a single lumped linear average model as in Fig,
2,3.5. But in that case we did not‘consider the effect of
input filter. Now if we consider input filter also as shown in
Fig. 2.4.1 and repléce input filter by its Thevenin's
equivalent we will get a small signa-l averaged circuit model[‘
as shown in Fig. 3.1.5. In this circuit the effect of the
input filter is characterized by two parameters H(s) and Z(s)

where,

Hf{s) : Forward transfer characteristic of the input
filter,

Z(s) Output impedance of input filter,

(1]
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The primary side (input filte: side) ckt. may be
transferred to secondarys?ide (switching mdde converter side)
as shown in Fig. 3.1.6. With this transferring from primary to
secondary side, the ckt, of Fig., 3.1.5 can be represented by a
dual input describing function as shown in Fig, 3.1.7. Dual

input describing functions are -

a) duty cycle to output describing function Go/éb
by Regulator input to output describing function §0/6i

The ckt, shown‘in Fig. 3.l.7&a general small signal
average model of switching mode regulator with input filter. By
putting the values of m, E, fi(s}, fz(s), J etc. from Table 1
we can get the averaged c¢kt, for Buck, Boost or Buck-dBoost
power stages with input filter. From this dual input describing
function, interaction of the circuit parameters between input
filter, output filter and control loop can be analytically

comprehended,

3.2 single Stage JFnput filter gnfigurations

An improperly designed input filter can cause
interactions between the input filter and the control loop of a
switching regulator and therefore can result in severe degradati
of regulation perfommance such as : instability, transient respo

and audio-susceptibility.

The input filter design problem is that of realization

of the two functions H(s) and 2(s) to satisfy the several
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performance redquirements and constraints. The greater the
number of elements in the filter, the more degrees of freedom
there are available to optimize H(s) and Z(s), at the price of

greater size, weight and cost.

Consider t he single section Lc filter shown in Fig,
3.2.1(3) . The series resistance Rg is always to be minimized i
thé interest of high efficiency, and can be considered fixed,
therefore, the only remaining design degree of freedom is
through the filter characteristic resistance Rg =\/i—s75; .
This parameter determines the Q factor and hence the degree of

peaking of both the |H(s) and 12Z(s)| characteristics,

- 1
(RS + JV\TL ) _'T
- s W
Z(s) = T JW-s
Ro+ j e
s Jwhs ¥ FuE,
. . 1 .
At filter cutoff freq. wg = s 25| has a maximum
value \Zs\max
R L
L . s ?
S + R gRJ—-—- R% ~jR_R
T o C o sfto
max. 2(s) = 3¥s*s Cg = = S = R
RS S s
Rg R
or Ry [1 - 30 ®g )]
R52 R .
|2glmax = Rm= ¢ Rg Wi+l g
e
H(s) =7 T
+ Al T
Rg ¥ Iwlg® Joa
L 1
At = jw C = i -
Wy  H(s) JWsts T oRaCa i.e. one Péle at w, = 0
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To keep |24\ pax @s low as possible to meet the stability
condition (3.1.2), the filter characteristic resistance RO has to
made low i.e. low L /Cy ratio. But in actual system L /Cg
ratio is too high to meet this requirement, Therefore the
system with such type of simple input filter are prowe to

instability,

If L /Cs ratio is toé high for the required |2g\ ax
the stability can be improved by addition of extra series damping
resistance. Aw we have discussed Ry can not be increased in
the interest of high efficiency, hence a resistance Rc may be

placed in series with Cg as shown in fig. 3.2.1(b).

(Rt ijs) (R, +

Z(s) = JwCe
1
R +j R+
s+Jst+ a FwCq
At wg 2 _ .
R4 + R R + JRG(Ro-Rg)
Z(s) =

Rg + R4

2 2
\/(R02+ RgRo) 2 + (Ro“(Rg—Rg)
Ry + Ry

2 () pax

2 2.2 2 . 2
R \/1 RIRS | RZ + RZ

— -
s cC R R
s (o]
2
i
) R

or

R /1 + (R*C ' R
R 2
[Zslmax = = . ( ) 1V%/l +(E§)

R+ Re
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_ Rs /14 Re 2
= %n . Rﬁ)
R +
s C
R+ b
H(s) = JwCg
R_fRo +J L + 3 e
, at W= ws
1+ j0R ~C (1+ 5 B
. SCTg _ =
H(s) = = o}
J “scs (RS+RC$ j‘dscs (RS+Rc)
Thus by addition of an series resistance R_, |Z ) is
c s' max

reduced by the factor Ry /T?TﬁZ?ig)z / (R¥R.) from its previous
value Rm, but the H(s) has been degraded by appearance of a zero
atcAsRo/Rc, so that the switching fregquency attenuation is de-
graded., Also since must of the regulator switching frequency
input current flows in Cg4, there may be substantial power loss in

R .

This can further be modi fied and power loss in Rc can
be avoided if we add parallel damping resistance 3p across Lg

as shown in Fig. 3.2.2(a).

with this configuration |z is now reduced by the

max
2 . .

factor 1/ (1+RO/RSRp) from R, but HE) is again degraded by

appearance of a zero attost/Ro. Thus, the [H(s)| and lZ(S”

characteristics are the same in nature as for the series damping

resistance R_., but there is negligible power loss in the parallel

damping resistance Rp.
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An improvement is to place the parallel damping resistance

Rp across Cg instead of across Lg as shown in fig. 3.2.2(Db).

This has the same desirable effect in lowering |Zg)paxe

and does not introduce an unwanted zero in H(s).

Since there is also negligible power dissipation in Rp,
this arrangement is the best so far discussed, but has the

disadvantage that a large blocking capacitor is needed.,

To overcome all these problems, two stage input filters
are used., The detaills, advantages and experimental results with

these input filters will be shown in subsequent sections.

Input Filter Design Constraints

Input filter design guidelines are established to minimize

the interactions among input filter, output filter and control

loop.

Input filter interactions - Loop sStabllity and transient response

The stability of a switching regulator can be examined by

the open loop gain Gp(s) from the fig. (3.1.7)
Gp(s) = FC(S)FP(S)FE(S)Fm(s) e..(3.2.1)

where Fc(s).gp(s) is the duty-cycle to output describing func-

tion Gq/é,and FE(S) and qn(s) are the transfer functions for the
error processor and the pulse width médulator respectively. Out-
put impedance Z(s) of the input filter has the following effects:

1) The output impedance Z(s) is related to the duty cycle
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power Sstage gain Fc through

Fc = Vi - Z( s}y IOD ese(3.2.2)

Here, VI and IO are regulator input voltage and output
current respectively. 8ince at resonant frequency, Z(s) rises
to |2(s)l max, it can significantly reduce F_. therefore the
regulator loop gain and the related perfommance. More severely,

it can result in an unstable positive feedback system., Equation

(3.2.2) can be rewritten as :

F, = ID [Vi/I B - Z(s)) ee.(3.2.3)

The first term, Vi/IoD = VI/Ii is the negative resistance
of the input filter as discussed in eqn. (3.1.1). Excessive
output impedance Z(s) at the resonant frequency of the input
filter duty-—cycle power-stage Jdain together with the negative
feedback loop will contribute to an unstable positive feedback

system,

2. The output impedance Z({s) is related to the power stage

trans fer function Fp(s) through

F(s) = (Rg¥1/sC) I\RL/[DZZ(S)+zi(§)J . (3.2.9)

il

where Zi(s) R, + sL +(Rg + l/sC)\\RL

1]

Excessive Z(s) at the resonant frequency can significantly
reduce Fp(s), therefore, the loop gain. Nevertheless, the de-
gradation of Ep(s) due to Z(sy can be avoided, if there is a

sufficient separation of the input filter resonant frequency
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[ ——

s ' o 4
w= 1/ _/ LSCs and the output filter resonant frequency'mo 1/
The Fig. 3.2.3 shows the interaction between the input filter and

the output filter.

It was seen that a maximum interaction between the input
filter and the output filter occurs when wg coincides with wg.
It can result‘in a large reduction of Ep(s). Such interaction
can be minimized by either decreasing.g Or increasingtds as shown
in fig. 3.2.3(b) and (c). Larger Wy is desirable from the point
of view of weight and size reduction. However, for higher reso-
nant freq.cgs the effect of peaking of Z(s) becomes more prominent

since loop gain descends rapidly as freq. increases,

The effect of improperly designed input filter on duty-

cycle to output transfer function is shown in fig., 3.2.4.

In this fig. the solid curve represents the transfer charac-
teristics without an input filter and the dotted curve represents
that with an input filter. A sharp reduction of the gain at the
input filter resonant frequency causes ldop instability and
severely degrades the transient response. Canputerized results

are given in the last section.

Input-Filter Interaction - Audiosusceptibility :

The audiosusceptibility is defined as the closed-loop
input -~ to output transfer function Ga(s). It is employed to

measure the attenuation of a sinusoidal disturbance from the

input line to the regulator output. Thus this helps in switching
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regulators analysis when it is required to specify how a small
signal audio-freqg. disturbance of the input line affects the

regulated.. Output voltage. From fig, 3.1,7

~
Y v
~

Vi

GA(S)

FI<s) . Ep(s)

i+Fc(s).Fb(s).FE(s).Fﬁ(s)
where FI(S) = D, H(s)

Therefore, excessive peaking of H(s) can result in severe de-
gradation of the audiosusceptibility of the regulator. The
effect of different input filters on audiosusceptibility is
shown in Graph 6. It can be seen that peaking is considerably

reduced in case of two stage Input filter.

In summary, in the designing of input filter, following

conditions must be satisfied

1. Requirement for electromagnetic interference to prevent
the regulator switching current from being reflected back

into the socurce.

2. Peaking limitations of H(s).

3. Peaking limitations of Z(s).

4, Limitations on weight and loss.

5. Nyquist stability criterion has to be satisfied.

6. Audiosuscepbibility sould not be degraded noticeably.

e 1Ry WUVENSITY OF RO
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Out of the above conditions, the most importants are mini-
mization of H(s) and Z(s) at filter resonance. In single stage
input filter these minimizations can be done but at the cost of
larger filter L or C i.e. increasing size, weight and loss., These

limitations can be overcome by using two stage input filter.

Optimal Input Filter Configuration :

We have already discussed single stage input filter and
its disadvantages. These problems of instability and resonance
peaking can be overcomne by use of two Stage input filters. An
optimal two stage input £filter configﬁration is shown in fig.

3.2.5(b).

This filter configuration is capable of providing low«loSs
light weight high attenuation and a controlled resonant peaking

of H(s) and Z2(s).

This filter is particularly useful for switching regulators
having stringent efficiency, attenuation, and peaking requirements
that single stage input filter would simply became either in-appli

cable or impractical with respect to size and weight.

The first stage of two stage input filter, consisting of

Ll—cl-Rl controls the resonant peaking of the filter. The
second stage supplies most of the pulse current demanded by the
switching regulator. The alternating component of the pulse
current can bé attenuated by the canbined action of both filter
stages to any desirable level. Capacitor with negligible series

resistance are used for C,, therefore, very little power is lost
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due to the large amplitude alternating current in C2.
For design of optimum weight input - filter, following

basic constraints are employed :

1) Use the maximum flux capability of the magnetic core.
2} Fill the window area.
3) Control the resonant peaking of both H(s) and Z(s), desig-

nated as Bp and Bp., respectively.
4) Limit the filter loss P.

5) Speci fy the attenuation of the filter at the switching frecg

Now designing and comparisons of single stage input filte:
and two stage input filter will be made in weight, efficiency anc
regulator loop performance. Although we will consider all the
constraints i.e. full window, loss limit, resonant peaking limit,
Attenuation but as we have said resonant peaking limits and
attenuation are more important constraints, we will take only

them in detail.

Using the toroidal core for filter inductor, the filter

design variables for single stage filter are :

Z R

N 1r Ry

All 1' 1' Acll Lll C

For the two stage filter are :

A Nll zll Acll L., Clr Ry, Ap, N3, 42, Acz, L3, czo Rzl i

ll
where

A : Core cross sectional area
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N : Number of turns
Z : mean length path for flux in the core

ALs Cross-sectional area of one-turn conductor.

Resistivity of the copper conductor

.

W -

Saturation flux density of the core

Conductor density

=/

Iron core density

.

a? I

ratio of one turn conductor average lengthtocore circum

ference,

F,: Proportion of core window area actually occupied by

the conductor when the window is filled.

Incorporating the design variables with the design cons-

traints described before, the following constreints equations

are formulated: For the single-stage filter, six constraints

exist,

No Saturation :

i.e. core should not be saturated.
We know Flux linkage Y= NG

LI = N
or 1T 4 Nf¢

or BN A, - LI_.=0 veal(3.2.5)
s 1

Full window

It can be shown [7) that for toroidal core, following edq.

holds good :



68

And loss limit

. , 2
(4-p PNy VA /A1) - (PAX40) _ cee(3.2.7)

equired Attenuation :

For stability, attenuation ‘o' should be less than

or equal to Lin/Eo

For single stage inpur filter

. 1
Rp¥I =Dyt 3507
X < T

JWe

S 1- w2L1C1+j WR,Cy

2_2
1

P x lzs (1- szlcl)z + W R ci

At switching freguency F

2

(1 - 4n FZLlcl)z + am?F®r.%c.? 2

1C1 _K ;O .v-v(3-2-8)

Resonant Peaking Limit

As we have discussed the resonat pcaking of H(s) and

Z(s) should be controlled

(1) wWe know for forward transfzr function H(s)
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Eo 1
H(s) = =
E. 7) 2 2. 2. 2.3%
in [(1-w L;C )7+ W R,7Cy )]
2 2
At resonance frequency w= W, oo 1-4 7™ £ L,Cy =0
2 1
B Z
F i 2.2 22
4 m~f Rl Cl
L.
2 —
R1 €1
or L. - C,B.°R,Z 0 (3.2.9)
1 1°F %1 sreldece.
(ii) For output impedance of input filter i.e. Z(s)
'——.'—L'Sl-é— ( Rl-'}-ijj_)
Z(s) = J 1
Ro+j WL, + o
1 1 Jwcy
R1+ Jwiy
2 .
At resonance frequency W= o) o ¢ 1= “‘)21’101 = 0

Bn £ resonance peaking of Z(s)

. ] Ri+j W Ly
R J wRiCy
L
a—- - L
171 W €1
IBRIZ ( L )2 Ll
R.C, +C;



2
L L L R
1 1 1 o)
>z - e
or Z Cl [_l b R2'C J or Cl [;l + ~;§
1 71 1
2
Practically o)
R2 > 1
1
. 2 L
. IBR[ > = 1
1
1

For the two stage input filter, nin constraints exists

As we have shown for single stage input filter, if

care for L1 & L2 is not saturated, we can show

BSNA - L2 I = O ..-(3.2.12)

2°°2 ®C

Full window for Ll and Lé

L
(N,A_,/ T, )¢ - (2,/2m)+0/ A/2) =0 eee(3.2.13)
(M,80,/ TF, )T = (2,/20 )+(/8572) = 0 ...(3.2.14)

PAnel toss Lim

42 7, [ VE/8c1) 4 (Ny/Ej/Acy)] —(P/I2) = 0..(3.2.1F

Resonant Peaking Limits
(i) Resonant peaking of H(s) at First stage filter.

From Fige3.2.5(b) two loops equations will be :

_ . 1 G
vy = (Ry+j WL+ Too + Ry) I -(Ry+ mz)x,_
. 1 1 Pl )T
0 = ——— = NIy =(Rat+ -
(Ry+Rq+3 WL+ ToTT t Too ) T2 3t o
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_ 1
Vo T “J e, o
, . 1
Ve 1/3 wCy(Ry + 373—52)
Vi 2

{3 OC (R +R3)+ 1= 2Co*_

. 2 C
Llcl}gﬂR2+R3)3<uc2—xu L,Co+ "2 1}
1

. 2 1
- (1 + JwCyRy) "TTwC)Z .. (3.2,
Since R3 >> Rl and R3>>-R2
Ana at first stage filter 1- uJ2LlC1 =0
L H(s) = Vo _ (143w CqRy)
Vi jwiCqRy(1 = C2 _ 2C2 )_Cz
€3 D1 G0 &
. 1
R, TS
- w1C4R3
5 (1 L2 LS y - 2 1
€1 D&y €1 Ryw &y

. . Resonant peaking of H(s) at first stage

1 + 1

2 ‘. 2 2 2
il- T %2 b2 1
e o co) T
171 1 1 R3 “)1C1
or (1 + B ) / [(Ca/c. )% (L. /CRZ )+ (Ll=Cn/C.=L.C./L.C. )2
o 22 [(cy/c)® (L, /ey 3 )+(1-Cy/Cy-L,yCy/T1,C )" |
1R3
- B2 < o0 (3.2.17)
Fl \ * ¢ e - -

(ii) Resonant p-aking of H(s) at secondstage filter :

2

Pos secondstage filter put 1 - @ L,C, = 0 in eagn (3.2.16)
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1 + 3 w,C R,

. vo - 5 o
v, {J W, CyRy+(1-w) L C, Ro+ 2 _}_(J 50 ,C1R)
C 271
2
€1
- (1&jc¢2C1R3)
C L.Cs
2 2 2~ 17154
-W R i - + Jeﬁzg/ﬁf ~-j Ww,ChR
17273 L L C@;” 273 272737
L.C C C2R2 A%/
11”"'j‘%%3“—2/+13/-23 = .2 .
oL, 23 "B T e 2251737
- (#+jw,CyR,y)
R
e . Resonant pecaking of H(s) at second stage
L
lu(s)| = BF2 > 2
L
1
cxr L2 2
( T, ) - BF S O '-.(Jozol
1 2
(did) Resonant peaking of Z(s)

For simplicity we approximate the two stage input filter

circuit by taking only first stage. It is shown in the computerize

results in the last section that this approximation does not

effect the performance of the filter at higher frequency.



. 1
_ (R1+JQJL1)(R3+ CXAYeP )
Z(s) = - : T
R +R,+ J(le—- — T, )
At resonance
2 Iq 2 Dg
2 (R} +—7— ) (Rg#—=—)
{Z(S)l = 1 1
2
(Ry+R5)
2 2 2 2
_(Rl +R ) (RyF4R %)
B o 2
(R1+R3)
2
R e e s
o R R
B TR Ry /1 )2, \/1++~§3
(@] O
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)2

Practically we can ncglect Ry in comparision to R3 and also

RO >> Rl
R1 2
iee. 1 +(-—~—§—-—) ~ 1
o
R02 / R 5
-+ By 2 R, 1+(R )
4 2
9 RO RO +R3
or B2 2 .
R R 2 R 2
3 o)
2
2 R
>
- RO [ (o) + 4

cee(3.2.19)
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To avoid the complications in calculation, first we will

consider a general network of two stage input filter as shown in

|l

Fige 3.2.7¢ From this Fig. :

vy = (21+22) I, - 2,1,
0 = (22+z3+z4)12—2211
vo = 2412
H(s) = zo =1z 24)-(2 Z 77 )
i R At My L
Tz, 2
= T

G Ny T, T U R A ¥ Ty Y 4L

If we take the practical values of all the elamnts,

we Cun very well say that
B1Vq+2¥p23Y*e3y, > > 1HE,Y,

More practically we can n glect Z4y4 also. It is

shown in the results in last section that these approximations

do not affect our analysis :

1
21Y 2y

. . H(s) =
2%3Yy

Now if we put valuesof all the impedances :

N
 aaad
1l

R1+j¢OLl f:j(,QI.xl

i?

Z., = R

3 2 J wiy

+ij2
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_ 1 —
v, = —_1
2 RS
z - - wL.c
1¥q T Al
Z.V,2 = - w0 L. L ——Eg——
1¥2%3Yy I W b1 RTTRY
Vi 3 c
.. Attenuetion & (s) = = = L,C, - j WL, L 2
v 172 1 -2
o Ry
Ly
_ C, ( F )2_ 3 L,Cy ( 3 =
c; By LGy £ R,
Where fl is the first stuage resonant frequency.
v ,
Now if we define G as - ,
in
G > 1/ —(. JCY(F/F )2 -j(L,C, /L. Cc.)(F/E )3
> [, Co/™~1 1 Jibpto b 1/
5 ,
{(Ll/cl) / R33] cee.(342.20)

To minimize the filter welight, the objective function

is defined as
Single-~stage filter

Two stage filter:

W =4 FCDC(AclNiVAl + A NZ/A2)+Di(Alzl+A222)+Kchl+KC2C;

2

+ negligible weight for R3....(3.2.
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Generally the method of pargerange multipliers is used for
closed form optimum solutiong for simple optimization problems.
put these well developed tedhniques are useless in case of switching
mode reculator optimization, as both constraints and optimization
criterion are highly nonlinear. Tt has been observed that Sequentie
Unconstrained Minimization Yechnicgue (suMT) {10), based on the
penalty-function approach is most effective in achieving convergence
for highly nonlinear design optimization. This technique is employecd
to meet all design constraints described above and concurrently‘
minimize the input filter weight. after employing suMT technique

the results obtained in (7] are pregented here in Table 2,

Table 2
welght Filter Ly
(cms) (D) Ry L, R, c Ry G
a () QL (pf) 2 (uf)
164 2—-stage 232 0.0276 77 0.0119 100 1.72 30
164 1-stage 77 0.03%96 412
421 l1-stage 28,2 0.0396 1124

some switching mode converters with above single stage and
two stage input filter were analysed in digital computer gc-1010.
The exact and spproximate vzlues of attenustion, forward transfer
function H(s) and output Impedence of Input filter z(s) with approx-
imations described above were calculated and plotted on graph. fthe
results show that these approximations hold good at switching fre-
quency. Therefore for optimum design calculation and analysing
the switching mode converters, these equations can be uged directly

which saves considerable and valuable computer time.



CHAPTER - IV

PERFORMANCE COMPUTATION OF A SWITCHING MODE BUCK

CONVERTER
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Exercise 1

We analysed Buck type switching converter shown in Fig.2.4,
with three Input filters of Table 2, Given circuit parameters
of Buck type switching converter, objective and observations are
discussed below.

Given

(i) Circuit parameters

Vp = 12V

VO = 5V

RL = 0.86 &1

L = 200 pH

Rl = 20 mo s
C = 1540 uf

Rc = 7 mfLu

Swiitching period Ip = 50 uS or Switching freg. 20 KHz.

(ii) Brror Processor
It consists of an amplifier and a lead lag compensation
network with the following transfer function :

193.3 [(1+£/20) /(1+£/0.3)]

FE(S) =
(1+§/1225) s (1+£/3263)

(iii) Pulsewidth Modulator :

As shown in appendix C, the describing function of the

PWM for unity pulse train be

1
Kp = v
P
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If Ty is the time delay from the signal d(t) to the power switch,

the transfer funétion of PUM be
= "J“\-’T
E, (s) (l/AoTp)e d
The slope A  of the fixed ramp A(t) is given as

a_=6.25 x 10% vys o

and T g = 8us
Objective 3
(1) To analyse the e ffect of approximations on attenuation

of two stage filter.
(2) To analyse the effect of approximations on output Impe-

dence of two stage Input filter.

(3) To analyse the effect of Input filters on Buty cycle to

output voltage transfer characteristic,

(4) To analyse the effect of Input filters on Open loop

transfer characteristic.
(5) To analyse the effect of Input filter on Audiosusceptibili

Observations :

(1) A computer program with the following algorithm was

developed for exact and approximate value of Attenuation, See

fig. 4.1.
l. Read all the input parameters.
2 Initialize vout

3. Calculate Vg
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4. Calculate Attenuation = Voyr/Vi
5. Calculate approximate Attenuation from egn. (3.2,16).
6. Increment in frequency AI = AI+50.

7. GO TO 3 if AI £5000, otherwise STOP.

A complete print-out of the program is placed in the last.

Both the wvalues, i.e, exact attenuation and approximate
attenuation are plotted in graph 1. (.) represents exact values
whereas (X) represents approximate values., It can be seen from
the graph that although approximate values differ greatly from
exact values at low frequencies, approximate curve more or less
coincides with the exact curve at higher frequencies, Therefore,
the approximations in egn. 3.2.16 holds good for higher frequenc-
ies and for analysis purposes this equation may directly be used

at switching frequency.

From graph, resonant peaking of H(s) at first stage (BFl)

and second stage (BFZ) are 2.0 and 0.33 respectively.

(2) Similarly a program was developed for output impedance
of input filter for agpproximate value by considering first stage
only, exact value and approximate value from eqn. (3.2.15) by

neglecting R These are plotted in graph 2. (.) represents

1°
exact value, (x) represents approxXximate value by considering
first stage only. When we neglect R; the resonant peaking of
Z(s) comes out at 2.02. From this graph it can be seen that
the exact resonant peaking of 2(s), Br, and Br, are 3.68 and

2,23 respectively whereas approximate resonant peaking BR is

2,13, It can also be seen that the peaking at first stage
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resonant freq., is more than that of second stage. Therefore our
approximation in peaking limit of Z(s) by considering first stage

only holds good.

Duty cycle=to-output voltage transfer characteristic,
open loop transfer characteristic of switching regulator and
audiosusceptibility vs freq. are plotted in graph 3,4 &5 respec-

tively for the three systems of Table 2.

(3) I f we compare the duty cycle to output transfer function
of two stage and single stage input £ilter in graph 3. We can
see that a severe penalty on the regulator loop performance has
to be pald in order to match the weight of a single stage filter
with a two stage filter and if we match peaking constraints,

filter weight has to be increased considerably.

(4) Graph 4 illustrates the open loop Bode plots for the
three systems. Rather disturbed open loop gain and phase

at filter resonant frequency can be seen for single stage filter
which results in an unstable system for éxample 2, Considerably

better performance is shown using the two stage filter design,

(5) Graph 5 illustrates the audiosﬁsceptibility of the regu-
lator for the three systems, It can be seen that even using the
input filter design of example 3, there exists significant
degradation effect due to the input filter resonance of H(s).
Again the worst care is shown with the single stage filter

design of system 2 and twos tage filter gives better performance.
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Duty cycle to output transfer function and open loop
performance of switching regulator without any input filter
are plotted on graph 6 & 7 respectively. We can see that

there is no peaking in the absence of Input filter,

Exercise 2.

One more switching converter which we are using in
many systems in Research and Development Division of M/s,.
Indian Telephone Industries Limited, Naini, was also studied,
A single stage input filter, the circuit parameters of which

are shown in Pig. 4.2, is used in this switching converter,

Given 3
Components values as shown in Fig, 4.2
Vi = 20V

= 4 |
Ag = 7 x 10 v/s

Tp

il

50 us
Error processor - same as in Exercise 1.

Objective :
To analyse the effect of Input filter on system

perfomance,

Observations :

The open loop transfer characteristic and duty cycle
to output transfer function are illustrated in graph 8 & 9

respectively. We can see fram the graph that since
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comparatively large input filter was used, the peakings are
reduced, But still in audiosusceptibility graph 10 considerable

peaking is obtained which again shows the disadvantage of single

stage® input filter.

Exercise 3

Graph 11 illustrates the exact and approximate attenuatior
of the two stage input filter with following parameters.

L, = 1,1 mH

1
C1 = 225 uf
C2 = 20 uf

R, = 0.02

3.34 &

2]
w
]

From graph it can be seen that resonant peaking of H(s). Bg &

BF. are 1.35 and 0.25 respectively., Again exact and approximate

2
values are same at high frequencies,
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CHAPTER.V

DISCUSSION AND CONCLUSION
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A general method for modelling power stages of any
switching dc-to-dc converter has been developed through the
state space approach. The fundamental step is in replacement
of the state space descriptions of the two switched networks
by their average over the single switching period T, which
results in a éingle continuous state space edquation description

designated the basic averaged state space model.

The subsequent perturbation and linearization step

under the small signal assumption (2.3.12) leads to the final
state space averaged model given by (2.3.13) and (2,3.14). These
equations then serve as the basis for development of canonical
circuit model. Different converters are represented simply

by an appropriate set of formulas (2,3.27) and (2,3.28) for

four elements in this general equivalent circuit, From the
canonical circuit model, various performance cCharacteristics

of different switching converters can be compared in a quick

and easy manner,

With the help of State SpacCe Averaging technique, a small
signal average model of switéhing mode regulator is derived to
investigate analytically the complex interaction among input
filter, output filter and control loop which often causes
degradation of regulator performances, Analytically based
design constraints are formulated, It is concluded that.the
minimization of the forward transfer characteristic H(s) and |

the output impedance Z(s) of input filter at filter resonance
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are key to designing an input filter, But minimizing H(s) and
Z(s) at resonance for a conventional single stage filter results

weight and loss penalties., Therefore we conclude that s

Single stage filters are generally much heavier than two
stage filters under identical design constraints and for the same
filter weight design, a single stage filter has much higher filter
reéonant peakings Br and Br than those of a two stage filter,
Therefore using a two stage input filter which is capable of
reducing H(s) and Z(s) at resonance without signi ficantly increas.

ing weight and loss is more advantageous.

Same approximations were madé in optimum design constraints
It was shown that these approximations do not affect the perfor-
mance and optimum designing of switching mode converters and
these equations can directly be used, thus saving a valuable

computer time.
SCOPE FOR FURTHER WORK :
The insights that have emérged from the general statge

space modelling approach suggest that there is a whole field

of new switching dc-to-dc converter power stages yet to be
conceived., The state-space modelling approach discussed in

this dissertation is for two state switching converters only.
This method can be extended to multipleb- state-éonverters €eTe
power stages operated in the discontinuous conduction mode, and
dc-to-ac switching inverters in which a specific output waveform
is 'assembled' from discrete segments., Sone efforts have been
made by Fred C.Y.Lee, Ralph P. Iwens, Yuan Yu, James E,Triner(3)

&[4) for discontinuous conduction mode but they have not
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considered the effect of Input filter in that case. Further

work can be done by considering input filter also.

Further, component ratings of first and second order
filter have not yet been determmined., Multiple feedback
systems and adaptive control system may also be considered,

FPeed-forward method of controlling audiosusceptibility can

also be investigated.

Ky
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APPENDIX A

Consider Duck type switching converter with input filter

as shown in Fig. 1.
If we define a state vector x(t) with components xl(t)=vcl(t)

x,(t) = vcz(t), x5(t) = i,(t) and x4(t) = iz(t) iee.

x(t) = 'vcl(t)}

Vc2(t)

then the response of the network can be represented by

X = Ax + b ul(t)

During Ton

wWwhaen switch is ON the above circuit becomes as shown

in Fig.2.

. _ , i1 , —
Eip = Rqdly + Ly —Fp + vy + Ry(dy-15)
1
Va1 T Jig-i,)ae
1 . 1 ’
= — 1, - - i ce.ola@)
vc1 Cl 1 Cq 2
R.+R R
s 1 1773 3 .
i, = - v - ———— 1. ¢ i+ ——=— E ..(b)
A2
= 1 . _ _.© a4
Ver = g/ e ) Ot



Vv
N _ o__
But Vg Vay + R4(12 —§I
R_-+R
L 4
or VO( R, 5 tRyi,
\
e} 1
= A (v +R, )
or RL 3 R.4 c2
- * 1 [ . 1
« e v = i, - —— ( v +R, i)
c2 Cy 2 RL+R4 c2 ]
- R
I .
1 [ 1 + i }
= - — R +R 2
C2 RL+R4 c2 L 4
R .
, l L 1 o..(C)
v ——— v + R TRY 2
c2 CZ(R1+R4) c2 C2 RL+R4
RL di2
VortRyli =150 - R, ¥ R, (vaptRgls, ) = Rodptlo—gr—
di R R_R
2 L ; 14 ,
Lo =% Vel R R Voo tRyi w(Rgt gmg + Ry,
4 L 4
i - __1»“ v RL _ - R3"— 5 -(;R2+R3
2 | L, cl L, ( R +R, ) c2 L, 1 L,
R_R
L 4 .
4 .
If we put egn (a) to (dJd) in matrix form :
s " 1 1
v ,(t) — 0 0 e .
cl Cy C,
v _,(t) = 0 1 0 R
c2 Cy (R +Ry) L
. B . R, +R4 R,
1 Ly Lq Ly
L 1 .
| ia(e) | T - Ry R3 Rp # Ry [ Ry By
Lo (RL+R,) L, L, L, (R +R,)



(iii)

rvcl(t)% : 0 T
vcz(t) 0
+ ' jln
il(t) 1/4,
i iz(t) ] 0 |

During ToFF

When switch is OFF the Buck power st.age becomes

as shown in Fig.3

v =
1
. 1 . »
e Va1 T c, 1 - - (&)
di1
nin = Rlll + L1 I v 1$ R311
. R,+R
. . 1 1 3 . 1 '
. . T= e e v - ""l+ E. o'o(b)
1 L1 cl Ll 1 1 in
\Y4
1 )
v = ( dif=- —— ) dt
c2 C2 2 RL
Bat Vo = votRu(iy- 0
R
L
From ogn (C)
R
: 1 L .
v = - v ‘l' 1 o.....(C’)
o Iy k
cl C222L+Q45 c2 CZZRL+R45 3
. diz
Rolotlg=—gr— & Vg =0
d12 RL
or Ryi, + L2 T FRL+R (VC2+R412) = 0
4
R R
3 1 I, 1 1.4 d
or i, = - oy = i (Rt Y1, «e(d)
z Ly \Rp+Ryy T2 L, 27 RpFRy



(iv)

Combining egqn (a) to (d)

e T [T L o 1r (t—)+ of
ﬁcl 0 O C1 Vel
2 o - 1 0 L v_,(t) 0
c2 C.(R_+4R,) C.(R.+R,) c2
2V 51T 2 TR
EY = +
i 1 +R
1 |el—>— © 173 ,
H R R, R
Ll - — L _ 0 L (R2+QL{R4) i,(t) 0
N L
JL i ‘L » L2(RL+R4) 2 4 ,J _L ad
Therefore - 1 -
0 0 - L
Ay = Cy Cq
R
0 1 0 L
cleL+R4T CZKRL+R47
L 0 _ RitRs _ B3
1 Ly Ly
R R Ry+R3 RLR4
1 %R ) L3 - L, L, (R +R4)
. I Ry 2 .
_ L 1
0 0 — 0
1
a,=| o 1 5 L
cy RL+R47' CZIRL+R4)
1 o 11tR3
~ - = 0
1 1
R o _ 1 Ry Ry
- 0 (R +R4) Ly 2 Ry +Ry u
b, =b = o
2
0
1/L1
| o
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APPENDIX B

The fundamental approximation in the state-gpace averaging

approach 3
Let the two linear system be described by

(1) interval Td ; 0 <t< tg (ii) interval Td' ., to 4«t<T

% = X = Ax .ee
X Alx 5 (a)

The exact solutions of these state space equations are :

At
x(t) = e x(0) t e Lo,toJ
A,(t-to)
x{t) = e 2 Ox(g—g te [to, T] eee{b)

The state-variable vector x(t) is continuous across the
switching instant t,, and so :

AZ(T—Td)
x(T) = e x(te)

ata_T _ e.s(C)
e 2 edAlT x (o)

I

Now if we introduce following approximation in above

equation

(cdA; + d'AZ)T

ed'AQT AAqT o o e ()

resulting in an approximate solution
(dA +d'a )T
x(T) = e 1 2 x(0) ees(e)
However, this is the same as the solution of the following linear

system equation for x(T) :



(vi)

;{= (dA +dta )X ’ ,,.(f)
1 2

The last model (f) is, therefore, the averaged model
obtained from the two switched models given by (a) and is
valid provided approximation (d) is well satisfied. This is
so if the féllowing’linear approximations of the fundamental
matrices hold :

dA_ T
e 1 =~ I % dAlT

~TI + 4d'A.T

A*A,T
2
© 2

In esmence, (d) is the first approximation to the general
series :
- ey ¢ A 2.
AT = (dA +d'A )T + dd' (Aja; - AR TS+ .......

where AT = ed'AzT edAlT

Hence, when two matrices are commutative, that is A1A2= Ajﬂl,

then A = dAl +'d!A2 and (d) becomes an exact result,



APPENDIX C

The Pulsewidth modulated signal was obtained by Dither
method., In this method, the low frequency error signal Ve(t)
is compared with a high frequency dither signal, a fixXed ramp
A(t). As shown in fig. 4(a) the resulting signal e(t) is fed
into a relay element. The output of the relay element is a
pulse-train of magnitude V, described as

V.  if A(t) g Ve(t)
d(t)-‘-{ eee (1)

0 otherwise

Input and output waveforms of PWM are shown in Fig.,
4(b) and 4(c) respectively. Since the dither frequency is
significantly higher than the frequency of error signal Vg (t),
the error signal <an be modelled as a bias»over one dither
cycle as shown in fig. 5(b). The Input-output relation for

PWM is shown in Fig. 5(a).

Thus, the describing function of PWM be

e se e (ii)

day = -%-— V.t
P
V. Vg
V ooo(iii)
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INPUT FILTER DESIGN FOR SWITCHING REGULATORS

"EVALUATION OF OPEN LOOP GAIN AND AUDIOSUSCEPTIBILITY

WITH TWO STAGE INPUT FILTER

PROGR2MMED BY P.K. GUPTA

REAL L.LZX

READ I,a0,7TF, TD.L.C,LZ,CL,VI,VO,RL,RL1,RC,R1l, #K,F1,F2,73,F4

FORMAT(7E10.1,F9.4/F8. 4,8F9.4/F9.4)

READ 50,R2,R3, 2L2,C2

FORMAT(2F9.4,2E10. 1)

aL1=L

D-VvVo/ V1

I0=VOo/RL

Do 101=1, 5001, 50

AT=I

W 2.0%22,0/7.0%aT

FE K *((Le+AL/F1) /(1. +2T/F2) )/ ((1s+AL/F3)/ (1. +AL/F4))

PI=22.0/7.0 ,

FMRE= 1./ ( 20 *TP) *Q0 S(W*TD*PL/ 180.)

FMIM==1./ (70 *TP) *SIN(W*TD*PL/ 180.)

ZIRE™ (RLAWH**P*C% %2 *RC*RL * (RC+RLY )/ ( L+ +W*W*C*C* ( RC+RL) *%2)

ZIIM=—WHCXRL ¥ %2/ ( 1o +WHW*CHC* (RCERL) *%2)

21 SRE=RL 1+ZIRE '

ZI SIM™ W*L+2ZIIM

APPROXIMATE CALCULATION BY CONSIDERING FIRST STAGE ONLY:

Z1SRE= ( (R1*R3+aL 1/ C1) *(R1+R3) + (W*aL 1 *¥R3~R1/ (W*C1) ) *(W¥aL 1~ 1.0/ (
171) )}/ ((RI+R3) *%2+4 (y*aL 1= 1.0/ (WkC1)') #**2)

Z3 SIM= ( (W*2L 1 *R3~R1/ (W*C1) ) *(R1+R3) ~ (W*2L 1- 1.0/ (W*C1) ) *(R1*R34%2
1C1) )/ ((RI+R3) **2+4 (WraL 1~ 1.0/ (W*C1) ) #%2)

Z15 SQRT (ZASRE*#*2+271 STM %*2)

Z2RE= R2+Z1T SRE

Z2TIM= WAL 2+ Z1 SIM

ZSRE™ (Z2RE*(1eC= Z2IM*W*C2) +Z2IM*W*C2*Z2RE) / (( 1+ O= 22 IM *W*C2) *¥2+4
1C2¥Z2RE) %*%2) )

ZSIM= (22IM*( 1eO= Z2IM*W¥C2) - Z2RE *W*C2 *Z2RE) 7 ( ( 1« O— Z2RM *W* C2) % %2+



1C2 *72 RE) **2)
7S SQRT (ZSRE#**24ZSIM **2) |
X (D*D*ZSRETZISRE) * %2+ ( D*D*ZSIM+ZI SIM) **2
FPRE™ ( ZIRE*( D*D*ZSRE+ZT SRE) +ZIIM* (D*D*ZSIM+ZISIM) )/ A
FPIM= (ZIIM*(D*D*ZSRE+ZISRE)Y -~ ZIRE *(D*D*ZSIM+ZISIM) ) /A
FCRE=VI-ZSRE*IO *D
FCIM=— ZSIM*I0*D
DUF IS DUTY CYCLE TO OUTPUT DESCRIBING FUNCTION
DUFRE= FPRE *F CRE- FPIM *F CIM
DUF IM=FPIM*FCRE+FPRE *FCIM
ADUF= 8QRT(DUFRE** 24+ DUFIM **2)
PDUF= ATAN ( DUFIM/ DUFRE)
GYRESFE*FMRE*DUFRE~FEXFMIM*DUFIM
GTIM=FE*FMIL *DUF RE+FE *FMRE*DUFIM
AGTS SQRT(GTRE* *2+HGTIM%*%2)
PGTS™ ATaAN ( GTIM/GTRE)
DGTS™ 180./PI*PGTS
DDUF=180./PI*PDUF , ’
EVALUATION OF ATTENUATION
VOUT=1.0C
COU TIM=[7%C2
VXRE" 10— W*W*AL2 *C2
VXIM™ W*C2*R2
VX= SQRT (VXRE*%2-+VXIM**2)
CXRE™ (W*W*C1 *C1*R3 *VXRE~-W*CL*VXIM),/ ( 1.0+ (W*C1l *R3) *%2)
CXIM™ (WXCL*VXRE® (W*C1) *%2*VXIMFY ( 1.0+ ( 1.0+ (W*CL*R3) **2)
CIRPE= CXRE
CIIM= CXIM+QOU TIM
CI= SQRT (CIRE**Z+CI Il *%2)
VIRE=R1*CIRE-W*AL 1 *CIIM+VXRE
VITMWAL L *CIRE+R1*CI IM+VXIM
VIT=SQRT(VIRE **2+4+VITM *#%2)
HS 1.0/VII
FPS™ SQRT(FPRE**24+FPIM**2)
GAST D*IS*FPS/ SQRT( (1« *GTRE) %% 2+GTIM **'2)



(viii)

Put eq. (iii) in (ii) we get

Ig-n=
Vb

And if the magnitude of output pulses are unity i.e. for

unity pulse train
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FM™~ SQRT(FMRE **2+F1 1M **2)

FC SQRT(FCRE¥**2+F CIM ¥ *2)

ADUFL= 20, 0*2L,0G10O ( ADUF)

AGTSL™ 20, 0*2L.0G10( ACTS) .

GASL™ 20, 0 *ALOG10 (GAS)

PRINT 2, AT, W.FE,FC,FM, FPS, ADUF, ADUFL, PDUF, DDUF _

FORMAT(8X, SIFREG +» 1 &r 2HHZ, 2X, 2HOR, 23, F8. 1, 4HRADs /5X, 6HFE(S) =, E1
1, 2X6HFC(S)=, E10. 3, 2X,6HFM (S) =, E10. 3, 2X,6HFP(8)=, E10. 3/5X, 23HDES
2IBING FUNCTION DF=,E2.2.2X,9H20L0OG DF=+E9. 2+ 2X, EHPHASEDF=, E9. 28
3AD! DR ,E9.2,6HDEGREE) '

PRINT 3, AGTS. AGTSL,PGTS, DGTS, GAS, GASL

FORMAT(5X, 21HOPEN LOOP GAIN GT(S8)=,E9.2.2X, 12H20L0G GT(S)=,E%.2
1,6HPHASE=,E9. 2, 8HRAD. OR ,E9.2.0HDEGREE/5X, 26HAUDIO SUSEPTIBILI 1
2Ga(S)=,E9. 2, 2X, 1320 LOG GA(S)=,E9.2)

PRINT 4.,DUFRE, DUFIM,GIRE,GIIM

FORMAT(5X,6 HDUFRE™ s £10+ 4, 5X, 6HDUFIM= , E10» 4,5%X, SHGTRE=, E10. 4, 5X,
1TIM=,E10.4)

CONTINUE

STOP

- END



1.
2.
3
@,
5. 0036
6. 0036
7. 0034
8., 0042
9. 0040
10. 0050
~11. 0056
12. 0066
13, 0065
14, 0086
15, 0086
16, OODA
17. DODF
19. ODE4
19. 0O0FO
20. ©010F
21. 0120
22, 0138
23. 013F
243¢.0168
25,
26,
27. D16C
. 0184
e (0198
30. ©1CO0
31. O1DF
32. O1EF
33. O1FE
34, D1ES
35. 0D1F8

OO0

4

20

22 ENHATION:FB

INPUT FILTER DESIGN FOR SWITCHING REGULATORS
EVALUATION OF ATTENUATION
PROGRAMMED BY P.K. GUPTA
READ1.81.R2.R3.AL1.AL2.C18C2
FORMAT(7E10.1)
Do 10 -I=1,5001,450
Al=1mw1
VoUT=1.0
COUTIN=WH*C2
UXRE=1,0-W#J*#A1L2#C2
UXIM=Li#C2 *#R2
UX=5 QRT({UXRE #%2 4V X IM *##2)
CXRE=(W#J#C1%C1 #RIMXRE-WHCINUXIMY /(1. 0+(u*c1*ma)**2
CXIM=(MC1*UXRE+(WHC 1) ##2 #RIMYXIN) /(1 O+ (W*C1#R3) *x2)
CIRE =CXRE
CIIM=CXIM+COUTIM
CI=58RT (CIRE®¥2#CIIM*¥2)
VIRE=RMIRE~WALT#CIIMN M XRE
VIIM=W*AL1*CIRE+R1*CIIM+UXERA

UI=8QRT(YVIRE #*¥2 LU T #%#2
ATTEN-1S } " )

PRINT 20.A1,BOUTIM, VX, CI,VI,ATTEN

FORMAT(sx,susREQ 16 2HHZ/1UX,15HOUTPUT CURREN T=.F 8. 3,
« 3HUX=, F7

11.3/10x, 14HINPUT CURRENT=F6, 3,1nx,13H1NPUT’unLAGE

F7.3/10X. 12HATT

F1=1.0 % 0*22, 0/7 G*SQRT ALI*C1
A~ cz/c1)*(A1;r1 ¢ )

S Ohiee Ly e (/e

PRINT 30, APPATT

30 FORMAT (1OX 24HAPPRDIMATE ATTENTIGN E8.5)

10 CONTINUE

STOp
_END___
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