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. ABSTRACT -
; Linear feedback control theory is shown to be applicable §
:

to the analysis and design of Automatic Galn Control systems. %

Expressions are derived for the loop gain, and its in- %

fluence in the regulation characteristics of the loop 1s E

shown.

The frequency response of AGC loops is predicted and
used to reshape transient and steady state response making
use of conventional frequency response dliagrams.

Using the derived expresslons the design of AGC loops is
quite straightforward and their characteristics such as regu-

: lation and effect on distortion are readlly predictable.

A non-~linear gain characteristic was devised generating
no distortion (under certain assumptions), and the analyti-
c¢al expression of 1t was derived.

The developed theovy and deslign techniques were proved

to be applicable to AGC loops with arbitrary number of
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I. INTRODUCTION

Automatic Gain Centrc: (AGC) is a closed loop regulating

system the purpose ¢* which 1s to provide closely controlled

signal amplitude at the cutput, despite the variat:on of
The above

amplitude and frequencv in the Input signal.
goal s generally accomplished by feeding back a measure of

the ov.put sigral and "hrough this adjusting the galn by

which :~e input s3iemal 1s multiplied.

V«
=
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Historicalily t": first appearance of AGC systems in

electronics ca. ve placed as early as 1923 when a form of

TN
TR

o "

AGC was obtained by using triodes, biased from the detector,

(EFi%

to shunt the antenna'circuit. In this instance i¢ was

intended for limiting the noilse produced by strong atmes-

ome SR b

: pherics. A later method employed a mechanical control to

reduse the capacitance between the antenna and recelver;
the moving coil of a milliammeter connected in the detector
anode circuilt aciuated the moving vanes of the antenna
capaclitance.

The introduction of variable mu R.F. tubes marked a most

important step in the history of AGC, i'or control of R.F.

gain by grid blas became possible. The blas was derived

from the D.C. component of the detected carrler output

voltage.
Today with the immense expansion of electronic's appli-

v cations, AGC systems are used almost inevitably in electronic

SR Taday oY o - = - _
ds. 2. 2O F s BN, $y VY




- equipment like RADARS, TV, COMMUNICATION RECEIVERS, COM-
PUTERS, etc.

Although the discussion so far 1s restricted to the
field of electronics, AGC systems constitute a broader
category including a variety of problems. )

Wnerever a constant nominal output level has to be
maintained, 2:spite the input variations, a kind of AGC
system can be employed; so problems of éonstant pressure,
temperature, fluid or gas flow, etc. -can be examined,
analyzed and designed as AGC problems.

There exists a large amount of llterature about AGC
systems treating in various ways the normal AGC system as
it is encountered in communications, TV or RADAR's recelvers,
the maln characteristic of which is that it has a low pass
filter or an ideal integrator in the feedback path.

Only special cases of AGC loops have been solved
completely in an analytical way and as the order of the
system gets higher than one, there doesn't seem to be any
way of solving the non-linear differential equation r-lating
the input to the output.

Even for first order systems one has to make certain
assumptions as far as the nature of the gain of the voltage
controlled amplifier is concerned in order to be able to

proceed analytically.

References [1l] and [2] contain practical considerations

of instrumentation of an AVC loop for a regular super-

heterodyne receiver and-explain in a practical way the
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effect of the reference signal on the AGC action. Similar

information can be found in any receiver handbook.

’ Reference [3] treats the single-pole AGC system as a

feedback control problem and calculates the reference signal

PO B A S LN 7 e R R

from the statie requirenents of the loop.
Reference (4] without theoretical development describes

an AGC system applied successfully to microwaves which

prcduced an attenuation of input fluctuations of the order of

A s Ay e i

4o ab.
Reference [5] introduces a combination of a sync clipper

and an AGC circuilt used in TV receivers in a highly effec-

tive noise gating arrangement, discriminating against

impulse noise.
Reference [6] describes an AGC system for the usual

* o s AR BBt £ e 3 ay eyt et fyseay,
R M e e e e S R R S s g

transistorized superheterodyne receivers and obtaining AGC

control from a single grounded base stage succeeds in saving

a dicde.
Reference [7] remains as an almost classic treatment of

Y IR TR Ty
itz

bt

AGC systems. The authors arbitrarily chose the non~linear
E gain as being an exponential function of the blas voltage

(result at which this thesis arrives in Chapter IV con-

SR T vl s bt SR e SR B e 3 IR

sidering the static requirements around the loop seeking a

W

distortionless characteristic when both input and output

i% Y & PR
RROHa 1T VYT O

are expressed in decibels with respect to unity).

Using Wiener methods they designate the closed loop

WL

4 transfer function of an AGC system which gives the minimum

LA

* rms error, in receiver gain, and which turns out to be a
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single-pole low pass fllter and which yields the feedback
filter of the system as being an ideal integrator.

Reference [8] presents an alternative method of deriva-
tion of the same results as reference {7] plus some additional

detalls of performance.

Reference [9] treats an AGC loop containing a non-

1inear feedback filter.

Reference {10] analyzes an AGC loop with a single pole
in the feedback path and proceeding further proves analy-
tically that with a double-pole filter it is possible to
excite a regenerative mode in the system and the transients
become unbounded.

Reference [11] analyzes a regular AVC system in the
presence of stationéfy Gaussian noise.

The purpose of this thesis 1s to iInvestigate AGC systems
with higher dynamics and the associated problems with them.
Such systems are encountered as temperature regulators,
fluld or gas flow regulators and generally wherever time
delays in the transmission of signals or actual components
create an arbitrary number of poles and zeros around the
loop.

It is intended to derlive approximate formulas which will
enable one to predict and analyze the behavior of these
systems to a certain extent, and will provlide a good basis
for practical design and compensation of AGC loops.

From this point of view an AGC system can be thought of
as a self-adaptive servomechanism which controls the gain

of an amplifier by feeding back a measure of the output in

PROYPRpSTReRRTIT TR R
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such a way that the nominal amplitude level of the output
signal remains constant independent of the amplitude vari-
ations of the input signal.

There is a distinction between the "regulator" type of
systems and the usual AVC systems encountered in common

4 ‘receivers. The former try to keep the output amplitude

R

constant in all cases. The latter try to keep the nominal

cutput amplitude constant but it is undesirable to suppress

Gt b

the overriding high frequency signal which carry the infor-

s

mation to be received. In this thesls an attempt 1s made

to include both of them under the same broad category of

RPN /i) e e m et 22
e A e T
T oamemt LS

Automatic CGain Control systems leaving the distinctlon to

be taken care of by the location of the input variation

PR
¥ Yy o

pi frequency with respect to the frequency band contained 1n
S the bandwidth of the individual systems.
i Specifically it is proved that if the input wvariation

/ frequency 1is located outside the bandwidth of the AGC loop
the variations are suppressed by the AGC action, whereas if
the input variation frequency lies inside the passband of
g the loop the AGC action has no effect on the input variations
'ﬁ which pass undisturbed.

A% ' Conventional feedback control theory 1s used throughout
this worx since there 1s a great resemblence between AGC

loops and feedback control loops. This permits the well

established techniques of feedback control to be applied to
‘ij the AGC problem.

The feedback nature of a typical AGC system becomes

clearer considering the essentlal features of a simple
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§ feedback anplifier.

é 1. There 1s an input. ;
2 2. There is an output. ;
: i
3. There 1s a transmission path which develops a !

. {

) measure of the output. b

: 4, There is a means for comparing this measure of tne f§
; b
3 output with a reference level, i.e. means for ;3
‘ developing an "error" signal which is the algebralc ‘é
¢ sum of the reference and the measure of the output. $
3 5. There is an amplifier which uses this "error" §
£ signal to adjust the output. 3
& Thus 1t 1s seen that the description of a simple feed- E
z back amplifier differs in only a few detalls from the ?
é description of a typlcal AGC system. §
= ;
E
;‘g

g
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II. FORMULATION OF AGC PROBLEM

T AR

In Fig. 1 an AGC system is shown in block schematic form

which consists of:
1. An amplifier whose gain N(v) depends on the ampli-

tude of a cornitrol signal.

i FEARA S M I T L

i
N
.

An arbitrary number of poles and zeros in Gl(S),

K

reron -
T A T

G2(S), G3(S) depending on the physical time constants

of the actual system.

% 3. A constant reference or threshold signal VREF' b
; 4., The input signal Vin' E
: ' g
,‘ Vin ) ;3
§
gg
Vg Gats) Lv | N v Gus) Vo 7
3 E:
Er z
p
P 2
: a Gats)
3 Figure 1. Block Diagram Representation of a Typical AGC System.
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5. The output signal Vo (the amplitude of which must

? £
i
i
2
H
!

?FI
£
a
%
i
%
%ﬁ
%
g
j
#
Zé;'.
é
%
X

E i be kept constant). :
“E If G1(S) = 1, G3(S) = 1 and G2(S) consists of a low ?
% f i pass filter the usual AGC system of communication receivers

g appears, the purpose of which 1s to keep the nominal value f
5 % of the envelope constant. ?

If Vin is the temperature of incoming gas and N(v)

represents a chamber in which the temperature is raised or

lowered in order for the output temperature to be constant,

a temperature regulating system 1s considered.

If vREF is replaced by an audio frequency input then a
"padlo transmitter with envelope feedback" is considered,
and then the amplifier constitutes a modulator.

So a great varie%y of systems can be calssified under

A LR e e A e R g

J the broad category of AGC systems.
The AGC action can be more clearly understood if the
system is considered as a conventional feedback loop having
as 1input VREF and as output Vo. In thies case Vin is con-

’ sidered as a signal source in the lcop and the voltage

controlled amplifier as a non-linear block with input v

E> and output Vin . N(v).

_ Assuming the transmission gain in the forward path as

g "u" and in the feedback path as "B" the following equations

can be easily derived.

oy e
SR Nl v

Vo = u(vREF - BVo) (2-1)

p s g
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Vo = -1-;%—8- VRER (2-2)

and if u3 » 1

e L
Vo = —— Vppa (2-3)
.and the output is independent of "u," so that disturbances

in the forward path are suppressed. The degree of the

suppression may be obtained by differentiating (2-2) with
respect to "u" and dividing the result by (2-2) itself.

Thus
du
dVo = ————0 * V (2-4)
(1+us)2  REF
and

Vo T IFME W

So any variations in the forward path of the loop are sup-

1
pressed by the factor 7B °

In the temperature regulating system, and the communi-
cations receiver's AVC, these variations are fluctuations

of the external temperature, or received rf signal strength

correspondingly. So long as ]u8|2>1 these variations will

be suppressed, and a nominal output amplitude Vo equal to

'%_'VREF (and therefore constant) will be developed.
In the case of AVC

the range of desired modulation frequencies in Vin or these

[uB| must be less than unity over

modulations also would be suppressed in the output.
In a radio transmitter the principal "u" - circuit

variations might be the non-linearity of the modulator, and

I TORPY P
%

b

a
q

g

« g“sww»nm ™
E&.‘ Lo BN e SRk vt

gk S T N WP P 4
m@mm,muhmmm.n,m:mmc;vma;\mamm\wmmmmav i

R P

150w

SR e Y

VIREY

;«fmymm;mm«.;.;s;mmﬁmﬂﬁw«;wmmm&mm

R R AT DA Rt B 2o




14 3
X

é §
? {
i i
; S
? 3

ug| would be made much larger than unity over the entire

~

§ modulation frequency spectrum.

% Equation (2-5) indicates the importance of Vegppe If i
é VREF were zero, any output which might appear would be due g
é to the failure of the circuit to regulate completely. §
% In many AVC systems (called "undelayed" systems) the i

reference voltage 1s zero.

ey

: That this type of system performs satisfactorily in
many applications arises from the fact that the loop galn
i1s low for small received-signal amplitudes as will be

shown in Chapter III. The "failure to regulate" is thus

é quite large for low signal inputs and the fegulation does

Rty 1 LT

not become "good" until an appreciable (and usable) output
has been developed.

i Thus, in conclusion from the feedback point of view an
AGC system is a D.C. amplifier-modulator with negative-
envelope feedback, whose input 1s a constant voltage and
whose average output amplitude therefore is constant so

long as the loop gain is high.

I
TR P ., et 8y i .
e T A ey T O s AR AR S o S e e SRS e A e R A

[
un
£ Dnted ks o VEmeiiar e’
o

- O Y N - _
o Bt I SN R e 2o o e et e Tt L e ac -




TR S SR

iR AT SRR FT T T T T T S

ITIT. ANALYSIS OF AGC LOOPS

A. LINEARIZATION~LOOP GAIN

Before an approximate solution of AGC systems is
attempted an exact solution of a simple loop 1is presented
for-the purpose of showing ‘the -difficulty of -an analytical
approach even for the simplest of the cases.

Assuﬁe the block diagram of Figure 2, where everything

-.'elsé:is 1 except G3(S) = —%— an 1deal integrator.

Suppose also N(v) is given by N(v)=e2V (which is a very

desirable function for non-linear gain).

Tracing the signals around the loop the rollowing is
derived as the differential equation of the system.

Vi

+™\_ v ! v Niv) Vo
Vase O

=
23
X

o

g0
S

v, "y«"'"’,”,v,“.ﬂ 5

i AT

e by o

Figure 2, Block Diagram of a Simplified AGC Loop.
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v = Vepp = Vyn(t) N(¥) (3-1)

and by substituting the gain expression

E V= Vppp - Vi, (t)e?? (3-2)

which is a first order non-linear differential equation.

This equation is difficult to solve even for simple input

-waveforms. The simple but important -case of a step input
will be Investigated. Specifically it will be assumed

that the input:

Vin(®) = Vyp (3-3)

has been applied for a long period of time and steady-state

has been reached. At time t = tl (where tl can be taken as

? zero) a step change in the input occurs 3
- Vya(t) = M t>0 (3-4) 3
: i
; In the period t < 0 where steady-state has been reached

g equation (3-2) becomes

ﬁ " s _av

and solving for v

VREF\ : | (3-6)

in | —
vin /

_ 1
V=3

which in the initial valve of v when the step change in

Vin(t) occurs, i.e.

(3-=7)
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At t = 0_ equation (3-2) becomes:

v = Vppp - Me2V (3-8)

or

______dv = dt (3’9 )

and integrating

=3V __ .= rat +C : : (3-10)
Vo .~Me?V
REF

The left-hand side integral was found evaluated 1n reference

{121 p. 92 #2.313-1 and results in

1 v - #nlvg Me®)] =t + C (3-11)

aVepr

Setting t = 0, v has the value given by equation(3-7) and
then substituting

\'2
-1 REF M
C = in |—=—] - &n (V - — )

Vin in
VREF
v,
) avxlaEF in [v in- M ] ) a‘lanF m(\?’ I-M)
REF = : in
in (3-12)

Substituting (3-12) into (3-11l) results in:

1
e (Vo -Me2V)| = ¢ + —~—+— in —
UREF REF ] aVerF T,

Simplifying more,
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&V = in (VREF-MeaV) = aVREFt4-2n __} ‘ (3-14)

or

V. - M

Vv -Meav

REF -

av - &n (-——-—————) = aVREFt (3~15)
in

Now letting t » =» one can get the final value of v which is

\'s
8—1— zn(

—@) ' (3-16)

vf a M

T y h W
: and agrees with equation (3-7) for Vin(t, = Vin'

4
%
o
®
4
;‘fé
A
&
3
3
E)
!
:
B
4

} Substituting some values for a, vin’ VREF’ M it can be

seen that the plot of v versus time willl be as sketched in

Figure 3.

Vo

e s et
AN e L

Eocti
L

4 Figure 3. Sketch of v Versus Time.
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Correspondingly the gain N(v) = e?V will have similar vari-

ations with respect to v, i.e. increasing v, N(v) will
increase and vice versa.

The output of the system Vo(t) = Vin(t)N(v) plotted
against time will have the characteristlics shown in the

sketch of Figure 4.

Vo(t)
M) Vin
Vo) = Veer . e e e — - ——— e e
4
M{ Vi
a8
t=0 t

t »>

Figure 4. Sketch of Vo(t) Versus Time.

The analytically ..ivea >xample was merely intended to
show that even <h: simpler AG. loop results in an almost
impossible tc solve 4ifferential equation 1f the input wave-
form vih(t) 1s Jtrer than a simple constant value.

- The following is an gpproximate analysis and it 1is

based on small signal operation of a generallized AGC system

20

JE e




AL = AT 42 AT .1 st ALY S -
B e D O Rt NGRS P A i ot rre et oo b s et ossnrtb i p et BTL O AT

——————— s

thus permitting linearization of the loop around an equili-
brium point.

" It will be assumed that the input Vin(t) has a conspant y
value and steady state-has been established in the operation
of the system. Then small perturbations at the input will
be related to resulting perturbations at the output.

The assumption can be expressed mathematically as:

vin(t) =V, ¢t svin(t) (3-17)

and
Vo(t) = Vo + &Vo(t) (3-18)

where V;; 1s a2 constant amplitude input resulting in a
constant amplitude output Vo and Gvin(t) is a small signal
perturbation superimposed on V;; and resulting in small
amplitude fluctuation at the output §Vo(t).

From the assumptioﬂ 1t also folléys that the non-linear

gain:

N(v) = Ao + Alv + A2v2 S (3-19)

can be linearized around the operating region and can be

considered as:

N(v) = Ao + ALV ' (3-20)

Referring back tc Figure 1 and remembering that v(t)= v+8v(t)

the following. equations are derived.
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vy(t) = T hsv,(8) = Vy (£)N(v) = (T 46V, ()) (A +A,v)

= (\7'1';+6vm(t))(A°+A16+A16v(t))

: = AS b T W
‘ (Ao+A1V)V1n + (AO+A1v)¢svin(t) + JinA16. {t)
k3.
+ A6V, (t)ov(t). (3-21)

RS LS

where the barred quantities denote the nominal values caused

LT RIRLE

by the constant amplitude input Vin and the differential

AT

quantities (6) are those resulting from the differential
input perturbation Gvin(t).

i 3 Enss N
4’-;»(1{ S A,

In the above equation the last term is the product of

S

ke

two differentials and can be neglected compared with the

others, resulting in

iets?
AT

et e
AR e

1

v24-6v2(t)'=(A°+A1v)Vin-+(AO+A1v)6Vin(t)+ Alvinsv(t)

i
.

: (3-22)

% Letting the perturbation 8V, (t) = 0 and consequently %
g b
- sv(t) = 0, §v,(t) = 0 ;
3 g
; v, = (Ao + Alv) Vin (3-23) g
3 which is an expected result. %
g Subtraction of eqn. (3-23) from (3-22) gives ]
3 5
e - - ——r - ] g
Svy(t) = (A +A,V)8V, (t) + AV, Sv(t) (3-2%)
,§ and taking the Laplace transform

b

. ) '

E §vy(s) = (Ag+A V)6V, (s) + AV, 6v(s) (3-25)

‘? . Now tracing the signals around the loop the following

é equations can be derived:
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§V,(8) = G1(s)6v,(s) _ S

8a(s) = G,(s)8V (s) (3-27)
§vy(s) = - da(s) (3-28)
§ v(s) = G3(s)8vy(s) (3-29)

Manipulating equations (3-29), (3-28), (3-27)

§v(s)

G3(s)6vl(s) = -G3(s)6a(s)

-G3(s)G2(s)6V°(s) (3-30)

Substituting this equation into (3-25)

6v2(s) = (A°+Al§)6Vin(s) Alvin (¢ )G (s)6V (s) (3-31)

Substituting the last equation into (3-26)
. GVO(s) = (Ao+Alv)6Vin(s)Gl(s) - A inG (s)G (s)G (s)GV (s)

and rearranging: (3-32)

6V°(s)[l+Al in Gl(s)G (s)G (s)1 = (A +A,V)G (s)GV ( )

(3-33)
or
sV _(s) . (A*A x‘z) G,(s) '
2 = (2-34)
GVi (s) -

n l-l-AlVi Gl(s)G (s)G (s)

which 15 the transfer fugction of the linearized lnop
arouud an operating point.
The same result could be obtalned using a state variable
approach as follows:
. Suppose the block of Figure l-denoted by 1ts transfer func-
tion Gl(s) is characterized by

Tt R e S e
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\

(1) o Alx(l) + byv, (3-35)

and the output equation

. _ AT (1)
v (£) = cixt vl 4 dyvy (3-35)
Applying linearization procedure assume

x(1) = x{1) 4 5y (1) (3-37)

(1)

where xél) is the equilibrium value of the vector x and

Gx(l) is the perturbation vector.
Differentiating (3-37) with respect to time

£ = 21 4 52 2 4 {1+ 6x(Dyen (Fravy)

= A x(l) + bV, + Alsx(l) + b16v2 (3-38)

1% 172
(1)

e
Alx(l) + blsvz = 0 and remains

But iél) = 0 because x = constant and therefore

£ = x4 b6y, (3-39)

In the output equation .

_ = _ AT (1) (1) =
Vo(t) = Vo+6VO(t)- Cl (xe + x ) + dl(v2+ v2)
_ AT (1) - T..(1)
= Clxe + dlv2 + 016x + d16v2 (3~H0)
and from this 1t turns out that
= Tz, (1) _
§V () = Cidx + d,6v, (3-41)

Equations (3-39) and (3-41) represent the state and out-
put equations of the linearized relations between input and
output of block one. In a similar way the following are

easlly derived:
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§x(2) = Azsx(?) + b8V (3-42)
block 2

sa = Cgﬁx(a) + d 8V, o (3-43)
2 (3) (3) .,
[o b’ = A36x + badvy (3-44)
block 3
§ v = C%Gx(3) + d36v1 | (3-45)
s v, = - sa (3-46)
§ v, = (A°+Alv)avin + AlVI;BV (3-47)

The last two equations are exactly derived as eguations
(3-:8) and (3-25). Now taking the Laplace transform of

Eqn. (3-39) and solving
1) - -1
§x° 77 (s) = (sI-Ay) = by8v,(s) (3-48)
Substituting into the transformed Eqn. (3-41)

-1

6Vo(s) = C{Gx(l)(s) + dlsvz(s) = C?(SI-AI) b 6v (s)

+ A;8v,(s) = [C](sI-A)) " Tb +a 16V (s)  (3-49)

But 6v2(s) is given transforming equation (3-47)
\

6v2(s) = (Ao+Al§)6Vin(s) + Alvngv(s) (3-50)

and substituting into Eqn. (3-49)

]

GVO(S) [C (sI-4, )b 1+ 1 (A + V)Gvin(s)+A1 1n6v(s)]

[c'{(sI-Al)"1 by+d, 1 (A A T)8V, (s)

+ [c'{(sx-;-\l)'1 by+d,] AT 8v(s) (3-51)
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In 2 similar fashion transforming equations (3-45), (3-44),
(3-43), (3-42) and (3-46)

% sv(s)

Cgsx(3)(s) + d36vl(s)

= [Cg(sI-A3)-l'b3+d3] §vy(s) -

e
"
1

[Cg(sI-A3)-1b3+d3] sa(s)

[Cg(sI-Aa)'l b3+d3][CgSX(z)(s)+d26Vo(s)]

T -1 T, . -1
[C3(8I-A5) T bo+d ] [C5(ST-Ay) T Tb,8V (5)+d 8V (s)]

AR I I TR 3 B TLr 5 Lo Pl

_ T =1 T -1
= [C3(sI-A3) b3+d3][02(sI-A2) b2+d2]6Vo(s)

% (3-52)
% and substituting into Eqn. (3-51)

A _ (ol -1 =

§~ GVo(s) = [Cl(sI-Al) b1+dl](Ao+A1v)6Vin(s)

4 — T -1 T 1 iy "
4 (3-53)
S If in this last expression the factors in brackets are recog-

nized as the transfer functions of the individual blocks we

conclude with the same expression as the small signal trens-

g AT
R AT I ART)

fer function.

A

R

The denominator of the RHS of equation (3-34) is the

characteristic equation of the linearized loop

— i
1+ AlvinGl(S)Ga(s)G3(s) =0 | (3-54)

PR

It 1s readily observed that the loop gain of the AGC system

. 1s the product of three terms£ the nominal input amplitudea

times the slope of the non-linear gain characteristic at the




operating region, times whatever linear gailn exists inthe
three block transfer functions Gl(s), Ga(s), G3(s).

At this point in order to derive a much more useful
relationship between the loop gain and the regulation that
can be obtained by the system, assume the restricted but

widely applicable case, in which the three block transfer

functions are of type zero and consider

G,(0) =1 J=1,2,3

J
and associated with them the linear gains
GJ J = 1,2,3

In this case the loop gain can be expressed as

= g Aav)
(Loop gain) = GlG2G3 Vin “av

Since

=— _ U Vo
vV = -
in ~ N(v) GlN(VY

Substituting into Eqn. (3-57)

_ T 1 dN(v)
{(Loop gain) = 6233 VO €] av

T d(anN(v))

= GZG3 o dv
cec T 4 log, oN(v)
2°3 "o dv logloe

= GG, V
273 "0 20 logloe

- = d
.= 0,115 G2G3 v, g5 (20 }oglom(v)l (3-59)

[RS8 -VERE. PR 5 MR SO RO g eeen .
= o RIS vt n e e B Qb b Fa p SR L A LT IR r o e wy e o
v Fewms Miwids S TSR e Y E e T e R

= 1 d
30 Toe— av 120 logloN(v)]

(3-55)

(3-56)

i T B At Myt s Sy ) e P % Y LN LA ol i L
L L Y I R e R e e PO A e B e ROV N il SR ‘
: AL 2 Bl &

Fwdotind QECLHTRS

(3-57)

sy

(3-58)

P e ¥, X 7 N =
145 2 L €t N g1y SEAELRdrt? fxtonae ey 2, —
. L4 Weat A Desh s, £ o ol
SERBS GRS SR w%&ax‘.m:&‘ﬂﬂdtﬁwmm.&5‘&.“-::.‘5'::(:2»5#4*»&3&:&3&.(&.&\'95..'fé:{&:,\'e‘.;{k'ﬁ« AW




s P S T D A T A e A T T 0 G R PN AT o W oo e e B B < e AR RS L TREEAT el ey 5 L w e q L e iied

E :

g ' _ In this expression it 1s observed that use has been made %
E of the slope of the gain characterlistic at the operating §
: region when the gain is expressed in decibels with respect ‘ g
] to unity.
% ' Since the general assumptlon of small signal analysis : %
: g
" holds, i1t can be assumed that the characteristic of the %
£ galn when expressed In db versus bilas voltage v is linear g
} and it is given by :
20 log ,[N(V)] = Sv + C (3-60)

5 where s 1s the slope in db per AGC blas volt and C is a

; constant. Such a linear characteristic when the gain is

§ expressed in db is depicted in Fig. 5.

.k
Ntv)
: in db)
. C

Nmax

Nmin

GBS o SR A S S A T e RSP S BN SRt it xS o

_’

v > hate s 20 S AF WAL

Vmin Vmax \'}

Figure 5. Linear Amplifier Galn Control Characteristic.
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From the picture it is seen that | §
. L3
S = Ymax—Vain (3-61) g
Substituting this last expression into equation (3-59) g%
0.115 G,G5 V, (Nmax-Nmin] g
Loop gain = Vmax - Vmin (3-62) g
]
; At this point it 1is observed that the actual change in §
g the gain 1s the amount of regulation thét can be obtained g
% by the system and also considering the transmission of the -§
;% signals around the loop. ff
Vma"@‘ Vmin . vV max - V_min (3-63) é’j
: 5 %
§ Substituting into Eqn. (3-62) ,é
12 0.115 G V_ [Gain change in db] g
E Loop gain = V_max = Vomin (3-64) T
g It 1s apparent from this expression that with the linear
é gain control characteristic shown in Fig. 5§ the loop gain §
‘i will vary somewhat with the nominal output amplltude Vg §
;i but the output amplitude will be normally well enough con- g
f trolled that its varlations can be neglected and an average ?
i value used in equation (3-64). ?
_é ' . To 1llustrate the use of equation (3-64) suppose that g
‘i . static input variations of 100 db must be regulated by the :
i% AGC loop to output variations of 2 db (¢ 1db around the i
§ nominal value of Vo). This means that Vo must vary between '
0.89 7, and 1.122 V_. Suppose also Gy = 1. Substituting
3 the numbers into equation {3-64) yields
.. 29
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Loop gain = {i_’i—%%—%g-"l = 49.5 = 33.4 db

Thus with an AGC loop gain of about 50, input variations
of 100 db can be supbressedlto output variations of only :
+ 1 av. 5
This example is supposed to illustrate how the formula é
is applied in a practical case and may not work in practice
because input variations of 100 db may wipe out the lineari- i
zation assumption.
The conclusion so far 1s that the regulation achieved
by an AGC system depends upon the loop galn and thls depends
on the linear gain of the system, the input amplitude and

the slope of the amplifier gain characteristic.
In Appendix "A" an example has been worked which verifies

equation (3-57). In this example an actual AGC loop has

been simulated repeatedly, each time keeping constant two

of the factors contained in the loop gain expression (linear

gain, nominal value of the input, slope of the character~

istic) and varying the third.
Since the regulation depends on the loop gailn, various

degrees of regulation observed, prove equation (3~57).

STABILITY - TRANSIENT RESPONSE

B.
The significance of the derived characteristic equation
(3-54) 1s that the majority of the techniques of analysis
and design of linear feedback loops are applicable to the

case of AGC systems taking into consideration the non-

linearity of the gain factor.
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For example the stablility of the system can be determined

using the root-locus plot, as follows:

T AR U N A B e L ra)
i

Knowing the slope of the operating region of the non-

SRR e

linear gain plot, and the linear gain of the loob, the loop-

gain depends entirely and linearly on the amplitude of the %
input signal. Then su.stituting the maximum expected input f
amplitude, the maximum possible loop .galn can be determined.
If for this maximum possible loop galn the roots remain in

the left-hand plane of the root-locus plot then clearly the

system is stable. If on the other hand the roots are driven

AL LA G A S L b sl

into the right-hand plane the system becomes unstable for a
part of 1ts operation. If for the lower expected input
amplitude the loop-galin is higher than the critical value
which can be determiged by Routh's criterion then the system
is completely unstable.

The behavior of the system in case of instability can

be forseen arguing on the physical operation of the system,

and it turns out that it 1s very similar to that of a linear
feedback loop containing a saturated amplifier. Thus if the
AGC loop is unstable the output amplitude tends to grow and

consequently the non-linear gain drops in an effort to keep

the output voltage in the prescribed bounds.

Then the gain gets too low and the output amplitude gets
smaller than it should be resulting in a tendency of increas-
ing gain.

Thus a 1limit cycle is established, the frequency of which

can be predicted by the root-locus of the system, (the fre-
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quency at which the root locus crosses the imaginary axis),
and the amplitude depends on how far in the right-hand plane
are the roots of the system (i.e. it depends on the loop-

gain).
The location of the AGC rcots on the s-plane determines g
‘also the characteristics of the transient response. How- '
ever, since this location changes continuously with the
input amplitude, the features of the trénsient response are

not always the same,

R e

There exist, of course, systems like the previously

mentioned temperature regulating loop, where the variations

o ecsee
S SRR Y PSR

R RO

of the input amplitude are expected to be very slow compared

with the time constants involved in the sjstem and then,

AT F

k- to a good approximation, the loop can be considered always

et

working in the steady state and the transient response is

i

- geaie

not so much of interest. . i
This however does not obscure the importance of the i

transient response characteristics which 1s very critical

};ﬂv‘"f"’q kit i oA TAST, FE Ty

PR A GRS SRS AT

in other applications. The only thing that can be predicted

g
et ECTRYRA

s
sl

, for the transient response is that the varlous features

é remaln between easily predicted limits. Since the root

i ' location is what specifies the transient respcnse, a region
on the s-plane can be determined in which the roots move

E . depending upon the input amplitude. If the range of the

‘5 input amplitude is not large then the reglon becomes

2 smaller and the characteristies of the transient response

obtain more closely spaced limits.
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To obtain well specified transient response one should
try to keep the loop galn as constant as possible. But the

loop gain as 1t was Qerived previously is given by:

PEE I ey i e A e e

t
!
(Loop gain) = (Linear gain) x (Input amplitude) |

x (Siope of characteristic) |

LR

The linear gain of the loop after it 1is set cannot be
-changed, -so the slope of the characteristic only .can.provide
the required compensation to the input amplitude fluctuations.
4 This means that the slope of the characteristic should not
Aé " remain constant during the operation but should change in an
opposite sense to the input to keep the loop gain as constant

3 as possible. -

So, from this point of view a curvature in the non-linear

é gain characteristic 1s desirable. 4
f’ ) A typlcal example of desired galn characteristic is glven

E in Fig. 6. .

é Tﬁe basic operation of the loop employing this charac-

teristic is as follows. If the input amplitude increases
the output amplitude and correspondingly the bias voltage

R

S

increases absolutely and the operating slope of the
characteristic decreases keeping the loop gain reasonably

constant.

I
SRSt AR G

P

It 1is well known from linear feedback theory that the

e

B question of stability arises if and only if there exist more
than three poles in the system.
é In the usual AVC systems employed in communications

recelvers the stability of the loop 1s not considered at

all since the loop usually contains only one pole in the

:;\ feedback path.
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In Appendix "B" an example has been worked which verifies

that an unstable AGC loop ends up in a limit cycle. 1In this

Typical Example of Desired Gain Characteristic.

example an AGC loop containing three poles has been simu-

lated.

Vin for which the system hecomes unstable has been predicted

From the conventional BODE plot the exact value of

and verified by the simulation.

C. BIAS - DETERMINATION OF REFERENCE

The following treatment 1s based on static regulation

requirements of the AGC system and its purpose is to derive

expressions relating the various quantities around the loop.

TN ey e sy
R +-

S A A
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% The following action will ordinarily be desired. ‘g
g 1. If the input amplitude is so weak that with the ;
% maximum gain of the non-linear amplifier times the linear §
§ gain Gl the output is less than a desired minimum value no §
{ g
L§ gain reduction should be produced by the AGC. %
§ 2. If the input amplitude has the maximum expected %
value, the output amplitude should not exceed a certaln z
permissible value, and with this value of output the AGC ?
circult must produce the required gain reduction in the ‘
f non-lineqr amplifier.
Let
Vomin = minimum desired value of Vo -
Vomax = maximum permissible value of Vo
vmin ; control voltage requir;d to produce maximum
galn )
k vmax = co?trol voltage required to produce minimum
! gain 5

then condition (1) requires that, for Vo = Vomin v = vmin,

4

ey
B
b2}

and then

%

¥ = (Vpep - 6,700, (3-65)

ref

Substituting the values derived from condition (1) and

solving for VREF the value of the reference voltage is de

rived:

_ G2G3Vomin + vmin

REF ~ e (3-66)

V.

If the potential required to produce maximum gain is zero

as 1s usually the case then the value of the reference
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voltage becomes:

VREF = G2Vom1n : (3-67)

Evaluating equaﬁion (3-65) for Vomax:

vmax = (VREF - G2Vomax)G3 ) (3-68)

and substituting (3-66 and solving for the product 62G3:

_ vmin - vmax
GZG3 ~ Vomax - vomin (3-69)

where it 1is assumed that the blas voltage v 1s negative.

If vmin is zero

_ -_vmax _
G2G3 ~ Vomax - Vomin (3-70)

Thus equations (3-66) and (3-69) give the necessary
reference voltage and amplification in the feedback path
correspondingly in ordqr to meet the static regulation
requirements.

Some thoughts about the relationships interconnecting
the various quantities around the AGC loop may now be
expressed.

Obviously the interpretation of equation (3-69) is that,
a trial is made to "match" the output amplitude range into
the working range of the bias voltage. As the range of the
bilas voltage increases, keeping the output amplitude range
constant, the linear gain G2G3 increases and consequently
the loop gain tends to increase. But increasing the bias

voltage range means that the slope of the non-linear gain
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characteristic decreases; counter balancing the effect of

the linear gain and so keeping the loop gain constant. The
constancy of the loop gain means unchaged regulation of

the output amplitude, which was the condition derived in the
previous section.

{ Another important characteristic of the AGC loop is that
in the absence of Vin there exlists no output and consequently
the control voltage becomes zero raising the non-linear gain
to its maximum value. Therefore the next time an inpu-

signal is applied the non-linear gain is maximum and another

transient response takes place until the steady-state

operation 1is agaln established.

ko sonm et

This kind of operation 1s especially bothersome when the
b 1nput consists of an'intermittent waveform or bursts of

i3 : data.

It is then clear that before a steady-state operation

has been established, the input signal vanishes driving the

Ty
e S TP TR Rt VR

non-linear gain to 1ts maximum value and when the input

LR b YA

signal reappears a new transient starts again.

It would be desirable to maintain as long as possible

:IE./JG‘”“ TR

the same gain during the silence periods of the input

bt ;

signal, which means to maintain the control voltage "v"
almost constant.

This 1s partly accomplished employing two time constants
in the feedback path either in Ga(s) or in G3(s). Figure 7

shows a schematic representation of a L.P. filter having two

Pt s
T per AT

different time constants, which can be employed as described

5
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Figure 7. L.P. Filter with Two Time Constants.

If the potential across the capacitor C is the control
voltage "" which determines the value of the non-linear
gain then th~ charge time constant of the capacitor is RlC.
and this can be designed to meet the other requirement of
the specific problem. If the input signal vanishes then
the discharge time constant of the capacitor becomes
(R1+R2)C which can be vefy large dependiﬁg upon the resistor
R,.

Therefore the voltage "v" remains almost constant and .
consequently the next burst of data which comes meets the
same galn as before, reassuming steady-state operation very
quickly.

| However, care should be taken in using the above circuit
or any other similar to this. If the design 1s not good the

AGC loop becomes insensitive to rapid decreases of input levél

and then the main purpose of the AGC loop, (to keep constant

- Rl Howien s

nominal output amplitude} is not accomplished.
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Thie time constant (R1+R2)C must be calculatud taking into
account the expected rate of input amplitude variations.

In Appendlix C a simulation was attempted of an AGC loop
showing the effect of the reference value on the regulation
of the output. It 1s essentially shown there that AGC action
starts when the output value exceeds the value Vomin = ngg ?

.derived from.the equation (3-67) and does not occur when the

e e S A o e S B A N Tt o L e i

output amplitude 1s lower than this value. i

D. FREQUENCY RESPONSE

‘Some methods have already been applied in the frequency

..».5“.‘ 2 54_’%;, kb R

domain in order to assert the stability of the AGC loop when

oty
L3

ARk

it contains more than 2 poles. (Interpretation and verifi-

cation of the prediction of BODE plot, see Appendix B.)

2

" In terms of conventional control theory the AGC loop 1is
a8 non-unity feedback system and in order to draw the various
nlots (BODE, ROOT LOCUS) use has been made of the open loop

transfer function GH. That is, the product of the transfer

5 functions of all the filters around the loop has been con-

sidered or in other words the derived characteristic eguation

L Tk TS A B R S B

i f (3-54) was plotted. As was pointed out previously the non-
| linear factor the "Loop gain" appearing in equation (3-54)

does not change appreciably the theory on which is based

‘,“
L P e Bt e

P

the interpretation of BODE and ROOT-LOCUS plots. In simple

terms, as galn changes during the operation of the loop,

R BT

_? the roots of the system move on the ROOT-LOCUS or the magni-

AN

k¢ . tude curve of the BODE plot moves vertically thus changing

-

Froelan

the galn and phase margins.
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Since these quantitlies do not remalin constant during the
operation of the loop one is not able to predict operational
characteristics of the system as peak overshoot, settling
time, bandwidth, etc. which are estimated for conventional :
loops given the root location or the phase and/or the gain
margin. Not only prediction is not possible, but one also
cannot attach-meaning to these quantities in terms of
operational characteristics, unless opefation in restricted
regions permits the use of average operational character-
istiecs.

The design of an AGC loop can be done completely in the
frequency domain, siarting with the desired closed loop
frequency response and going back to the sequence of NICHOI.S-
BODE plots, appropriately selecting the poles and zeros of
the loop. If some poles and zeros already exist in the
physical system in the form of time constants in the trans-

mission of signals arsund the loop (as is usually the case)

~ then they must be taken into account in such a manner that

considered togetherr with the chosen filters, the loop gives
the desired closed loop frequency response.

Now from the point of view of the frequency response of
an AGC systen, after a 1little consideration it becomes clear,
that the loop acts as a non-linear filter.

If the closed loop frequency response of the third order
sy tem considered in Appendix B was drawn, it wéuld be easy
for one to see that i1t 1s nothing but a band-pass filter.

Another way of looking at the AGC action in terms of the

closed loop frequency response 1s the rollowing:
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Figure 8. Closed-loop Frequency Response of Type-0~Systems.,

A

o

The input frequency which has to be regulated must lie

outside the passband of the system. Any frequency located .

inside thils frequency band simply passes undisturbed bj the
Sc 1f some frequencies must pass the AGC

ERRLL R it

regulating action.
without suffering any reduction in their amplitudes, like

the modulation frequencies in receivers, they must be

RS AR R B e

located inside the frequency band of the loop.

o
——— —

The sketches in Fig. 9 show the sequence BODE (open)-

» NICHOLS-BODE (closed) of a receiver's AVC system. Sketch (c)

A i3k

‘o

e

indicates the closed loop fresquency response, which is a

Rhad W SR

By LIV el
gy

H.P. filter and the frequencies that must be suppressed must

Muuu,wfb:mz}s:mor,mmgumm:ﬁ.;wmm:\wﬁwt e el

lie outside of its band.

3 The Justification of the sketches comes from the follow-

Suppose ‘the feedback filter is H = Egﬁ

o  Te ML S

-3 ing crude derivation.

then
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Figure 9. BODE (open)-NICHOLS-B80DE (closed) Sketches of an
AGC Loop with One Pole in the Feedback Path.
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which is the transfer function of a .ead" filter since

obviously p < p+kp.
It may be the case however that regulation action is

desired throughout a wide range of frequencles and it is
not desired on a single frequency or a very norrow frequency
band located within the wide spectrum.

Such a situation may arise in an AGC system designed

for a RADAR application.
In order for this to be accomplished two things have

to be considered.
1. The loop gain over the desired frequency band must

be kept less than 0 db in order for the regulation action

not to take place.
2. The phase shift must remain constant in order for

useful information not be be lost.
This situation may be faced as follows:

If the dynamics of the system (poles and zeros) are all

included in the feedback path then the closed loop phase 1s

given by

KH(3jw) 1
/m% TGy = +KH TREGSY Zl-!»KH(Jw) (3-71)

where K is the loop gain.
Figure 10 shows the Nyquist sketch of such a system for

two different values of the loop gain.
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Figure 10. Phase Shift of 1+H(jw). !
% It is seen there that increasing the loop gain in
; system (a) results in system (b) without affecting the open

loop phase shift (angles XOB and XOC for the two systems
correspondingly). Since the system was assumed to have

dynamics only in the feedback path the closed loop phase ;

shift was derived as ~ |1+H(Jw) and it is glven by the

angles OAB and OAC for the original and with increased gain

systems correspondingly. Therefore it 1s observed that
changingthe loop gain the closed loop phase shift changes

by an amount &€. There exists however one fregquency which
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1s not affected by the loop gain change as far as the closed
loop phase shift is concerned and for which the loop gain
remains less than 1. This is the phase crossover frequency
and changing the loop gain simply slides it on the real axis
producing a zero phase shift of the closed loop response.
So'with this technique inccrborating into the feedback path
of the AGC loop lag and/or lead filters to provide an open
loop phase shift of -180° at and near the intelligence
frequency glves an approximate zero closed loop phase snift
for the desired band and an exact zero for one specific

frequency.

One approach for accomplishing thils goal is to attenuate

|KH(Jw)| with a null over the required frequency band so

; that the maximum closed loop phase will be limii2d to a smali
|
E value regardless of the phase of KH(jw).

Figure 11 shows again the Nyquist plot of a system in

f
‘ which the quantity |KH(Jw)| has been made very small .»r a
narrow band of frequencies., .

It 1is seeﬁ that if the magnitude curve for this band of
frequencles stays smaller than a predetermined constant

value IKH(Jmc)I, then the maximum.closed loor phase in the
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band w_-w_ is ¢ and if |KH(jw,)| 1s very small ¢ ..

x y max
remains close to zero. Now since |[KH(Ju,)|<«1

e
pors)

|KH(Jw )|

tan ¢, . x = 1+|KH(JQC)| = ‘KH(ch)l (3-72)

From thls, the required attenuation can be calculéted.

If® for example it is required that ¢max be maintalned less
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| _Pigure 11. Closed Loop Phase Shift for

R

|KH(Jw)| Made Very Small. '

than 2° then the lKH(Jmc)I at the intelligence frequency
must be
i [KH(Jw,) | < tan 2° = ,03492 = -29.14 ab (3-73)
? The

nwll over a specified frequency can be obtained by

a notch fiiter an example of which is a parallel ~ ™ network

shown {m Flgure 12,
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The voltage transfer function for thils network is

2
E, (Jﬁt) + 1
EI = 5 » (3-74)
() W
- Pl

where

E. INPUT-OUTPUT CHARACTERISTICS
The statlic performance of an AGC system is often shown

as the regulation curve of the steady-state output signal

amplitude against input signal amplitude.

The following is an approach to derive a useful relation

TR TORT FRPRPY TP

between the loop galin and the curves. In the derived

equation (3-57)

Loop gain = G,G,G, VI; Ql%%lll (3-57)

the factor lein can be replaced

*or drnmma Tz b;;_';:';e‘&;«f;z‘;s “?:‘,‘n{:ﬁ
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Loop gain = G,G, N‘(g) d‘gfr")] -(3-75)

if VREF = 0, G263Vo=-5 and substituting in the above
equation

Loop gain = - N‘('v) d[gsv)] (3-76)

where the minus sign cancels the negative value of v which

. 18 assumed for this development.

Equation (3-76) says that in an "undelayed" system the
loop gain depends entirely on the non-linear gain character-
istic and the operating control voltage and is independent
of the amplification around the loop.

The regulation curves are now drawn applying the follo'.-
ing procedure. .

For each output amplitude, Vo, the produced control
voltage "V" may be computed. From the non-linear character-
istic, the corresponding gain N(v) is found. Then the input
signal is given as the ratio of the assumed output divided
by the product Gl'N(v) and a point 1is plotted defined by the
pair of values Vo, Vin.

Figure 13 shows a typical non-linear galn characteristic.
Since 1t 1s difficult, almost meaningless to use linear
scales, logarithmic scales have been used and input and out-
put are plotted in db.

Assuming G1 = 1.0, G2 = 1.0 and G3 = 1,0, the solid
regulation curves of Figure 14 were drawn, fosr Vomin = 0

(Vv = 0) and Vomin = 10. ‘The effect of adding amplifilca-

REF
tion inthe feedback path is shown by the dotted curves for
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% G, = 10.C It is seen that in the zero-threshold case, Veer=0 H
’3; . ¥
i the entire output is simply reduced by a factor of 10 and the "R

regulation is unimproved. For VREF=1O, only the amount by

A

which the output amplitude exceeds the threshold is reduced

+* by a factor of 10 and the regulation 1s greatly improved.

THT YT

Following immediately are U4 tables with the calculated

2 values used in the example. It is'always assumed that the

control voltage v cannot be positive and if G2Vo ls less

than VREF’ v = 0 and N(v) = 315.
% There is a unique relation between the regulation curves
o drawn in the Fig. 14 and the d.c. loop gain.
f In equation (2-5) the factor p is proportional to the
4 Input amplitude Vin, therefore if the input amplitude is 'é
g substituted instes” of p the following formula is derived. ‘%
-l ; dVo ) 1';._
S Vo _ 1 ]
avin ~ TI+up (3~-77) §
L Vin %
o 3
3 which is entirely in accord with feedback theory. Equatlon g
-S, (3-77) moreover can be written §
4 A
- 3
; Aog1o V) | 1 (3-78) !
g d(ioglOVin) 1+uB 3
H 4
9 (I
F: which means that i1f the regulation curves are drawn with log- -g
A 3
& arithmic scales as in Fig. 14, then the slope of the curve at %
Y 3
5 any point 1s %
E d(log,, Vo) . ) 3
b S = - 33
: d(log10V1n) (3-19 g%
o 3
‘} From equation (3-79) 1t follows that: '%
R £
k. Loop gain = = % -1 (3-80) Lg
§ If the slope is unity then the loop gain is zero as in :g
3 q
. 50 ; \f
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TABLE I
Vomin = 10, G2 =1, VREF = 10
Assumed Produced N(v) Calculated Vo change
Vo v Vin in db
10 0 315 -34-195- = .0318 0
12 -2 200 510% = .06 1.6
L
14 -l 130 —---130 = ,108 2.94
16 -6 73 —17—65- = .209 .1
18 -8 35 %—% = .515 5,12
20 _
20 ~10 15.75 5.5 = 1.27 A
22  _
22 ~-12 4,5 '[r-;s- = U4,9 6.86.
TABLE II
Vomin = 0, G‘2 =1, VREF' =
Assumed Produced N(v) Calculated
Vo v Vin
2 -2 200 w2 = .01
200 *
by _
y -4 130 -1—5-6- = ,0308
- 6 _
6 -6 73 73 = .0822
8 _
8 -8 35 35" = .228
' 10 _
10 ~10 15.75 B.75 - .635
12 _
12 -12 4.5 T.5 ~ 2.67
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TABLE III
Vomin = 10, G2 = 10, VRFF = 100
Assumed Produced N(v) Calculated
Vo v Vin
10 0 315 -3-1195- = .0318
10.2 -2 200 ‘1‘5‘6‘02‘ = .051
10.6 -6 73 1‘;;’ = 145
16.8 -8 35 —1—‘3’—5—3 = .308
11 -10 15.75 li% = .7
11.2 -12 4.5 =25
TABLE IV
Vomin = 0, G, = 10, Vpon = 0
Assumed Produced N(v) Calculated
Vo v Vin
2 -2 200 .001
A -4 130 .00308
1.0 "10 15075 00635
1.2 ~12 k.5 267
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the case wheire vﬁEF = 10 for ouiput amplitudes below 10.
When VREF = 0, the slope of the regulation curve was
nowhere aifected by increasing G2 from 1 to 10. Thus,
the loop gain was unchanged as predicted by (3-76).
A slightly different approach to drawing the regulation

curves can be applied utilizing the relations between input

-and outout 1in db.

First the gain curve 1is expressed and plotted in db vs
control voltage "v". Then the output changes in db are
plotted on the same graph vs the produced control voltage.

Then the input curve is derived using the relation
Vin(db) = Vo(db) - N(db) - G,(db) (3-81)

For the example considered abov: the gain curve in db is
shown in Fig. 15 as curve (a).

The output changes in db for the first case are plotted
as curve (b) from column 5 of Table I.

The input 1s then derived shown as curve (c¢) with scale
indicated at the left of the figure. Taking corresponding
pairs of values it is easily shown that the upper part of
the first solid curve of Fig. 14 1s traced. The same pro-
cedure applied to the other cases ylelds the same transfer

characteristics of Fig. 14,

F. DISTORTION

The AGC loop must maintain the nominal output amplitude
constant and it does this by feeding back a sigﬂal propor-
tional to the output amplitude and thus changing the gain
by which the input signal is multiplied. If the amplifier

characteristic is considered in terms of the output current

54

N O e T

1
3
i
;
;
f
—;
¥
%
‘5‘3

i
b
P
k
o
%
T
i
2
4

PERN Y an b s, Tt ) serl,

¥t R ASY RIS e WA RIS KT ST weth 0 T A s Kt 6

s

et St e A Y My

LEV SN 2TV TR PR TP S

% Astaanrs AR

Ay oo

b OB e PN e 4 e p A

SR N PV N

RY NP AL W

e A A




I P R TR N O Y S PRI R S R S TSI
IR, k2 TSR R T iy e

P P e Bt A ]

e A ¥
PR T

NN

M) ds

s
A
/]

i [d

fansd

A1A

PRRSAMPS )

@
/4
Z

PR

A
)/
’
/
A fe
Y |\~
o —
=2

55

b A ,/

: 'S

2 h,

; R N /

» : \ X :

4 s b
T %

N 3

Paacass v g apouny

Relations Between Vin, Vo, and N(v) in db.

W,
/[
1
/
/
122 '\.“-g d5s2r, X

S o,

!
PR o

A

/.

A

L
Figure 15.

o

NP 15 g YT SN R AN 0 S of et o 1o ey syt . o S e S op e
i £ R N Bt Ayl e fiy LA LS S 0 A GRS TS S ok s S L i St iy B 1 Gt st e S e end 218 0 o vonin ORI T




i

by SO
Ygn Thi

20w 3

AR sk

PR A

«‘: o

s ‘l'
fostipyelont

S P
SNL ARSI

B
- 14 r
s

(1p) vs the grid volitage (vg) then the gain of the amplifier
1s the magnitude of the slope at the operating point.

Fig. 16 shows how an incoming signal is amplified.

91
The gain is N(v) = 559 which is the transconductance gm
g

of the amplifier.
The AGC regulation 1s achieved by changing the bias vol-

.tage vy thus moving the operating point A on the transfer
characteristic and obtaining steeper or shallower slopes

depending on the varlation of v.

Generally the non-linear transfer characteristic without

AGC action, introduces distcrtion in the output signal,

Vg v

Figure 16, Typical Ampliiier Characteristic.

o &
Ry T T T S T T T I A T I
* A A R S A RO RS e o R R SRS o R T e S T T TR A LT R Y L

R T T T RO S Y

TR A N O b O A R s b R




B e e

s e L T TR ] -
B T

8 b

L dlis 4%

DO e e

which 1s easily calculated, assuming a power series repre-
sentation of the transfer characteristic and an input
signal, usually cosinusoid. The derivation of the formulas
giving the second-third etc. harmonic distorticn of the
output signal can be found in almost all basic electronics

texts.
The AGC action introduces an additive distortion which

is rather difficult to predict.
Consider Fig. 17 which shows one sinusoidal carrier

modulated by a sinusold, passing through a delayed AGC loop

with delay voltage Veppe In 17(a) the modulation envelope

is lower than VREF so no AGC action takes place and the

wave passes undistorted. In 17(b) the carrier peak voltage

1s equal to VREF so whatever portion of the modulation
envelope 1is above VeEF underéoes AGC action. In 17(c) the
entire modulation envelope 1s above VREF and so undergoes
AGC regulation.

Hence the distortion is a function of the amplitude
of the carrier as well as the modulation index m, and thé
AGC voltage v applled to the grid.

In order to determine the actual distortion through an
AGC loop an accurate description of the amplifier transfer
characteristic is required. If it is assumed that the
transfer characteristic may be expressed as a power series
in v, the grid voltage, then a good measure of the AGC

distortion is the change of the modulation index m, of a

sine wave modulated by a cosine wave.
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Figure 17. Various Stages of Input Signal Damping
Due to Biased AGC Loop.

(a) Modulation envelope less than bias voltage
(b) Carrier peak voltage equal to bias voltage
(¢) Modulation envelope greater than bias voltage
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Thus, assuming Vin = A[l+m cos wmt]Sin mct the ampli-

fier transfer characteristic given by T(v)==a°+a1v+a2v2+a3v3,'

the bilas voltage v = vy and that the output is given 1in the
form Vo = B[l+m'cos mmt] Sin mct (all the other components

‘ generated by the non-linear action are assumed to be

f filtered out) then the relation hetween the modvlation index

in the output m' .and in the input m is given by:

2,. 32
a Ac(1-ym“)
3 0 (3-82)

3 m'-1+
m T 2,9 o 2214372
al+2a2vl+3a3v14-ﬁ a3A (l+§m )

Derivation of the formula is given in Appendix D. The

derived formulza is however a rather inconvenient measure of

the distortion.

A less accurate one but easlly evaluated by inspection

S N R S A S D RN St ot g e ot B
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st [ s e e et < . .
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of the gain curve vs v is the following

m' _ 1 Nmax+Nmin -

™ C 3 [1 * %o ] (3-83)

f where No is the gain corresponding to a bias voltage vy and
Nmax, Nmin are the maximum and minimum gains corresponding

to the trough and peak of the input waveshape respectively.
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IV. DESIGN-CONSIDERATIONS

A. COMPENSATION-SHAPING OF TRANSIENT RESPONSE

It was shown in Section III-A that a characteristic
equation can be derived for a linearized AGC loop, equation
(3-54) which contains the non-~linear factor of the loop
gain. There were also expressed some speclal features
of stabllity and performance of AGC loops regarding the
non-linearity of the loop galn factor, and it was pointed
out that convent smal methods of design of linear loops
are applicable in the case of AGC loops.

The approximate linear feedback loop corresponding to

the derived transfer function Eqn. (3-34) is pictured in

Fig. 18 where No = Ao+AlV the nominal value of the ampli-

fier's gain and X = AlVIH G,G,G3 1s the loop gain.

It is clear from the theoretical derivation of chapter
IIT and from Fig. 18 that the stability of the AGC loop
and the transient response for small signal operation
depends entirely on the characteristic equation

1+ Alifﬁ G1G,G4 Gl(s)GZ(s)G3(s) = 0 (4-1)

For the sake of illustration of stabllizing an AGC loop

using linear feedback techniques the example of Appendix B

has been worked in Appendix E. It has been proved that

indeed the loop which was unstable for an input amplitude

exceeding Vin = .11, now inserting a "lag" filter in the

forward path it

60

becomes stable for a range of input amplitude
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Figure 18. Block Diagram of Linearized AGC Loop.

exéeeding the previous limit.

the BODE plot as in conventional linear feedback theory

‘the new limit of input amplitude is prediected above which

the system again reaches a limit cycle.

Due tc reasons explained in Chapter III-C, before the
application of any input the gain of the amplifier is at

its maximum value, thus producing the very large overshoot

shown in the simulations.

tude, additional simulations were tried, keeping a bilas
voltage which could have been there from previous input,
if a two time constant filter were in the feedback path,
and thus having a reasonable initial value for galn.
The results compared with the ones obtained without blas -

show clearly how the maximum overshoot and the settling

time have been reduced.

For two values of input ampli-

In addition, interpreting
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In Section ITI-A it was pointed out that since the
loop gain of an AGC loop depends anmong others on the input

Lol iy

amplitude, 1t 1is not'easy to determine an operating point

and from the location of the roots to determine the per-

A TS

formance characteristics of the system. It 1s however

SRS L

73

possible to determine a region 1n which the -oots of the

system lle and so average performance cha.acteristics

ORE AT
QR S K 13 B

can be derived for the particular range of input amplitude

which places the roots in the above mentioned region.

YAVDF IR 0L 2N Ty

Of course if the input amplitude remains constant the
location of the poles is fixed and performance character-
istics can accurately be predicted, in this case however
g . the system does not function as an AGC loop because if

the input amplitude remains constant there i1s no need for

e A BN AL AP S0 o B 0 1 BN LR K Bt S d P Wi 3+

AGC action.

Another example has also been worked of an AGC. loop
having 5 poles (3 real, 2 complex) and 2 compleX zeros.

The root locus of this system (obtained by the computer)

E shows a pair of dominant complex poles near the imaginary §
% axis thus creating undesirable effects on the transient ?
g response. Compensation has been made inserting a "lead" %
3 filter in the forward path and the results of the com- é

SR VR

‘mh o,

pensated loop are shown by the simulation to be very good.
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B, FEATURES OF THE NON-LINEAR GAIN CHARACTERISTIC
The whole philosophy behind the AGC action 1s that there
exists an amplifier the gain of which 1is variable. "The
input amplitude changes because of various reasons and is
multiplied by the instantaneous gain of the amplifier.
There is a sensing device which feeds back a measure
proportional to the output amplitude and compares it with
a preset referencs level. The difference between those
two acting as an error signal controls the gain of the
amplifier in such a manner that the output level is kept
as constant as possible.
In this section answers will be attempted to two ques-
tions concerning the Gain characteristic of the amplifier.
First if a voltaée controlled amplifier is given the
gain characteristic of which is known and it is going to be
matched to a specific plant to produce a constant amplitude
output despite the variatiors in the input amplitude, what
is the maximum achievable suppression of input fluctuations
and how should the various linear gains and components be
arranged around the loop? Second, 1f a specific degree of
reéulation and performance characteristics are desired,
what will be the special features in the galn characteristic
of the voltage controlled amplifier in order for the speci-
fications to be met?
The main results of the analysis of Section III helpful
in this development here are the following:

-
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The regulation achlevable by an AGC system is pro-
portional to the loop gain, and 1f a specific
regulation is asked for, the required loop gain can
be calculated, and vice versa, using equation (3-64)
which is repeated here:

0.115 G,Vo [Gain change in db]

Loop gain = (4-2)
Vomax - Vomin

The loop galn is determined by the physical param-
eters of the system and is given by (Loop gain) =
(Linear gain) x (Input amplitude) x (Slope of ampli-

fier gain characteristic) (4-3)
The linear galn in the feedback path G263 is given by

- _vmax - vmin : -
%203 = Vomax = Vomin (h-4)

The reference voltage 1s specified precisely by the
requirements and the physical parameters of the

system and is given the formula

Vepp = GoVomin + vmin (4-5)

and is the means of forcing the loop to operate in

the chosen reglon of the gain characteristic.

Suppose that the given gain characteristic is expressed

as the

sented

logarithm of the gain vs bias voltage and 1s repre-

by th. -~h of Fig. 19. Suppose also that the input

amplitude Vi . - ‘ssed in db and Vinmax - Vinmin = 20 db

and Gl

AR 18 Nt et vty

= 1.
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If the performance of the AGC loop 1s specified as the
need of suppression of the input variations by 10 db then
in essence a pair of values of the Gain Nmax, Nmin must be
chosen such that Nmax - Nmin = 10 db. If all the remaining
components and gains of the loop are arranged 1ln such a
manner that finally Vomax = Vinmax Nmin and Vomin = Vinmin-
Nmax or expressed in db. Vomax = Vinmax + Nmin and Vomin =
Vinmin + Nmax then obviously the output signal ampliéude
wlll have variations 10 db less than the corresponding vari-
ations of the input amplitude and the main goal of the AGC
loop has been achieved.

It 1s worth noting at this point that nothing has been
sald about the actual values of Nmax and Nmin as long as
they have a difference of 10 db, and of course nothing has
been said about the actual levels of input and output ampli-
tudes, they are just discussed comparatively mentioning
only the relative differences. This means that the input
amplitude can vary from 10 v to 100 v (20 db) or 100 v to
1000 v (20 db) and the corresponding output amplitudes can
be for example 10 v to 31.6 v (10 db) or 100 v to 316 v

(10 db) or any values having a difference of 10 db or in

Vomax _ 3.16.

other words whatever values satisfy the relation Tomin

Thus the actual values of Nmax, Nmin are not of special
interest in the design of the AGC loop, since they only
specify the actual value of the output voltage and this 1is
not of primary importi.nce. On the other hand suppose that

the output of the AGC loop 1s well regulated as far as the
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Figure 19. @Galn.Characteristic of Voltage
Cortrolled Amplifier.’

relative differences 1is concerned but the level of the out-
put voltage does not fit Into the entire system because it
is too high or too low to be used. In this case it can
easily be brought to the desired level passing it after the
AGC loop through a linear attenuator or amplifier or using
an approprlate linear gain Gl'

The irrelevancy of the actual Nmax, Nmin provides the
f.:xibility of choosing the.most convenient pair of values
en..03%ng the operating region on the gain ci.aracteristic.

Vari.us features of the gain characteristic méy suggest

a cholce of one operating region instead of another. For

exax le if the slope of the characteristic is very nigh then

the diffzrence of the extrene values of the blas voltage
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vmax - vmin is very small. This compared with the signal
levels of the whole system may lead to inconvenience and
more susceptlblility to noise and random disturbances. To
this must be added that the effects of the transient
response have not been considered, the discussion here being
‘restricted to the steady-state condition. As an example,
J1f a.system 1s designed to regulate an input voltage varying
from 10 to 50 volts into an output voltage varying from

20 to 22.5 volts then obviously, if the slope of the chosen
operating region 1s such that vmax - vmin is of the order

of 1 or 2 volts of less, this would create a rather

E
-,
3
o

unreliable system susceptible to small fluctuations of 0.5
volts with a jittering output. Another important factor
in choosing the operating region on the galn characteristic
1s the realization of the linear feedback gain given by

3 equation (U4-4). It is seen that 1f the difference of the

extreme values of blas voltage is smaller than the output

S DR ARy e e Al e T R e s

é voltage range then an attenuator instead of an amplifier

E is needed and if the bias voltage range is too small the

5 realization of the feedback linear gain may be impr._ctical.
.3 The forward linear rain G1 is a means of designating

? ' . the actual level of the output signal and bring 1t in the
i . system's requirements if not so. On the other hand it can

have its share of the linear gain requirement of the system.

Suppose that the bias voltage range turns out to be 10 volts

REE IR

ji and the output range is 0.1 volts. Then applyinz equation

(4-4) the feedback gain G2G3 must be 100 which perhaps is
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too high, or the 6utput level 1s considered too low. A
forward gain Gl can be added to the system raising the
output level (but keeping the same proportional regulation

%%ﬁ%%) and then G2G3 will be %gg « In this respect equation
1l
(4=4) can be transformed as
(Linear gain) = G,0,0; = yimex = vmin (4-6)

vamax - v2min

where v max and vzmin are the extreme values of the ampli-
fier output (not the loop output).

Finally the reference vcltage VREF provides a means of
realizing the chosen bilas of the system., If all the rest
of the components of the system have been decided considering
the above mentioned factors, then the reference voltage is
calculated substituting numbers in equation (4-5) and it
is the tool which will conduct the output amplitude range

i Vomax - Vomin into the chosen bias range vmax - vmin.
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A few words are pertinent here as far as equation (4-5)
is concerned. The equation is correct for the configuration

shown in Fig. 19, that is, for negative bias voltage and

S ere A S,
N B | sl dR e VNt e e

galn characteristic with positive slope or positive bias

PR YD T S Rt SR

voltage and negative slope as in Fig. 20.
4 This 1is easily understood because the measure of the

minimum output voltage has to correspond to the minimum bias

EF " Vonmin G2=

vmin and VREF = Vomin G2 + vmin which is equation (4-5) and

voltage thus producing the maximum gain so VR

where the vmin is added or subtracted depending on its sign.
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If however the signal controlled amplifying device has
a gain characteristic like the one shown in Fig. 21 that is
positive bilas voltage and positive slope of the character-

istic then applying the same 1dea as before ,
VREF - Vomin G2 = vmax
and
(4-7)

VREF = Vomin G2 + vmax

As a conclusion of the whole above development comes
the fact that the regulation achievable by the AGC loop

depends on the range of gains included in the operating

region of the gain characteristic. So if the maximun

possible regulation is desired all of the gain character-

istic can be used. For example, for the characteristic of

Fig. 19 a regulation of 50 db 1s possible althcugh other
considerations as distortion of the input signal may te

prohibitive.
Now in order to achleve a specific regulation say 20 db

less than the fluctuations of the input signal, a gain

characteristic having at least this range is required. If

an amp.ffier with greater range of gain is available thren

choice of operating region taking into account other .ctors

can be made,

CONSTRUCTION OF THE NON~LINEAR CHARACTERISTIC-
DISTORTIONLESS CHARACTERISTIC

As was previously observed no restriction was put on the

C.

actual shape of ine graph of galn versus bias voltage,

eibept that the range of the gain must be large enough
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to provide the required amount of regulation in the
output.

When the voltage controlled amplifier is given, the
gain versus blas voltage curve can be easily gotten and
the problem 1s restricted to choosing an appropriate work-
Ang reglon on the curve, and to assigning the various
parémeters around the loop in order to restrict the opera-
tion to this region. Thus, the desired'regulation in the
output is obtalned. If, however, one. is required to choose

the best galn versus blas voltage curve, or even to con-

T —

struct by a diode runction generator the best curve sulted
for the AGC loop, various considerations must be taken into

account.

In thls section an attempt will >e made to derive the

shape of twc general curves best sulted for AGC action,

covering two general cases of specifications.

As a flrst case consider the specification of varying

N 1 TAANS

sa.

the regulated output analogously to the 1rnput variations.

s 3 R 2 a5

3

The specification is better depicted in Fig. 22 where a
linear relationship is shown between input and output when

both are expressed in db.

LA AT TG i

Steady state calculations are used as shown in the

.
LK

analysis in Chapter III. The AGC loop block diagram is

shown in Figz. 23, Then
Vo = Vin G, N(v) (4-8)
and traansforming into db

20 logVo = 20 logVin + 20 log G+ 20 logN(v) (4-9)
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Figure 23.

Block Diagram of AGC Loop.
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assuming for convenlence that Gl = 1.0

N(v)(db) = Vo(db) - Vin(db)

Suppose now that the loop is set to regulate A db of

Vo(db) = Vin(db) + N(v)(db) (4-10) 3

3

which is the straight line shown in Fig. 22. Equation 'é
- (4-10) can be written as: g
. )

: 3

(4-11) i

Z

3

3

g

input amplitude variations into 1 db of output amplitude
variations and N points of the straight line of Fig. 22

are to be calculated.
Since the relationship between input and output has been

taken as. linear, at each increment % of input amplitude,
Substituting

corresponds an output amplitude increment % .

these two values into (4-11)

N (db) = -n(f - &) = -n &L (4-12)

Moo dy? e A SR n RS R s A St N
” ‘ N ot

R PSS A I, 0 O S N Cdo AAPIE WS PR S
St o 2 R It Leigxa 265it L R

where n = 0,1,2,...,N
Thus successlve values of gain can be calculated sursti-

tuting integer values for n into (4-12)., If the forward

gain G, is different than 1.0 the equation (4-12) takes

the form:

_ A-1 ‘
Nn(db) = -n == - Gl(db) (4-13)

L LAt N wlis 3
HE 08K M SO 230 1o e SoLse e

The calculated values of gain can be plotted against an
arbitrary division of blas voltage 1ln equal intervals and
they produce a straight line with slope
(4-14)
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where V is the arbitrary increment in bias voltage.
An example of such straight lines calculated for 5, 10, ' j

20, 30 and 40 db variations in input amplitude, regulated

into 1 db of output amplitude variations are shown in Fig.

24 plotted against a normalized blas voltage length of - 1.0.
Now these curves have the general equation:

20 logN(v) = s+v - Gl(db) (4-15)

(In Fig. 24 G1 has been taken as 1.0.)
where s 1s the slope of the straight lines. Taking the

R ey Bk e £ v,

antilogarithm
sv-Gl(db)

20 (4-16)

harha 22T, ey e

[ITNTRINS EE

N(v) = 10

Therefore in the case of the particulér specification

FRET

considered here, the plot of the non-linear gain versus the .

RERE i iw

blas voltage 1s a logarithmic function the analytical

expression of which is given in equation (4-16). Plots of

REEEEE Y L TS PRI IR S P

equation (4-16) >rresponding to the straight lines of

wnd

CacaCT ety gy

Fig. 24 are given in Fig. 25 for a nurmalized gain of 1 and

a normalized blas voltage length of -~1.

The use of these curves 1is straightforward. If a

Safd Tt

%

g

specific regulation is needed the appropriate curve is
selected or the one that gives immediately higher regula-

tion. The scales are stretched according to the speciric

G2 L e R S R

values of output amplitudes and parameters of the system.

LAY

Curve (E) of Fig. 25 can cover all the lower cases with

the disadvantage of having higher slope which makes it more

h"f
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sensitive to random fluctuation of the bias voltage as was
stated earlier.

An example of using the curves 1s worked out in Appendix
F and it is proved that there exists a linear relationship
betwveen input and output amplltudes expressed in db.

The second case is belleved to be of more importance
‘because 1t preserves, under certain assumptions, the exact
shape of the input waveform, thus eliminating distortion.
In other words the output waveform is an exact copy of the
input waveform but the amplitude is regulated between the
prescribed bounds. The input-output characteristic of the
whole loop is given in F'g. 26 and it is a straight line

in linear coordinates.

A

Vo

Vo max|

Vo min

e o - o - "> ew am -
e e e - e - - - -

Vin

.

Vin min Vi max

Figure 26. Input-output Characteristic of AGC loop main-
taining Linearity Between Input and Output.
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It 1s believed that this case is of importance because
there 1s no reason why this should not be the ultimate goal
of a designer if the application requires linearity between

input and output and affords the extra effort and cost to

impiement the non-linear gain curve, the derivaticn of which

is described below.

T o Ly o S RN T

Solving equation (4-8) for the non-linear gain factor

N(V) = — \ (4-17) :
’ VinG, 3

assuming G1 = 1.0 for convenience.

(4-18)

s

N(v) =

<3
=

i

Now taking points on, the linear characteristic of Fig. 25

the corresponding quantities Vo, Vin can be espressed

E :
: Vo = Vomin + nA (4-19)

e e SR A B N S Y R R

L,

Vin = Vinmin + nB

where A and B are proportional increments in Vo and Vin §
correspondingly and n = 0, 1,2,...,N. g
Substituting into (4-18) the corresponding values of §
gain can be calculated as: §
e (4-21) :

The values of galn determined in this manner can be %
plotted against arbitrary equidistant increments of bias §
]

voltage according to A
(4-22) i

v = nV

Al ds S A 2,

4
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where V is the arbltrary increment of the blas voltage v.
Equations (4-21) and (4-22) are the parametric equations

of the gain characteristic with parameter n. Eliminating

the parameter bzatween them

_ VominV 4+ vA
N(V) = Vinminv ¥ vB (4-23)

ﬂ
jf\;
j

4

Assuming minimum values of input and output amplitude

normalilized to 1:

N(v) = %g% (4-24)

which is the equation of the non-linear gain characteristic
generating an output waveform of the same shape as the

input waveform. Solving

‘ v = QA (4-25) .

**fﬂwm&mm;mtmmm@%mﬁmr i

It is observed that equation (4-24) considering a

negative bias voltage, 1s in a normalized form giving

T e P ok
G n LA e 51 B e

Nmax = 1.0 for v = 0.

z One plot of equation (4-24) having parameters adjusted g
i for maximum regulation 10:1 1s shown in Fig. 27. %
% One can use-the equation having assigned values for A §
i and B for an excesslve regulation; for example 105:1, and %
5 for applications requiring smaller regulation one smalli g
% region of the graph is used. §
é For example an input having amplitude variaéions of 100 §
‘g db ranges from 1 volt to 105 volts and the corresponding %
g output amplitude extremes will be 1 volt to 1l.12 volts, §

g
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Then equation (4-24) becomes

N(v) = Ll (4-26)
V+lu-v

T

This particular equation has been used in Appendix F
to regulate 20, 30 and 40 db input amplitude fluctuations.
The factor V as well as the remalning parameters around
the loop have beer. assigned in accordance to the theory
developed so far.
It is observed that equation (4-26) gives tne two
. " extreme values of gain at v = 0, Nmax = 1.0 and v » o,
Nmin - i%g thus the exact regulation of 101 db to 1 db is
approached at the limit, but anything less than that can
3; theoretically achieved.
One last word of caution should be added here concerning
the transient vesponse cf the system. During the transient

phase of operation of the loop the output amplituae can

take values well below and above the prescribed limits

thus forcing the non-linear gain to values higher and lower
correspondingly from the specified limits. It must also

be kept in mind that at t = 0+ the blas voltage 1s gzero so

gain attains its maximum valu-.

ARy o el s 1 Sl ) MR by mi ety SR e

Therelore designing an AGC loop, it will be a good

prectice to leave some margins below and above the operating

At 8 e SR AL

region of the graph.

253,

ik

i ; Now, the evaluation of the importance of equation (4-24)

e et

is as follows: Assuming the input waveform a pure sine

wave the frequency of which is outside c¢f the closed locp

em
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frequency band the output will be for all practical purposes
of the same shape, a pure sine wave, with peak amplltudes
wlthin the specified bounds of regulation.

If the input is an arbitrary waveform then it can be
analyzed into sinusoidali Fourier components, and the output
will be the summation of those components which are contained
in the frequency band of the system, unregulated. This cf
course wlll produce a dlstortion to the output waveform.

If however the frequency band of the AGC system has been
chosen arrow enough most of the Fourder components of input will be
regulated and the remaining will be negligible in magnitude
to affect the output waveform.

In Appendix F several simulations of AGC loops have been
made using the two derived non-linear characteristics and
proving that, for zll practical purposes, they satisfy the

conditions from which they were originated.

In example 2 the "distortionless" gain characteristic

L FECA L IAPINI T

was tested and it ylelded an almost excellent linearity
between input and output for two different input waveforms.

In example 3 the phase shift produced by the AGC loop
was observed and it was proved that it was a leading one
as wvas expected.

In example 4 the transient response of the AGC loop

e D PRI LTS, AR AR Sl o AL e i Sl i, e O varhip £ nrd Al

¢ using the "distortionless" characteristic is shown.
;{ .In example 5 an AGC loop having dynamics in the forvard
f path and using the same as abov. gain characteristic was
(! sdmulated and the results were still without ncticeable

! distortion.
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‘ In example 6 the same system of example 5 was simulated

\
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and input waveforms of various frequencies were applied

proving that for the frequencies outside the pass bané of the

PR

loop the output is a replica waveform of the input with the
output amplivude restricted between prescribed bounds. For

- frequencies inside the passband of the system the regulation
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5 is .poor and the output waveforms are distorted.
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V. CONCLUSIONS

g
4 Automatic gain control loops are non-linear systems and

in some sense self-adaptive.
Classical feedback control theory is used throughout

ERE chax ity

this work for the analysls of these cystems containing an

A arbitrary number of dynamics.
The linearization procedure is the usual one in feedback

control theory of assuming nominal levels for input and
output and ralating small perturbations of the input ampli-

tude to resulting variations in the output amplitude.

T R e AT, TR

Relationships among the various signals around ttr . loop

are established and formulas calculating basic features of

3 the system are derived.
It is shown that the principal function of the AGC

AR AR AT A

d system, the regulation of the output level, 1s dependent

on the loop gain.
E
K The linear loop gain and the reference signal are

et PN s

S

specified according to steady~state requirements and speci-

i 0 F

; fic worked examples verify the validity of the derived

i ks b b

. formulation.
A small signal transfer function is derived and its

3 characteristic equation is found, as L. sing a non-linear
‘ gain term which depends on the linear loop gailn, the input
¢ signal amplitude and the slope of the characteristic of the

; variable gain amplifler at the operating regicen.
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The characteristic eéuation specified as above 1s sub-
Jected to frequency response techniques and it is proved
to be applicable and consistent in the prediction of the
behavior of tﬁe system to specific input waveforms and in
compensation of the system, to lncrease stablility and
achieve desirable transient and steady-state respcnse.

The ideas and formulas derived in the analysis part
are applied to the design of AGC loops with very good
results. The specific features of the non-linear gain
characteristic are discussed in connection with specific
requirements in the transient and steady-state response of
the loop. The results are used to formulate a general non-
1 .near characteristic which under certain assumptions,
s;aaed in the text,'eliminates the distortion associated
with the non-linear nature of the AGC systems.

Examples are worked out, clearly showing all the mailn
points in the analysis and in the synthesis part of the
developed theory. All the worked examples are simulations
of specific loops, the parameters of which are calculated,
applying the formulas derived in the first four chapters
of the thesis. For the simulation the "Continuous System

Modeliﬁg Program" is used, available in the IBM/360 computer

facllity of the Naval Postgraduate School.
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APPENDIX A
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AGC LOOP GAIN

> e
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In this example an AGC loop was simulated using CSMP
language, in order to verify that the loop gain depends

upon the linear gain of the loop, the nominal amplitude of
the input and the slope of the galn characteristic at the

working region.
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Figure 28. Block Diagram of the Simulated Example.

The characteristic of the amplifier gain was assumed

3 linear, as is shown in Fig. 29 and G2(s) = §§§ where P = 100.
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Figure 29. Gain Characteristic.
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The successive simulations had the following form, with

respect to the three factors which should be examined.

1. Vin = 1.25 + sin 50t

Slope = 10 units/volt

a. G, =1.0, G 1.0

1 2 °

b. G1 = 10.0, G2 = 1.0

;
g
"
ha
X
3
s
2
-
3
2
g«
A
o)
A

c. G 1.0, G

1= 5 10.0

S

2. Vin

1.25 + sin 50t

RSt iingdin

G 1.0, G2 = 1.0

5
10

1=
a. Slope

? b. Slope
3 _

n
[
wm

¢. Slope
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5 3. G = 1.0, 6, = 1.0

L Slope = 10

g a. Vin = ,125 + .1 sin 50%
% b. Vin = 1.25 + sin 50¢

! ©  Vin = 12.5 + 10 sin 50t

B e

In all the cases the input amplitude had fluctuations

of 20 db, The influence of the particulay factor on the

loop gain becomes clear observing the variations 1n the

regulation of the output amplitude.
So the followirg ranges of output amplitude in db were

observed:
1. a. 3.12 db
b. .4 db
c. .4 ap

2. a. 5.16 db
b. 3.12 db
c. 2.24 adb

3. a. 8.6 db (not taking into account the peaks)

b. .5 db

¢. Very small, kind of nolse effect due to
integration method.

The following graphs are the plots of output amplitude
$

vs time In which the influence of each factor is shown.

One result which should be e:pected from the developed

theory 1s the cases 1b and lec.

In both cases the total linear gain of the loop was
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10.0 so the expected regﬁlation (keeping the other factors
the same) was the same.

The following plots for the two cases 4o not show
clearly the effect because the level of the output value
has been increased and it seems that case 1b obtalns better
regulation than lc. If however one considers the ratio

Vomax
Vomin it is the same for both cases 1.045 or .4 db,.
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APPENDIX B
STABILITY

In this example a system was posed having the block

3
-
2
3
%
?
3
3
g
3
51
E
:
54
%
2
3

diagram rerresentation shown in Fig. 39.
-Aecording to the theory developed in Section III-A the

characteristic equation of thls loop was

P1P,P3

(s+p;)(s+p,) (s+p3) (B-1)

l1+G

where G was the loop gain and it was glven by

G = GleZVTh (slope) (B=2)

The non-linear gain N(v) was assumed to be
N(v) = 20v + 100 (B~3)

therefore the slope was 20.

Vin

-35&5!4R —{ Ntw G Pa Ps Vo
S+p, $+Dy

Ga P

Figure 39. Block Diagram of the Simulated Example.
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The following values were assigned to the various

c .

quar.tities around the loop.

| Py = 100.0
; Ps = 2000.0
[
: g Py = 2000.0
G1 = 1.0
G2 = 20.0

First a constant input amplitude'VEh = ,05 was assumed

so the loop gain became

G =1.0 x 20.0 x .05 x 20.0 = 20.0C

Having this loop gain as reference a BODE plot of the

1. 5d
5

38
253
o
e
|2

’ characteristic equation was drawn which is the one in Fig.l0.
ﬂg g As the input amﬁlitude is increased the loop gain is
é z increased and therefore the magnitude curve on the BODE ,;
,5 plot 1is ralsed vertically up to the point when both the ;
? : magnitude and phase curve cross the 0 db axls at point A g
{ ; and the system becomes unstable.
% | The galn margin 1s 7 db therefore the input amplitude
fé may be increased by a factor 2.24 (i.e. Vin = .11) before 3;
.é the system becomes unstable. | ' | i
'g The same results were obtained by applying Routh's é
% criterion on the characteristic equation and checking with ?
E the root locus plot of the system. ;
é The characteristic equation of the system is g
R < ' k:
" (s+100) (s+2000)2 + K = 0 (B-4)




o 2 R Y T T T S v o 3 o o e T X o F 0% oo S R ST TR,
N S A gt N e Ty ST B B A T e S A S R TR R TIG  hht nes £ A TR F s g o0

83 + 4100 82 + 44 x 1055 + 4 x 108 + K=0

Routh's eriterion

1 4y x 105

"o’.im;'&:wn‘:&&.k;wmn.r.f;:.».:‘mr?.r:;.«&m;wum:em»kﬂmm:::\mav" 3

33
s2 | u100 4 x 108+
: ! ;1 | 18x109 - 4 x108- x
; 1100 _
1 s | 4x108 + k K < 17.6 x 10° :
. s
- But 3
- — 2 — §
é ? K = p1p2p3GlG2V1n° Slope = 100°2000"x 20x 20x Vin
4 !
= 16 x 1010 Vin
f Therefore
- | 16 x 100 ¥im < 17.6 x 10°
: oo or
A .
i Vin < .11
E | which is exactly the same result found from the BODE plot.
2 E On the other hand:

510052 + 4x10% + 16 x1010 x .11 = 0

R, S Y Se D, S

or

s2 = -4.3 x 10°

and

SR DN e

w = 2070

3 is the radian frequency at which the root locus crosses the
imaginary axis, which is the -same as the frequency of phase

crossover of the BODE pilot.
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.Tne rcot locus of the system is shown in Fig. 41.

Finally for inputs of smaller amplitude than .1l the
system was expected to be stable and for inputs of
larger amplitude thén .11 the system was expected to be
unstablz, producinz a limit cycle of frequency 2,070 rad/sec.

In the simulation attempted step *nputs .01, .05, .08,
.11, .15 were applied. Although thils 1s not the conven-
tional use of AGC systems, however it 1s a convenient way
to show the aprlication of the developed ideas about the
stabllity of the loop.

The derived curves clearly lndicate the change in the
si =T illty of the system as the loop-gain increases by means
of Increasing the input amplitude. Forthe last two cases
the system becomes unstable and a limit cycle is produced
the frequency of which was found w = 2093 rad/sec in
accerd with the prediction above, and the amplitude of the
1imit cycle depends upon the loop gain being larger for

Vin = .15 and smaller for Vin = .11.
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Figure U41. Root Locus Plot of Example No. 2.
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APPENDIX C ;
EFFECT OF REFERENCE LEVEL ON AGC ACTION %
Suppose the AGC loop block dlagram as given in Appen- :
.dix A, Fig. 28. Suppose also the non-linear gain charac- ?
' g
E teristic is the one shown in Fig. 48, &
!
E The values of Gl = 1 and p = 100. é
4
Simulations were made for %
a. G2 = 1.0 VREF =0 :

b. 62 = 1.0 VFEF = 10.0

c. G2 = 10.0 VREF = 10.0

The inpur signal was always assumed to be a ramp func-

tion of slope 1.

starts as soon as output appears out of the loop, compared

1. Figures 49, 50 and 51 show the output voltage Vo ;
: ;
Z plotted against time for the three cases. 3
It is seen that when Vpon = 0 as in Fig. kg AGC action §

>

E

e RN AL

with Fig. 50 in which regulation occurs when the output
voltage Vo exceeds the level Yg%g = 10.0

Fig. 51 shows also regulating action only for values
of Vo exceeding Yggg = 1,0. The hump of the curve is due

to the response of the feedback RC filter when a ramp is

imposed at its input; Fig. 47 shows how this is-generated.
In the same graph the input to RC filter Vo and the output

LA A R B A S S NP PR

L5y

"a" have been plotted. In order for AGC action to start,

VREF .
"a" has to reach the level —=-, but by that time Vo has
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Figure 47. Input-output Plot of the L.P. Feedback Filter.

exceeded this level and is forced to drop back because of

.

the regulating action.

Another important péint 1s the difference in regulation
observed between Figures 50 and 51 which should be expected
because of the difference in feedback gains G2 and there-

fore in "loop gain."
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APPENDIX D
DERIVATION OF DISTORTION FORMULA

Tn Section III-F 1t was assumed that the amplifier

transfer characteristic was given by:

- 2 3 _
T(v) = ao + a4V + a,v + a3v (D-1)

The gain is the slope of the transfer characteristic

with respect to Vv and is

- 2
N=o2a *+ 2a,v + 3a3v (D-2)

The applied voltage to the grid of the amplifier is
v=out All+m cos w t] sin wt (D-3)

Then the gain is given substituting (D-3) into (D~2)

N =2, + 2a, [vl + A(l+m cos wmt)sin wct] +

2
+ 3a3 [vl + A(1+m cos mmt)sin mct]

- 2
= al-i-2a2v1+3a3v1 + (2a2+6a3v1)A(l+cos mmt)sin b
(D-4)

2 2 2
+ 3a3A (1+m cos wmp) sin wct

Then the output 1s given multiplying the input

vin = A (1+m cos wmt)sin mct

by the gain given in (D-1)
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e

2
Vo = (a1+2a2v1+3a3v1) A (1+m cos mmp)sin mct

+\(2a2+6a3v1).A2(1+m cos mmt)asinawct

] + 3a3A3 (14m cos mmt)251n3m t (D-5)
c
K
The second term of equation (D-5) contains the factor

l] - cos w_ t
2 - c
sin mct = )

so the final results of the expansion will be in the form

K1+K2cos wmt-+K3cos2wmt-+Kucoszwct+-K5coswmt cosawct

TS RrT TR D

+ K6coszmmt coszwct

oy

S R

e
Lol

which are all terms not contributing to the desired output

el

waveform and therefore are supposed to filtered out.

2

Ay
I el A

In the third term of equation (D-5) the factor sin3wct

4 3
5 may be replaced as follows: g
3 3 . 3sin wct - sin3wct g
2 sin“w t = 3
E ¢ 4 3
L &
4 ]
é and the third term becomes §
5 -—%}—— {3sin wct-sin3mct][1+3m cos wmt-+3m cos wmt %
] + m cos3uw t] = 37— [3sin o t- sin3uw t] {1+3m cosw_t | 132
'§ | + 323 (cos2m t+l)+m3 (cos3w_t + 3cosw_t)} (D-6) | §
}, 2 m T m : m 3
3 Now filtering out of equation (D-6) all the terms which E
‘5 * —’%
§$ do not contribute to the desired wave form the fcllowing §
5 3
v remains: 1 %
4 43
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A2 LG SRR T T A i ‘\“gw'fx\kgf W",\_,w\“_g;%* TR IR TR T .
e Brwae igee e b

— St e o o e =

3a,A 2 3 ;
1&3 3sin w,t [l+3m cos w t + 3——-’; + 3——’1“1 cos “’mtj] g
2 A2 27a a2 2 u ]

3

= A[ E — (14 3m ) + E I (l+%—)cosmmtJ sinw,t i
(D-7) ?

Adding equation (D-~7) with the first term of equation

(D-5) it is obtained:

Vo =.-A [al+2a2vl + 3a3v:2L + m(a +2a2v1+3a3v§)cos w.t

3 2 2

7N 9a,A 2 2TaL,A 2 ;
E 3 3m 3m m-y {
E AT (1+ 5+ — (1+ll Jcos w t]sin w t ﬂ
- 2,783 L3m ;
f { = Asin wct {al+2a2vl+3a3v1+ m (14 > ) E
3 27aA 2 5
z 2, 2ozt o] os2
‘2 + 1r1[al+2a2vl + 3a3v1+ m (1+u )]cos wm'c} :
j‘ N * A

Z = 2 1 +

‘A . 9a. A 2

Es 2,3 3m_

a,+2a,v,+3a5v] + m (1+ > )

E 0 27a3A2 , 2)

D a,+2a,v, #3a,v] + —p=— (1+

- 4m| 2—21 31 2 T]cosmmt sinw t

E a,+2a,v,+3a,v] 9a3 (1+ 3“‘ ELU)

: 21 3 l

| ‘
s = B [1+m' cos “’mt] sin u,t (D-8) i
f
3 which 1s the desired form of the output wave form., Hence ¥

Wl n Ay a4
LSRN

2
2 21 2 m
a,+2a,v,+3a,v l + T aght (1+g)

m' _ f

. m 9 2 3 2 :
| ay+2a,vy+3agv 1 + 4 agh (14 om ) .
3 20; _ 3,2
k> a Ac(1l- #m®) {
L %apa-3 :

2 9 2 3 2
al+2::12v13a3vl 5 a3A (1+—2-m )

which is identical to eguation (3-82).
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g APPENDIX E ‘é
g EXAMPLE 1 -~ COMPENSATION g
l§ In this example the system of Appendix B 1s considered. %
5 As 1% was derived by the theory and proved by simulation §
%; there, the system was unstable for input amplitudes exceed- g
; - ing Vin = .11. A compensation will be attempted here to i§
E ' increase the range of input amplitudes for which the systeﬁ §
i f remains stable. %
§ : A "lag" filter is going to be used in the forward path with g
% pole at w = 2 rad and zero at w = 20 rad. The transfer g
o S+1 3
3 . function of the filter is 5——— and as it is well known the i)
i 5 s+l a§
? i ' loop gairn. is not affected by this insertion. §
i g The new block diagram of the system 1ls as shown in §
% é Fig. 52 and the BODE diagram of the compensated system 1is §
; f shown in Fig. 53 where only the magnitude asymptotes have §
.? § been drawn. §
i § From the BODE dlagram which 1s drawn {i~r an input ampli- §
: tude to Vin = 0.5 after the insertion of the lag filter it a
E seems the gain margin is raised to about 26 db or a numeri- §
- cal gain of 20.
E 5 This means that the input anplitude can be raised up to §
.é Vin = .05 x 20 = 1. before the system reaches again a limit |
{; cycle.

é Simulations of the compensated system were tried fou

~€ ihput amplitudes .4, .6, .8, 1.2, and the resulting
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Figure 52. Block Diagram of the Compensated System.

.

outputs vs time are shown in the following figures .

Input amplitudes closer to the critical value Vin = 1.0
were avolded because although every input amplitude less
than 1.0 yields a stable system, the response becomes very
oscillatory and the computer runs shoula be very long in
order for the system to stabilize.

For input amplitudes .4 and .8 two simulations were
tried having a blas voltage in the feedback path in a sense
of initial condition.

The comparison of the corresponding output plots shows
how the settling time and peak overshoot have been reduced

by this technique. Note that the absclssa scale of the

last two simulations is half of the previous ones.
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EXAMPLE 2 - RESHAPING OF TRANSIENT RESPONSE

N

Suppose the system whose block diagram is shown is in ;
Fig. 60 1s given, with non-linear gain N(v) versus bias

voltage characteristic as shown in Fig. 61. The question

is imposed as to what range of input ampiitude can be

R A e R T R N P N Ry

b

€ ! regulated into 1 db range (ﬁo t 1/2 dab) of output amplitude.
‘ It 1s observed that the coefficients have been chosen

e in such a way as 1im GH(s) = 1 which is always the assump- 3
2 s2+0

tion for the loops considered so far. If the actual system

A AN
Eating 3Lk s R

j does not comply with the above assumption it can always be

SRR ik

brought into that form.

The first thing to be examined is for what loop gain the

TSR

A . system becomes unstable. This can be done by any conven-

- tional linear feedback technique. Root locus will be used -

AL A ARSI SRS b e A R S

in this case;

"
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Figure 60. Block Diagram of AGC System for Example 2.

s s S T TSGR A SRR 2 PR 4




g .
Y A P

AU T AN A AT

RGO

o
P DA E X To Y3

pyartr

o ———

Slope = 4.5

-22

Figure 61. Non-linear Gain Characteristic for Example 2.

The characteristic equation of the system 1s

1 + KGH(s) = 0

or
L+ K(s2+80s+1700) -0
5
(s+10) (s+50) (s+60) (s“+30+250)
or
s + 150s" + 795083 + (183000+K)s2 + (1925000+80K)s

+ (7500000 + 1700K) = O.

The root locus for this characteristic equation 1s shown

plotted in Fig. 62.
Comparing the plot and the computer print-out 1t is
found that for a value of gain K = 4,64 x 101l the roots

enter the right hand S-plane and the system becomes unstable.
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Since the system contains already a factor of gain

h.h x 103, 1t i1s seen that there exlsts a gain margin of

4
Z'iu x 10_ . 10.5 which can be used as loop gain by the AGC
.4 x 10

system before the loop becomes unstable.

Substituting numbers into the formula (3-15)

- 0.115 Vo [Gain change in db]
‘Vo(1.06-.94)

10.5

and solving
{Gain change in db] = 10.5

Therefore it seems the system would be able to regulate
11.5 db input amplitude range into 1 db output amplitude
range, (Gain change = 10.5 db) and in order not to con-
slder the case of having a root exactly on the jw axis,
one can consider 10 db input range into 1 db output range.

As can be seen on éhe root locus plot, the behavior of
the system is primarily governed by the vair of roots closer
to the origin, the other roots being away from the origin
and having little or no effect on the transient response of
the system. The operating region on which this pair of
roots will move during the operation as the input amplitude
will change is indicated on the root locus as AB.

Another characteristic which can be derived, 1s that
the operation takes place very close to the Jw axls having
as a result very oscillatory transient response and exces~
sively long settling time. Because of this it is inferred

that a continuously changing input amplitude has to be of
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very low frequency in order the system to be able to follow

% ' and regulate it, otherwlse for higher frequency the loop
: will operate continuously in a transient condition without
: being able to get to steady-state and naturally the regula-
tion will not take place.

In order to demonstrate the above thoughts suppose the
input is to vary from 170 mV to 530 mV (10 db range) and

Gl = 1,0, Suppose also the ouv.put 1is desired to be main-

tained between 4.7 and 5.3 volts (5 volts ¥ 1/2 ab). 1If
other values of output amplitude are desired, a linear
amplifier or attenuator can be placed after the loop, or

the linear gain G; can be used.

A e, S R SN ENFPFREF A AT IPITTIOA e T A PE ALY i G SR g R g T R,

Since the input and output amplitudes have been speci-
f;ed, the operating.region of the non-linear gain character-

istic can be readily calculated.

. Vomax _ 5.3 _ ;

Nmin = inmax = 7530 - 10 3

i

 _ Vomin _ 4.7 _ j

Nmax = gynmax = 7170 - 28-2 !
corresponding to vmax = -20, vmin = -15.9 respectively (mak-

ing use of N(v) = 100 + 4.5v). Then the feedback linear

gain is calculated

and

VREF = G2Vomin + vmin = 6.85 x 4.7 - 15,9 = 16,2

(Making use of equations (3-67) and (3-69) correspondingly.)
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The so formed AGC system 1s going to be tested applying
first two step-inputs with amplitudes 250 mV and 450 mV.
The corresponding computer outputs of the simulation are i
shown in Figures 63 and 64. . !

It 1s there seen that although a computer output of !
"20 seconds was asked the AGC output has not yet gotten into 2
+~the .steady-state, .continuing oscillating around a mean
value in the interval of 4.7 to 5.3 of output amplitude
range.

As a second test a sine wave of amplitude 180 mV oscil-
lating about a mean value of 350 mV with a frequency of
1.0 rad/sec 1s going to be applied. The frequency is well
outside the frequency band of the closed ioop so 1t should be
? attenuated, and the amplitude oscillate between 170 mV and
530 mV the assumed input range.

The corresponding computer output for the simulation
is seen in Fig. 65. As it is observed there the system never

gets to steady-state and the output consists of a continuous

e
~

vl Py

transient wave modulated by the input sine wave.

T A s Bl e S o A S A b AR P vt A M e &

The regulation is poor exceeding the predetermined :
limits of the output amplitude.
As a means of reshaping the transient response anc¢ mak-

ing the settling time faster a lead filter in the forward

X >, _—
A ‘,J;!pr(u‘:‘.a'ngv reCc e gy

path is going to be used, with distance between zero and
pole one decade. In order to keep the loop gain constant

in the presence of the filter-attenuation an additional gain

of 10 has been added.
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The transfer function of the lea& filter was lg;g%%%l .

The characteristic equation hecame

14GH(s) = 1+ 10K (s°+80s+1700) (s+10) -
(s+10)(s+50)(s+60)(32+3os+250)(s+100)

or

s + 2.5x10%% + 2.295x 10%s? + (9.78x105+10K)s3

+ (2.028x 107 +9.0 x30%K)s2 + (2x 10%+2.5x 10%K)s

8

+ (7.5 x 10° + 1.7 x 10°K) =-0

The root locus for this characteristic equation is
shown in Fig. 66 and the gain at which the system becomes
unstable turns out to be K = 8,989 x 10". The operating
region on the root ocus is indicated as AE and it is seen
that the existing gain margin before the system gets
unstable has increased by a factor of almost 2. The pair
of dominant poles 1s now sufficiently far from the Jw axis
predicting a satisfactory transient response and a much
faster settling time. Quantitative results cannot be pre-
dicted even for one particular input amplitude, as it could
be thought, because although the operation point can be
found, the system is highly non-linear, the gain N(v) chang-
ing with the transient of the output and it is well known
that results are available for only linear systems.

Qualitative, though, predictions can be made by the
place of the operating region on the s-plane as in the

present case.
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The compensated system was tested for the same inputs

used in the uncompensated 100p.

The simulation output . the two steps in indicated in

Fig. 67 and 68, showing a very good transient respcnse.

As a result the output of the sine wave is shown in

Fig. 69 where i1t is seen that after the first transient

the output settles down and the regulation i1s excellent,

the output amplitude taking values exactly in the pre-

dicted limits following the sinusoldal shape of the input.
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APPENDIX F

EXAMPLE 1 - GAIN CHARACTERISTIC FOR PROPORTIONAL VARIATIONS
BETWEEN INPUT AND OUTPUT

Consider the AGC loop the block diagram of which is )

given in Appendix A, Fig. 28 and suppose the input amplitude
varies sinusoidally from 1 to 10 volts or 20 db. The spec.-

e,

S5y e s e %
e b S R oot EHr R L R Bt SN A T e MRy

fications of the loop are to keep the output amplitude

extremes 1 db apart with minimum amplitude of 100 volts

R

and the decibel variations of the output to be proportional
to the decibel variations of the input, i.e. each instant

oy T T T E e

of time

e A
st ¥

A .
: —vin_ Vo e rAnY
108 Fnmin = 198 Fomin OF Vin(db) = Vo{db) - Lo(db) -

S N B S S s IR S EAG S

Having assigned the above relations the following can
be calculated. .
i

Vomax = 110 volts AVo = 10

PR

£riy ST

The curve (E) of Fig. 24 and 25 is going to be used as ;

the gain characteristic.

; P
TP T ey

Suppose twc values of gain are chosen differing by 19 db

KRN DA AT

Nmax = 1.0, Nmin = .11

generating a Av = .49 as determined from curve E.

Now in order to have practical values of gain the

et L I A3 3 tam s
awn.onmm.\s._.m&&wmmmffmmm—.:»&a;ﬂmw:;.wxas&::fs;r:em:.:—_ez«fm P F TN

2 ordinate is multiplied by 100 and thre abscissa by 10 thus

Nmax = 10C.0, Nmin = 11.0

ARk dc et

s . e s e

Av = 4.9 and G2~ﬁ-o---i-6--
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In this case (Vinmin)(Nmax) = Vomin, so G, = 1.0. Applying

the formula derived in Chapter III

\'f = Vomin G, + vmin = 100 x .49 = 49,0

REF
since vmin = 0.
Now, if the input waveform is a sinusoid of frequency

10 rad/sec the feedback low-pass filter must be chosen such

that 10 rad/sec is in its passband. Suppose the feedback

1
filter has the form ~001s%T °

The derived numbers were tried in a simulation and the

wave form of the output 1s shown in Fig. 70.

In order to show how the figures are interrelated around

the loop the same example was again calculated witr 4e ired
output amplitudes Vomax = 55, Vomir = 50 differ.ng A

In thls case

Vinmin * Nmax - Gl Vomin

thus
G. = Vomin = 50 = E
1 Vinmin - Nmax (1) (160) b
Now
AVo = 5, Av = 4.5
therefore

VREF remains the same.

The resulting output waveform is shown in Fig. 71, where

it is seen that it has the same shape as the previous one

derived but the limits are lower according to the new

specifications.
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In both of the above simulations curve (E) was used
storing points of the graph in a digital computer arbitrary
function generator, and only the part of the graph required

for each case was used.

EXAMPLE 2 - DCISTORTIONLESS GAIN CHARACTERISTIC

Consider the AGC loop the block diagram of which is
shown in Appendix A, Fig. 28 and suppose the input is a sine
wave whose amplitude varies from 1 to 10 volts or 20 db.

The specification of the loop is to produce a sinusoidal
output with extreme values Vomax = 5.3, Vomin = 4,7 or X db
apart.

The equation of the galn versus bias voltage v 1s the
cne given by equation (4-24) multiplied by a facter of 100
in order to make the gain values used practical

V+v

N(v) = 100 x 5
V+10-v

Choosing two values of galn separated by 19 db,
Nmax = 89.0, Nmin = 10.0, the following can be calculated

making use of equation (4-25) with normalized values of

gain.

= (1-.89)v .11V _ -6
= (.89)(10°)~1 89000 ~ 1.235 x 10"V

— ~ .9V — "5
R 1)(10%)-1 10000 ~ P XV

Av = 3.8765 x 10™°V

Assign arbitrarily V ='105. Then
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Av = 8,88 ;

Since E

AVo = .6 ;

6, =288 = 148

and E
4.7

i

Gl ='B§Tﬁ .Q529

VREF = Vomin G2+ vmin = 14,8 x 4.7 - .123 = 69.377

Finally assuming the frequency of the input slnusoid

—31
.00Ts+1

The resulting output waveform of this simulation is

10 rad/sec, one can assign the feedback filter as

shown 1in Flg. 72 where it ls seen that both the specifica-
tions of the magnitude and linearity have been met.

In the same way as the above a second example was con-
structed suppressing 30 db of input amplitude variations
(Vinmin = 1.0, Vinmax = 31.6) to 1 db of output amplitude

variations (Vomin = 4.7, Vomax = 5.3) and the result iden-

; tical to the previous one is shown in Fig. 73.
: Finally 40 db of input amplitude variations (Vinmin =
1.0, Vinmax = 100.0) to 1 db of output amplitude variations
i (Vomin = 47.0, Vomax = 53.0) were suppressed resulting in
the output waveform shown in Fig. T74.

As a further check of the developed theory a simulation
was tried identical to the first example suppressing 20 db

into 1 but this time the input waveform was a triangular

one of frequency 10 rad/sec.
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Since a pole at 1,006 was provided in the feedback path
it was expected that most of the Fourler components of the
input waveform would pass the pole and sum up to constitute
the triangular waveform at the output. The components out-
side the passband of the feedback fllter would be of very
low amplitude not affecting the output waveform.

Figures 75 and 76 show the input and output waveforms
plotted iIn the same scale and comparison shows the regula-
tion of the AGC action and how the waveform shape was

preserved because of the non-linear gain characteristic.

EXAMPLE 3 - DISTORTIONLESS CHARACTERISTIC - PHASE SHIFT

The phase shift produced by the particular loop was
checked using a sinusoidal waveform as input. The suppres-
sion in this example and all the following was adjusted to
20 db to 1 db. Using a pole at 1000 in the feedback filter
and a frequency of input waveform 10 rad/sec no appreciable
phase shift could be produced. Additional runs were tried
with feedback poles at 1000, 100, 20, 10, 5. The output
waveforms obtalned are shown in Figures 77, 78, 79, 80 and
81. In all cases the input waveform was a sine wave with
phase shift of 0°, From the above figures the resulting
phase shift is easily observed at t = 0, and it 1is more
pronounced as the input frequency approaches the pole
frequency.

The resulting phase shift is a leading one and this
fact 1s explained if one considers a linear feedback loop

with a pole in the feedtack path then

152

- ~ B O s~

e R A €,

AN s X g

T b e R S TSRS 8 v R O 3 T SR R A A B s e
273 2 AL ALl i A




%

TP N Uy AR Y R TP LI LR A W 7 5 Y ST RN ATIA T T R TYRAT I 207 A0S TR 0 e TITIVET ML s

CH S B P A R

PUSLIX aRt ~

AN ZTASAPAT Y

L LS N IR e A R A A L R ST

- - b s e v e S PRSI
Y, --

mmawema s A s e e . . ;

B *doo 8y3 o3 poatrrddy
. wIoJoaeyM qndur €oT3STI940BIBUD SSITUOTFI03STA  *GL 2an3dtd

0°2 X °€° X

PR P

PO

L WO AN e It U E s S

3 by

©
PECE

aneft3

B A
-

o

b A
"
2oL

S

<

5
£-n
153

+ st o Jde i e -

LI

RACAS KIS fho £

e FIIT 1F




W
€
13
4

DRSS IRt
R

iy

e

A N AE Y

Lt e 2s ]

IR A

B T S ey

FEAA 2

2

et

FETIE W ¢

N

R i R L AR ST

>

| ‘9L °*3T4 andul 403 H
. wIogaAsM andanQ €0T3STAS30BABY) SSITUOTFI03STA 9L @an3td b
. : 0°2 *k ‘€* X . ]
. 3
810 810 TI0 £0¢ 3 £00 s0

106
154

600

R R e S M S RA s L T SR B €50 2 Ty

XS5

1 ne PR 15 S horig N

LM TR e S S it et b 3 B AR B TS o,

Jeasthime. , R S A ot A st b o2 AAD ) i

2 Gy 2P p AR 8 Sman g L s R b s e
- L " » EEY . -




S A L R

*098/ped Q00T 3® 9T0d
) 3JTUS 9SBUJ “OT3STAS30BABUD SSOTUOTII03STA

i

970 510 J10 €T 9cC

(2]

T TN SO SRR T A TR AR T I S Y G

*Ll @an3T4g
0°2 X °‘g° X

[P e R LA Ea At

A% o

D

oty

\
/
\
)
(
)

<4

TRi? h s 4%

NEWR T

q00

i ZE LT e i

O

[Jrh}

AR T T

T AT g

fald

Aarriec

A A
.

&,w:".::‘ M
L 4
.
.
.

R . s
. N Bl
e a i A R VR or S ALY AL LSRR e A T s A TR
v ot B L dert by Tty e e ot ST fa.k e By b AW de ) Radi tepil
P diat RS " iy

i £ A ST g e

& Lt

S ey L

e A M SIS NN

155

A A A
LS R

SRS

it

ERad s sdis

A T Yoy t¥ G,

o

Rdeh v ) 1

245 1y

i

oS,




T ™ SR Y o T e T S T R L R B T R Ty T W o e VR P T 0 (o 8 s sy M TR o]

R T T L I SR T 2R T ST TR T AR G W TU T PR P G e oo

s,

M Ry S § o e 8 - Ll = - - o pe i BRI TP IRARTAVY J Yy RIS YPYS N A SRR Ay m
D - - . PR SRR A »
- s o eean v a e

*o9s/pBa Q0T 3® °T10d
€3JTUS 95eld SOT3STA9308BIBY) SSOTUOTJIO0ISTA °gL 9an3Td

0°g2 X °‘E€° ¢

R A A e L,

P SV

. 810 o0 T10 [4Y] 9ce £C0 c
¥
A ,.
(& X
4, 2 ¥
¥
,Wﬂ
X
% ] \O
1 _
4 3 —~
é [x
“ o
|\l\\\ \)/ \\I‘\// e \l\l\l/
/l\\ /.'\\\\ N ~— ]
¢
A !
;
]
3
(&
w,
4 k
{
N . ¢
[ . . . ,*. .
.- B et - . \“ 2

o Al e ety AT e R



oy LN R R T P K

‘3JTUYs esBuUg

310

(¢ ]
-1
Q

*do98/pea 02 3B STOJ
€0T3STI9308BIBY) SSSTUOTII0ISTA °*6J 2an3Td

0°2 X °‘g° :X

X s

(=4

A

¥

%

b4

AT AL

N AL U faf 1 <

3 At

H
-
-~

2

+.

3%

b

+00

R YIIESE

247

sGo

TP

3
13

ZREH

€Co

%5

o et Sl e s g3 it
S e S o a8 Sl
,:,‘.!. 4

s .
st

gy

V3 SZeE A B AT I I AT F R I R R TR R T R

fe{obe]

P T S
T

157

- ot bR Loyt By agZ i
5 TR R A g

g ng 33,
2

A S IR IR R A LT AR RT R SE

ez,

FEJIC TR

ot

LG

e
w

2N

g

e

3¢ ST

AT

AL



R AT SR N WS G GTOPRTE SR B WA e e it

il N R A P, T TR T e ORI s vy - o
% ﬂA.ﬁd{f«\ R R A Wwﬁ&wﬁwmww@ywaaﬁ\umﬁ@%ﬁiﬂhfﬁiﬂ(:«m«ﬁoﬂ% T T PR N A S SRR YA S s

. v m e

P L

PHIBSEEREH
T TS SR

*o9s/pea QT 3B 9T9od i
€9JITUS 9sBYJ “OT3STI940BARY) SSOTUOTII0ISTA *0g 9an3tg
02 *x ‘¢

:;,:

810 o1 F41!] ECC SCO £C0 Lo o
3
O

T e ST T w e b e e L
.

a2 e

A
-

| :
i E
4 o)

N o n i
i [ — :
3 o3

A A L N 5
4C0
Sy

feataddstaa:

3
¥

€00
T3

i ~'

% g,

L]
.
]
8
£
t N
i
e
* >
. . . ¥
L] J
23
- . o frx
3
" L Attt ona o P Al 32 i gL . . L., . . S " e e ey o P .
0o Gl b AN G PO BRI SO et S S g2 ARt Kbl wi et wgus i £ i R e ST A A }w‘u.w Tt s peuling i § ol St S J,\ﬂnu.?,. SO e el .
k .




ey

IR D S i

Y

At ST e

PRt i i

Tromoys an e

A&7

R P T NS S 5,

A e

LE2:

158 e

e e 2 € s

€9JTUS °8sBUd

S ARG R et

<l

*098/pea g 3B 3T0d
€0T738TI930BIRYD) SSOTUOTII0LSTA

T

‘I8 2an3id
0°2 X

e A RO T,

QM.

e

230

"

isie]

13:00]

ol

ot

P

ARSI T T v o

R

\
IR PRyt R LA

R

RS T e s den d it Y0

v b g Shat

o

202 Ay

Y

ggzss

LN oy
S¥3 u...max.ﬂw\imvﬁ%jggl. S
v AR RS Ll ! REEE L2 A gy T TR - . o N
3 DAL YR RS S b Ay T .k..wc\d&uiu«yuﬂﬁﬁ S IRRETY, B P PR P T o R G e -
e R A TR T

T

8
3
3
J
5
[
2
i
4+
.
v

P

e

o

Zoas,

ok Za btz




. L 1
= X = K ( 8+Q) = lﬁ. . .__P__(—sfl )_ |
pt+

1+ 3%3 8+p+K (F}K s+1)

(4
R

a zero and a pole are produced with the zero having a smaller
value than the pole which is the definition of the "lead"
filter. |

Another effect which can be observed 1s that as the
frequency approaches the value of the pole the regulation
becomes slightly poorer and when the frequency becomes
larger than the pole, distortion 1. generated which was
expected according to what has been stated. | \

The same runs were tried with a triangular input wave-
form generating the output waveforms shown in Figures 82,
83, 84, 85 and 86.

The resulting distortion is clear as the input frequency

approaches the value of the feedback pole.

EXAMPLE 4 - DISTORTIONLESS CHARACTERISTIC -, TRANSIENT RESPQNSE

Finally the transient response was checked for the various
values of the feedback pole setting with the input waveform
a triangle. |

At £t = 0, since no blas voltage exists, the gain has its
maximum value and the output is just the input multiplied
by this maximum value of the gain thus generating the rising
ramp. As soon as V0°02 becomes greater than VREF a negatlve
blas voltage exists and the value of the non-linear galn
fails rapldly to values required by the‘AGC action and the out-

pq}lstarts taking values between the prescribed limits. Now as the
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feedback pole becomes smaller in magnitude the time constant

becomes bigger and the duration of the transient period

becomes longer.
It 1s worthwhile noting again that all the simulations

were attempted with a non-linear gain characteristic given

by Eqn. (4 24) using only a portion of it to suppress 20 db

into 1 ¢b.

‘The ' obtained output waveforms -are shown in Figures 87,

88, 89, 90 and 91.

EXAMPLE 5 - DISTORTIONLESS CHARACTERISTIC~
DYNAMICS IN THE FORWARD PATH

To prove the efficiency of the derived characteristic
one more example was simulated inserting dynamics in the

forward path of the AGC loop.
The block diagram of the simulated loop 1s shown in

Fig. 92.

Vin

t 00 Vo

( ) Nw) * OIS+t 000255+ \.—.

'
|.ooisH

14,28

Figure 92. 3locx éiagram of Simulated AGC Loop.
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The dynamics were given and the remaining parameters
around the loop were calculated as was shown previously.
As a non-linear gain characteristic the derived equation
was used.

As Vin two waveforms were used, one sinusoidal and one
triangular both having input amplitude varying 20 db.

A two .second long output record is shown in Figures

93 and 94 for the sinusoidal and triangular waveforms

correspondingly.

As 1t 1s observed from the output records the AGC
action diminished the output amplitude variation to 1 db

1 and the shape of the input waveform was preserved in an

almost excellent way.

EXAMPLE 6 - DISTORTIONLESS CHARACTERISTIC-DYNAMICS IN THE
i FORWARD PATH FREQUENCY RESPONSE

\ The frequency respohse of the AGC loop the block diagram
of which 1is shown 1n Fig. 92 was calculated using the con-

ventionai computational tool BODE (open)-NICHOLS-BODE(closed)

diagrams.

The loop gain was calculated using the formula (3-57)

repeated here.

i (Loop gain) = (Linear gain) x (Input amplitude)
; Xx (Slope of Charact.)

AN BB LA SN

In the present case:

SRR,

(Linear gain) = (.0529) x (14.28) = .755

S

Input amplitude varies from 1 to 10 volts so taking the

average is 5.5.
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The operating region of the non-linear gain charactes-

istic as was calculated in the first case of example 2 of
= 89.0 and Nmin = 10 with

a v = 8.8756, therefore the average slope is

Substituting these numbers into the above equation
(Loop gain) = (.755) x (5.5) x (8.9) = 37

which corresponds to 31.4 db.
Thus the open loop transfer function of the system
becomes

37(.0025s+1)
(.01s+1)(.00025s+1)(.001s+1)

and the drawn BODE (open) is shown in Fig. 94.

The corresponding NICHOLS chart and BODE (closed) are
shown in Figures 96 and 97.

From the last one it is observed that the AGC loop acts
as a B.P. filter, as was expected for a type O system, with
low frequency -3 db cut-off at about 1000 rad/sec and high
frequency -3 db at about 40000 rad/sec.

Thus it should be expected that for frequencies outside
the pass band, the AGC action takes place restricting the
output amplitude extremes between the prescribed bounds

" and the derived non-linear characteristic takes care of the
shape of the output waveform producing a distortionless

output. For frequencies inside the pass-band the output

should be distorted and completely unregulated. ror
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intermediate cases, intermediate results between the des-
cribed above extremes should be expected.

Simulation runs for input frequencies 100, 200, 400,
600, 800, 1000 and 1500 radians per second resulted in the
output waveforms shown in Figures 98, 99, 100, 101, 102,
103 and 104,

In all cases the input was a sine wave with varying
amplitude from 1 to 10 volts and a starting phase of 0°.
The output waveforms show very clearly the above expressed

ideas. Specifically it 1s observed that as the input

frequency approaches the lower cut-off{ frequency, the regu
lation becomes poorer and the waveform shape deteriorates.

The change in phase shift through the AGC loop is also
apparent as the input frequency changes.

If now it +*s desired to work with the particular fre-
quency ®w = 1000 rad/sec the feadback pole which is at the
discretion of the designer has to be chosen in such a
manner that the desired frequency is outside the pass-band
of the closed .ioop response.

For the particular case, observing thaiv the loop gain
is quite high thus the bandwidth of the system is mainly
determined by the feedback pole, if this pole were chosen
at -+ = 2500 rad/sec it would create a low frequency -3 db
cut-off point at about 2,000 rad/sec and the frequency

1900 rad/sec would be outside the closed loop pass-band.

179

AL PGLEAS S B T B A A L A a5 i AR e B s et vt

5 - " . .
%Eu.—éa BNty R T T N RO IR T Ao TE T TR PR AW T




A ] dad B it b N A Y S Aad A S s U A i e b A T ke e A e AR AN S R L s Lol L SN LA AN S P LTINS St (5 B

*09s/pBa Q0T Aouenbaag ndurl €oas/ped GOOT 38 ST0d Morqpasg
pPIBMIOS 3Y3 UT SOTWBUAQ €O0T3STI930BJIBY) SSOTUOTII0ISTJ

‘yseq

*gQ6 an3tyg
0°¢ X °€S90° :x ;

bED ore uCh oo oG el 0 . :
= - .
[}
t)
%
-
) i3
%
|
(€]
{1 _m
n [
2
-
E
\
T (9]

180

Ly

w

G

(<

e . 3 A I T 38

ittty G syt bR RNy S R A B R A 2T $23000
R 4




L

R A Y T Do Vv TR PTITTUSREARTD TOK VLG RIS VR T GV WY TR, TATSING SR DAL e s

*09s/pex 002 Aouanbaag gndur €oas/ped Q00T 3B STO0d NOEBQPSS4 ‘yaed i
paIBMIOd 9Y3d UT SOTweUuLq €OF3STIS930BIBYD SSITUOTIJTO]ST( ‘66 2an3Td M

0°2 X °‘20° X

1
Cio [ [et4) 80 o0 oo Sel o
I i
&
¥
n

3

3

Q &

o 4

)
)
\
;
\
[

J/ll
N4
.

: w

; 9

‘ (O}

t

: .

:

!

i

3 2

i

" [
m

8.

3

3

:
3
e
Oy
i

Y L]
e

3

3,

3

o -

.ﬂi

&

.
. . - .
i
crea . Yo s 301 St ) - . R N S . - Lt st = B et o 400 85 RN v ot B RO
e v LR T A M R e {0 s At s i b B e arabdun e e Sun i o Gzoticd o - R A N T H.

o - B —= v



LN e, A Ly o e 5
R o S T R T ) AT g TIEN, ol
AL TR T SRR X S S Do T BT SRS CTEYEREINI 27 o= 2

e N = - P AL < T A RS R I D s ¥ i L o
&
« - N R i w R B o Ve - R - -
. g

R LT e

Seera s = et

‘e9s/pea Q0 Aousanbaag jndul “o8s/pea Q00T 3B 9104 MoeQPIad ‘yjzed
pPIBMIO] 9Yg UT SOTWBUALQ “OT4STI970BJABY) SSOTUOTIA04STAd °00T 2an3Td ]

0°2 X F‘TI0° :X

ST

am e tnn ~n
o0 Tob Hetd] SO

-

¢

(7]
12

]

e
[$-3
3
L=

o
e
-

A,
AT &

I T S e

$e

LRGTE

e e

~
.

2

AR SNt 0T

126
182

)
(
/
\
(
/
\
i

e g
AL g

FEIRT
(4 [ od
€L

I3

AL

9 3
Lt 3
-~ ol -
(ya
¥ .\m
N %
; P
13
1
Se g
: X
»
o 3
4
2 ™
! %
& 3
% 3
%,
e
B -
.
el
N K
el
o
B
. d
- » - of
- v e . - e an . -
R DN LR WO R TR DN S U Ry x..n».; Y Y 858 6 B 0% (e oo £ A AN S o X By AT B U,
Sedy SRt ning HEARR ke Lok L PR L X Rt e ool AT A £ L A R o SR I S A AR Y 7% AP




et T

*0as/pea 009 Lousnbaag gndul €oas/peBI Q00T 3B 9T0J NorApPaad ‘Ujzed
pIeMIOg 3Ujg UT SOTweULg SO0T3STa230BJIBY) SSaTUOT3I031STd

R TR

0°¢ X

ooy

950

BTo

*TOT 9an3Ttd

FS

‘900" :

L3
s
c

3 4
i

AN

Ty

-}\TLT;Z,;_'%,,.,_’“ Sud o

g

s
4
2

T

T

N W)

o o,

e

M e’

AT

v

TR

o

———

ARt AT, 3 H i ¥ . :
R R e Bt i s e B s S

P

P T TR 4,

R s

FOSTRER s S
<
»
-

~

i
Srada

X pihs ot Afieg s T o Y
Abkiiie Tt AT é\p.._..~.~

S

o
{.
o1
¥
o
N

[S)

o )

o oo

—

]

n

<3

tJ

Jo
- .

%o T Xt fla i foip 2 vy o.s.nr

R s e T

3
i
&
3y
H
]
:
3
H
H
§
T
:
$




T R e U S SRR ¢

.hgjﬁmﬂ..ﬁgﬂb EE Tisd gl Sk o g WSS Ao S R R

o gy ma, LT Sy IR e AL AR FLLT AT
VTR A Y S Y R SRR TP B AT T S 0 SO S RO L W RS Rty Bol i bt el Ty L n A C G LSS lﬂﬂ

1
BT i i 1w a4 gt VR St
e S 2 SR e A T R R P S SII Srnm MR SN K oA e WA (b e WHNBE N TP e s o

7

3

P O
.

.
Shsen

FRPE N < Rt N

*09s/pea 008 Lousnboag gndur ‘o8s/peI Q00T 38 2TO0d MorQpaad ‘Uyjzed
paemIod aY3 UT SOTWBULQ “OT3STI930BIBY) SSOTUOTII0ISTA *20T oan3Td

0°2 ‘X °S00° :X ;

2 Ha

T
)

GEG kv Rid1] L PH Y 6ol o

Ll

T
.
.
~
i

¢

ey

St St AN \

TR R

TF N Qe T s e n BTy ST
o
e~

PRI

PURIRPARCARELN. A VS AR A R
Y
> |
£C
184
rwiwhiﬁmi R

L

i .

B

e 8 ?
T.m . . < %
tay

DATER
|
i
D, piiEashbes o

ik

LT A
441}

¥

"
FATIL N




fo9s/ped Q00T 38 9TO0d ¥oeqpasd ‘ujed

*09s/pBaX 000T Adousnbaayg andug
*€0T 2an3T4

paeMIOd 943 UT sOTWeulq O0T3STL240BIBY) SSOTUOTFI03STd

e
oo

TR S rerer Sren e nea

I
!

S

e —————————TAL A a4 S o

e — A A A A A

—-—
——d

EATigey

ar e
———

ioh Ml

185

s

£20

AN S e e
D R 2

deapda s va

2 00 [ %3
2952 2o £ 38y,

Geasy

Ay TR

"y



S AR D IR VI T (RN T S AR R A SR R ST,
e e T R R BT A RN S PR TR T TR ISR S Y F IR IR 3
— Y R T A T P AT SO A R S R S MR S TR N
% Lﬁ»ﬂﬁﬂm,&u}«m}ﬂufnwwaﬂaﬁwswmﬂud.\?@vtdn. RSV I I R S PR R e R R

.Wilil\l!-ll.(.ll}inl o wevws ke e s e ves %A - -~ - . M
| L
*oas/pea 00GT Aousnbaag gndur “oas/pea 000T 3B IS1Od NoBQP9dA ‘yseqg B
pIBMIOd 943 UT soTweufg €OT9STaA930BABYD SSSTUOTIJIOISTT  “HOT 2an3Td g
0°2 X °£00°" :X m

_” 310 HY b bery 35c ot S8 ;

4 e g

i

3

V. &=

7 & 0

I O

i —

: \.

L

' : |

v v B

; :

¥

1

:

WL
#C6
i Al




e e
SRR SR T R e
b S R T e T e o

or—— L S I o R
3 -

Running simulations with the new feedback pole for
frequencies 1000, 1500, 2000 and 2500 rad/sec resulted in
the output waveforms shown in Figures 105, 106, 107 and 108.

It is easily observed how the ldeas expressed previously

apply to these waveforms.
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