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SYNOPSIS

The objective of the present w ork is to investigato
the offect of magnetic saturation type of nonlinearitios asso-
ciatod pith electrical machines on the transient rosponse ofna
machine control system. Contrary to the approaches suggested
80 far, saturation effect is considered oﬁ both gain and time

constant.

In the first place block diagrams of an amplidyne voltage
regulating system, are geveloped for tho cases (a) when d-axic
saturation of amplidyne affects only the d to q axis gain and
{b) vhen it affects both the gain and field time constant.

Next block dilagrams of the system are developed including the

d.¢c. machine saturation as well.

The block diagrams developod are used for the study
of transient response of the systom. The techniques employed
are oporatiomal mathemgtics, nnmerical integration and solution
of two or more algebraic relationships. The experimental
rosults o' tained from a practicasl system are compared with those

of analytical mothods.
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LIST OF SYMBOLJ

Kf = Quadrature axis generated voltage por ampere
of direct axis field current.
K. = Voltage gain of the d.c. generator in volts
8 per ampere.
K = Direct axis generated voltage per ampere of
q quadrature axis circuit current.
Tf = Time conatanﬁ of amplidyne field winding in
seconds.
T = Time constant of the d.c. generator field
g winding in seconds.
T = Time constant of the quadrature axlis circuit of
q amplidyne in seconds.
Hf = Number of turns per pole on amplidyne field.
o = lain feedback ratio
v = frequency in radians pér second
P = ﬁ/dt
In poneral
Hx = Resistance of winding x in ohms
Lx = Self-inductance of winding X in Henrys
I = liutual inductance between winding X and y
ry in Henrys
G = Rotational voltage coefficient betwoen windings x
£y nnd y (cpeed voltage inducod in winding x per

unit current in winding y at unit spocd)

J = Homont of Inertia



INTRODUCTION

The science of control enginecring has made rapid
progress in recent years. As the need for more accurate and
reliable control grew, demands arose for machines that would
poesess characteristics sultable for use in control systems:
One aspoct of development in d.c. machines which normally
constitute the powver amplifying stage of a control system
emphasises the design of machines capable of rosponding very
fast to signals of small magnitude. These dynamoelectric
amplifiers, often known by trade nameé as amplidyne, have boen

successfully employed in many control eyatema(1 o 5).

The stoady state and transient porformance of such
systems are usually studied by assuming that there are no
saturation and hysteresis dffects associated with amplidyne(ﬂ's).

For analysis, the steady state(7'5) end (8 to 11)

dynamiec equations
of eloctrical machine which are derived neglecting saturation

and hystercsis effects nre used.

Tho saturation of the magnetic circuit of machine has
tuo effects : (1) It causes a reduction in the direct and
quadrature agxes circuit inductance, and (14) It decreases the

voltages gencrated in the quadrature and direct axes armature

circuit.

Transiont analysis of any automatic control system is
mootly carriol out assuming the components of the system to be

lincar. This involves solving tie linear differential equations
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vith constant coefficients obtained for such system. Amplidyne,
wvhich forms the component of most the control system is subjec-

ted to magnetic saturation a nd hence exhibits nonlinear charac~
toristice. The effect of thie should also be included in

transient response studies of such system.

fhe mathematical theory available for the treatment
of such problems is in an unsatisfactory state. There is no
standard method by which all nonliqaar differential equation
can be solved.A A limited number of these equations can be

(12)

solved exactly and a varioty of approximate analytical,
nurerical and graphical methods are available for the rest.
These methods are not generally interchangeable and each has

its advantages and d isadvantages for particular purposes,

(180

The method suggested by Stout for transient
analysis of feedback system containing one nonlinear element
has the advantoge of simplicity when it is applied to systems
having one input, one ontput'and one nonlinear element which
can be characterised by a relation between its instantaneous
input and output, say y = §# (x). Such eystems are represented
(14)

by the standard block diagrams and using these the transient

response is carried out.

In the present work, the effect of amplidynd d-axis
saturation and d.c. generator saturation on the transient

repponse of the d.c. voltage regulating system is studied.
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The system response to a step reference input is plotted for

“the follouing cases

(1) Assuming all the components of the system to be

linear.

(11) Considering the effect of amplodyne d-axis

paturation on 4 to gq-axis gain only.

(i11) Considering the effect of amplidyne d-axis satu-
ration on d to q axis gain and field time

constant ..

(iv) Considering the effect of amplidyne d-axis satura-

tion and d.c. generator saturation on gains only.

(v) Considering the effect of amplidyne d-axis
opturation and d.c. generator patﬁration on both

gains and time constants.

A comparative study of the five cases is made and
the cffect of considering saturation on both gains and time
constants is discussed. The experimental results obtained on

a practical system ave compared with the analytical results.

The analy&iafia carried out with the following assump~-
tions recarding ampliiyneand d.c. gencrators - (1) Eddy
current and hystcresis effects are neglected, (ii) The brushes
are located in noutfal zones. Commut.tion 1is assumed to be
linear and tho offocts of coils undergoing commutation are

ignorod. (4ii) Both the machines are driveld at coastant

8poodn.
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CHAPTER = 2

In this chapter bleck diagrams of an amplidync
voltage rogulating system are dcvoloped for the follouing
case - (1) cosuming all the ccmpsnints of the systom are
lincar, (2) Considering Demxis saturation of amplodyne
on d to q axis gain only, (3) Considering the axis satura-
tion of amplgdyne on both d-g axis gain and field time
constant, (4) Considering the axis saturation of amplidyno
and d.c. generator situation on gains only, (v) Considering
the d-axis saturation of amplidyne and d.c. generator

sityation bn both gains and time constant.

#ef linenr Case

The dynamic equation shoun in fig. 2(a) can be

descrived as follows -~

Assuming lénear magnetic cirenit and an exact
conpensation in amplidyne, the transient process in the

ficld circuit can be expressed by an equatidn of the form

Vf = (Rf + Lf.p) if LY o0 (2o1 )

where V£ ig the net applied voltage to the field
vinding. The rotntional voltage induced in the quad-rature
ax-cg, crcature clrcuit. bocause of current IF in the

field winding is



Vq = Kt if ‘ e e (2.2)

The voltage balance equation for the q axis circuit is

given by
Ein_n (2.3)
Vq = (RQ + Rs)iq + ‘Ilq + IIB + 2 Hqs ) at see 3
Aak
= R II -'A ;o. 2.
.or Vq q iq + a 9t | (2.4)
where Rq = }RQ + R and Lq = LQ + L, +2 M °

®he rotationsl voltage across the d-axis brushes is

V = K . ¢ 2-
d otq ( 5)

Neglecting the resistance of the armature and compensating
winding of the amplidyne . as they are very small compared
to the field winding resifance oflthe d.c. generator, the
following equation is obtaimed for its d-axis armature

circulit.

Vd = Rg’.g + Lgx dig/dt see (206)

where ig is the currcnt through the generator field
winding.
The rotational volsage induced across the bruses

of the d.c. gene ntor is

= x 1 LI 2-
Ve < 1g (2.7)



The net applied voltage to the field winding of the

amplidyne is
vf = VR - d vg ss e (208)
Applying laplace traneformation to equation (2.1) to (2.8)

and assuming initial conditions, one obtains tha'féllowing

traneformeé'equation for the system.

@@m::f-(ig v, (s)
(R, + oL,) Ry (1 + o%,) cee | (2.9)

Vq(s) = K,I.(e) cos (2 .10)
I(s) = Yo = VQ(S)' ves (2411)
q R+ 8Ly “E;TT‘?"A T‘) .

V,(e) = xa:q(a) ces (2.12)
1(e) = ﬁzgéj;zm Ta(e) ‘e (2.13)

| g g Rg(t + eTg)

V(e) = KI(s) e (244)
Vele) = Vpls) = XV (s) (2.15)

Using equations (2.9) to (2.15), the block diagram of
the system 1s drawn as shown in Fig. 2(a). For the analysis

all the power blocks can be combined into a single block as
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G(ﬂ) = M ede (2.16)

RngRq(I + an)(t + a'l‘g)(H qu)

2.2) The effect of amplidyne d-axis saturation on gain only _

The open circuit curve showing the re lation between
the output voltage and control field current flattens off
more sharply compared to t he saturation curve of an ordinary
d.c. generator because of the interection between the m.m.fs.
of the two axes under saturation conditions.Hence instead of
determining the d-axis saturation curve from the voltage 1nduéed
across the q-axis brushes for different values of field current,
the following expefimnntal producer 1s adopted which takes into
account the effect of interaction of both the @ and q axes mmm
n.m.f8..

The open circuit voltage ecross the d-axis brushes
and the current in the g-axis circuit qu) are meassured for
different values of field ocurrent (I!). The variation of g-axis
circuit resistance with g-axie current is also determined and
plotted as shown im figure 4(c), for a given field current end
the product of the corresponding q axis circuit curremt and
resistance gives the value of the 12§g£g§ voltace; Vq across
the g~axis brushes. Thils procedure is represented for
differnht values of fleld current and the wariation of Vq with

I, is plotted as shown in Fig. 4(e).

£
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The d-axis saturation curve can be appro:imated by
tuo otraight lines OA and AB, where the slope of 0A gives tho
valuo of the linear voltage gain K,. In Fig. 4(c), 1t is scen
that as the field current exceeds I, , the gain also changos.
Presently considering the saturation effect on gain only
and ascuming the field inductance to be constant, the following

dynamic equations for amplidyne are obtained.

For the field circuit

vV, = R

P dif/dt o (2.17)

ele * L
The useful flux per pole slong the direct axis is given by

g = K, 1, BPy cee (2.18)
| ANEXEEE
vhere, S and Pl are the saturation factors and tha(?fif?rmancg

£
of unsaturatéd magnetic circuit respectively. The factor 8
depends upon the field current 1f. For values of 1f < Ifo

it has a value equal to unity and for ifj> Ifo 14 goes

on decreasing

The volfage across the gq-axis brueshes i giv en by

v, = Kf = XN, 3%, 3P cos (2.19)

Since K Nf Pl = Kf « linear gain, the above equation can

be vritten as

v = S E,14 (2.20)

f . s e

also vqo = Kf Ifo cee (2.21)
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From equation (2.20) and (2.21) it can easily be
scen that the value of the saturation factor for a field
current i, is simply the ratic of (Vq/VQO) corresponding to
the value of (1f/1f0) to the value of ﬂif/lfo) itself. This

can be determined using Fig. 4{c).

g
Equation(éﬁ?o) can also be written as

/ W7 e (2022)

V@‘ﬁf

v = SV :
o
where Vql is the voltage 1induced in the quadrature axis

q ql

for the same current if with 2 linear magnetisation curve.

x Referring to Fig. 4({C) it is seen that

I Mg = Vo1/Veo cee {2.23)

Using the transform of equations (2.17), (2.20), (2.22)

~=nd (2.23) and assuming the other part of the system to be

linear the block diagram given in 3(a) is obtained, where
—— T e < T ——— . —

A iz a mohlinear block with a gain S whode value depends

———

on the input signal to it i.e. Vql/vqo
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23 The affegt of ampligxne d-axis saturation on d-axis
gain _and field time constan®

If V, ic the net applied voltage to the field winding
of amplidyne, then the following differential equation can be

wvritten, applicable to the field circuit:

v R, 1, + m <o N,. af/dt ere  (2.24)

f % e i )

wherey m, <& 4, N, and ¢ are the number of poles, leakage.
coefficient, nuﬁber of turns por pole and useful flux per
pole respectively. Although the leakage coefficient varies
“with the level of saturation of the magnetic circuit, for

simplicity it has been assumed to be comstant in the anmlysis.

The useful flux per pole as given in Art. 2.2

is

¢ = N, 1, S By ~ ees (2.25)

The voltage acrose the g-axis brushes 1is glven by

vq = K¢ = K B, 1, 8 Py ere (2.260
Multiplying (2.24) by’nf and substituting (2.26) in equation
(2.24) |

*® N 2.2
VoM, = RN, 1, + -———~—1- “3;9‘" (2.27)

Substituting the v lue of N, 1, from (2.26) in (2.27) and

substituting, the following equation is obtained.
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dv

+og N, B8 = ... (2.28)

vV, K Nt S P 1 at

t 1 =

Vé Rf

Since in eguation (2.28),

ng Hzf P, = L, (Xinear value)
and K Nf Pl = KT
_ -1
or  VeKe /R, = (87 + T, P)V eer {(2.30)

q

The corresiponding block diagram showing the relation
between the induced voltage in the quadrafive circuit and the
applied voltage to the field winding is shown in Fig. 3(¢),
where 3-1 is the inverse saturation factor and is the ratio
of (if/ifo) to (quvqo). The effect of the inverse saturation
factor can be taken into account by representing it in the form
of a nonlinearity as shown in Figs. 8. .+ The block diagram af

the complete gystew is shown in FPig. 5{(a).
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2.4 The effeet of d-axis saturation of amplidyne
and d.c. generator saturation on gains only

The amplidyne saturation effects on gain only is
already derived. Hdre the effects of generator saturation<ﬂso
is considered. The voltage developed in q-axis vrushes due to
field winding of amplidyne is same for q-axis fleld winding.
This winding developed a voltage in d-axis brushes of amplidyne
which is same for field winding of generator. Heglecting the
saturation of ¢ - axis winding the different equation 1is

written ag @

u =. i R ‘ L d.i dt [ I ] ..‘. 2‘ 51 [ ]
v — T ) i .en LI .52

The voltage across the d-axis brushes 4fg is given by
v = K i o0, (2033)

vhere Kg = 1linear gain, the above eguation can be

uritten as K
V = 'V L N ] (2034)
d Rq%l + Tq v) q
For the field circuit of generator
R +L a1 /4 ees (2.35)
Vg = g 18 . g/ t 35

The useful flux per pole due 40 generator field is given

by

= N 4 8§ P | vee (2,36
Ge g e'8 & 36)
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vhere S6 and Eé are the saturation factor and the permeance

cf thc unsaturated magnetic circuit cof generator respoctively.

The factor Sg depends upon the fisld current 16. Por values of
< .

1g S IgO’ it has a velue equal to unity and for 1537 IgO

it goes on decreasing.

The voltage across the generator brushes is given

by

V = K == RH 1 S P L) 2¢

g ¢g g g 55 g yeo (2.37)
Since K Né Pé = Kg - the linear gain, the above equation

can be written as
vV =K 3 1 | vei (2.38
8 g 8 8 (, 38)
and vgo " Kg- 150 (2.39)

From equation (2.38) 4nd (2.39) 1t can casily be seen that

the value of the saturation factor for a field current(;g)is

simply the ratio of (Vg/vgo) corres "onding to the value of

i /I . to the value of (1 /I .) 1tsel?, these £an be determined
a/ g0 (cz/ g0 ?

using normalised generator saturation characteristics as shown

in Fig. 4.1. Lquation (2.38) car also be written as.

v S Vv coe 2.40
g = 5% Va1 - (2.40)
vhere Vgl is the voltage induced across generator brushes
for the same current 1g with & linear magnetisaticn curve.

Refering to figure (4.2) it is seen that
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= . __gi--— cee  (2.41)
&0 g0

Using the transform of equation (2.17), (2.20), (2.22),
(2.34), (2.35), (2.38) and (2.41) the block diafram given
in Pig. 4(a) is obtained, where A is non-linear block of
amplidyne with gain S and B is nonlinear block of genera-
tor with gain Sg whanlvalue derends on the input signal to

1

it i.e. Vgl/vgo and vql/vq0°

2.5 The effect of amplidyne d-axis saturation

and d- enerato turation on bot ains

and field time constants

The oxpression for the efféct of amplidyne saturation
on the gain and field time constant is derived in section (2.3).
Here, the effect of generator saturation is also considered.

If V, is the net applied voltage to the field winding of

4
goenerator, then the following differnntial equation can be

vritten as applicable to the field eircuit.

ag

= . _____,B______ sap ')
LA RG is + M cé Ng It (2.42)

where, m, Gé)

Hg and ¢g are the number of poles, leakage
coefficient, number of turns per pole and useful flux per
pole of generator respectively. Although the leakage
coeffictent varies with the level of saturation of the

magnetic circuit of generator for simplicity, it has been
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agsuned to be constant in the analysis.

The useful flux per pole as given in Art. 2.4.

is

= N 1 S P L 2N N 2 2.
¢g e 1z 55 % (2.43)

The voltage across the generator brushes i8 given by

V - Kf = KN 1 85 cee (2:48)

P
g 8 g€ &€ 8 &

Multiplying (2.42) by Né and substituting (2.44) in equation

(2.42), )
. e, ¥,

d '8 8 &8 K

av /at. ..(2.45)

. Substituting the value of N is trom (2.44) in (2-45) and

simplifying the following equation is obtained:

' av
2 ) R
V.EX S P Y R + m. NS P .8 . B . (2.86)
a-"gg'g” ‘g g g " g ‘&g at (2.3

Since in equation (2.46), m<fé Nzg Pé = L@ (linear value)

£ & 4
d
= s I‘ v 2% IX ) 2.
v, K.g S, (ng + . -3;') e .( 47)
-1
V R = S T V ¥ (2048)
or q Ké/ g ( z * T p) g | . :
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Using the transformation of equation (2.30), (2.34)

and (2.48) and equation (2.15) the block diagram given in

Fig. 6(a) is obtained. 8-1 is the inverse saturation factor

of amplidyne and is the ratio of (1f/110) to (Vq/VqO) and

S"8 is the inverse saturation factor of amplidyne and is

)e

the ratio of (ig/Iso) £0 (vg/vgo
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CEAPTER - 3

In this chapter the transient analysis of the

— J—,

dec. voltage regulating system is car:ied out using the

b’ ock diagrams developed in Chapter 2. All the componants
of a practical system have been experimentally determined.
The transient response curves for a step referenoe idput

for the cases considered in Chapter 2 are gixnn given.

3.1+1 linear Case :

Assuming that al. the components of the system are
linear, the dynamic equations have been obtained in irt. 2.9
using the transformed equation (2.9) to (2.15) the block
diagram is shown in Fig. 2(a). The closed loop transfer

eystem function of the system 1s obtained as

K, K K
C f 8 q
- eas{3.1

R, Rg nq(1 + 8 Tf)(1 +8 Tg)(1 + 8 Tﬂ)ﬂ

5.2.2 The effect of amplidyne d-axis saturation on gain only

The d-axis saturation curve of amplidyne is given
in Pig. 4(c) which can be approximated byt wo straight lines
OA and AB. The slope of .the line CA gives the wvalue of
linear 4 to q-axis gain Kf. The plock diasgram of the system

develogod for such a case in Art. 2.2 is shown in Fig. 3(a).
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In the figure ¢ 1s a nonlinear block vhose gain depends on

the input signal to it i.e. Vql/qu. It contains the straight
line a.proximated normalised saturation characteristic showun
in Fig. 4.1.

3.1.3 The effect of d-axis saturation of amplidyne on

rain and time congtant

The block diagram shown in Fig. 5(a) for such a case
is doveloped in Art. ‘2.3 of Chapter 2. Im the figure block
contains the inverse of the straight lines approximated

normalised saturation characteristic of amplidyne.

3.1.4 £he Effect of d-axis saturation of amplidyne and
d.c penerator ssturation on gains oniy

The d=-axis saturation curve of amplidyne is approximated
by two straight line 04 and AB. Similarly saturation curve of
cenerator can be appro-imatod by twoc straight line CA and AB.

T hc slope OA gives the value of voltage gain Eé and AB gives
the nonlincar voltage gain. The block diagram shown in fijure
4(a) is developed in irt. 2.4. In the figure block Pq is a
nonlinear block of amplidyne whose gain depends on the input
signal to 11': i.e vql/vq0 and block 9?5g is nonlinear block of
goenerator vhose gain depends on the input signal to it

1.0, vgl/vg()



19

3¢1.5 The effect of amvlidyne d-ax ;g ggﬁuratiog ang
. gnerato turatio

t;me constanis

The block diagraz shown in fig. 6(a) for such a caso
is devoloped in Art. 2.%. In bhis figure W%t\is the block for
amplidyne contains the inverse of the straight linea appro~
ximated normalised saturation characterietic and i the block
for generator containw the inverse of the atrag\ht lines

gpprofinmated normaliaed saturation characteristic.

3.2 Standard Block Disgram

It is shown‘by Stout that the original block diagram
for any nonlinear system cah alvays be reduced to the standard
forms shown in figure 7(a) and 7(b). 1In these diagrams,
linea? dynamic relations are indicated by the transfer function

Gi’ G and H, while the nonlineam relati ons are dxpréssed

2+ %3
by §y = @ (X) and X = ¥ (y). It 1s also shown that these
diagrams are interchangeable description of the same system
i£ 6 = 1/H and Y 13 a function wibhkin which is the inverse

of ¢.

The block diagram pertaining to the case discussed
in Arte 341.2, 313, 314 and 3.1.5 can be reduced to the
standard form shown in FPig.3(b), 5(c), 4(b) and 6(b) by simple

block diagram reduction technique.
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3.3 Description of the Anal-ytical liethod

Roferinz to Fig. 7(a) since the input block ¢, 1s
linoar its output U(t) can be calculated for any given input

r(t) by the follouing laplace trsnsform method
u(¢) = 17 (6,(e) R(s))

whore R(s) = I (r(d))

The method can be used to find B(t) froz r(t) and

a(t) from y(t). However, it should be noted that y(t) is

tho output of a nonlinear feedback system and is not available
.in analytical form because ¢f the appr oximate calculation
procedure involved. For this reason, it will be necess 'ry
to uso approximate methods even in the linear part of the system
Stout has described tuo similar procedures, one a general
procedure applicabie to the f£ig. T7{(a) and other an alternative

procedure applicable to figure 7(b)

3.4 @General rrocedure

Reforing to fi, . 7(a) the nonlinear feedback system may

be described by the equstions

y(t) = ¢( X(t) ) 'YX} (303)
4
" D v(t) = fh(t - 17) y(T)ar eee (3.4)

Equation(3.1) due to firat summing point, equation (3.3) due

to nonlinear biock and lgst equation due to approximation.
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Equation (3.4) is entirely in the time d omain and
take.: advantages of the fact that the output of a linocar systenm
can be expreoscd as & weighted sum of its present and past inputs

The weighted funetion 1is
nit) = 7' ( H(s) ) ver (3.5)

This weighing function is the inpulse response of the
feedback block and may be calculated in advance. By solving

above equation the following cun be obtained.

% |
x(t) = U(t) - J n(e-m)g¢ x(1) ) ar eoe (3.6)

In above equation x(t) is the onifiﬁnhndwﬁ when x(t) is

found y(t) is automatisaly available from equation (3.3).

Now cquation (3%.6) is a nonlinear intesral equation. Solution
of this egquation can be found by iteration methed or by approxi-
~ mation method, using U(t) as a Tirst approximation to x(t)

which in turn is used to find second a; proximation and so on. i
This procadure requires an analytical expression for #(x)

and the integrands increase rapidly complexity, even under the

best conditions.

An approximate solution can be found by step by step
method which permit use oi @(x) in graphical term and lead

diroctly to numerical results.

By numerical method, the various values of system
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variable can be calculated at interval A{t)= T. These valuag

will be denoted by

v = V{(nT)
n

h = h{nT) and so on. If Trapezoidal role is
used then the approzimate value of V(nT) from equation (3.4)

becomes

el |
Vn = 7 (2 hn Yo + hn—? ¥yt cese + h1yn_1

+ -12- hoyn) coa see (3.7)

If wve denote T h as B then equation (3.7) can be rerarded

as the product of the two sequence

A
6, hogv

yO/Z! y1 s se e yn
sse e ses (308)
Fo/z. P‘ - o LR N 2 Pn ..».

The first value of y(t), y(0) is found from the
initial condition of the problem,the other values are determined
step by step. -hen pO i3 O then Vn depends only on papt values

of y upto y _, and can be directly found at each stage of the

1
calculation with Vn unknown, x, 4s immediately available

and y, can be read from the curve.

If B, # O then it will be necessary to use a
grephical solution of two algedbric equation at each step in
order to deterine V_, X, and §,. This complication is

introduced by the necessity of satis”ying the eguation.
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yn = ¢(xn) sse (3-9)
xn = Un -~ Vn ceo (3-‘0)

Lot S, be the sum of all terms of equation (3.7) except

last one. Tho equation (3.7) becomes,

n

v = PZ?/(yn + sn cs e (3-1‘)
where f = P0/2 cee (3.12)
and 5, = y0/2 B+ ¥, PBpgt eee + Vo P‘,ff' (3.13)

From equation (3.11) one can get

£ = Un - PV, =S, 7 e (3.14)
= 5 - f?n (3.15)
where Sn = U’.ﬂ - Sn | see : (3018)

calculated and Sn involves only
_ - ~
past values of Yo upto Ypmq® Sn s available at each stage.

Since\Uﬁ is already
The only unknwon quantities are present galue of x and y namely
X5 and Yn and these can be found by simultaneous solution

of equation (3.9) and (3.1%) usi ng the graphical procedure.

If the order of denominator is greater than the order of
nuierator then the procrdure is very Xtghx straightforward, the
inverse transform h(t) can be found out by partisl Iraction.

If the order ofdenominator and numer-tor is same then

firstly remove the constant term and then use above method.
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Kow if the order of the numerator exceeds the
order of the denominator, then the inverse transform would
contain impulsive components which Qould cause trouble in
andlysis. This difficulty can be avoidcd by reversing the
osition of the linear a nd nonlinear blocks, putting the
reci rocal of B(s) 4in the forward block and the inverse
function for the nonlinearity into the feedback path as
shwon in Fig.'T(b); B4nec Sometime feed Pack}gath is auntoma-
tically contaln nonlinear bdlock for this case following
procedure is applied which is slightly different from

above progedure.

3.5 Alternotive Method

For the block diagrum of fig. 7(b) the equatidéns
~re
v{t) = U(e) -~ x(¢) (3.17)
(t) = Y( y(x) ) }(3.18)

where VYV 1is inverse function of ¢

t
y(t) = [vit - Pgl?) a7 ... (3.19)
o
whore g(t) is the reciproc:l of H(t) block as shown in fig. 7(b).

6(t) = L7V (6(s) ) -—-  (3.20)

An approximate value of y(t) for t = nT 1s

& Eg
= —-Hh— S———— . : ses [
yn T( 2 Vo + Gn-’ V1 + even + 2 vn) . | (3 21 )
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Let X, = Tgn

Equation (3.21) may be regarded as the product of two sequence

v0/2’ v" a0 @ dPere i vn

cee (3.22)
and 0(0/2 ’ 0(1: v ser Nm

For graphical sclution equation (3.21) may be written as

lf//fyn =)u Vn + Qn vee RN (3'23)
where m = /2 | e (3.24)
Qn o= V0/2.0\“ ERE + Vn-’1 0(1 see (3 025)

From equation (3.17) and (3.23)

(Ynz}l(nnnxn)*'qn | ”p

-

——

3 - ~
.‘ Yn = Qn - ﬁxn / ss e (3.26)

/

where Qn = Qn +)11in/5 _ (3.27)
Ls

Equation (3.18) and €2,273 constitute a pair of simultaneous

equation in x and y which may be solved by graphical process.

The various constant of 1.% kw, 125 V, 12 amp.,
1800 rpm, 60 Hz amplidyne and 10, kw, 220 V, 1430 rpm
d.c. generator has been experimental ly deterhined and comes

as
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R, = 955 | T, = 0.9318 sec. K, = 558.3 V/A
R = 1.75 | T, = 0.0774 sec. K = 38.0 V/A
R, = 128.8 g = 0.0742 sec. K, = 320 v/A

ng = 202 V. vqO = 6.7V. I,o = 12 m.amp.

3.6 Transient Response with the system components assumed

to be linear
ZQ} The maximum value of X for a system to be stable
can be obtained with the help of R.H. criteria as follows-
The characteristic equation of the system, shown in fig2(b)
is given by

4 + G(s) H(s) = O ses  (3.28)

or K, K K o

£ = O
'+ J[TR R (1 + 8 TG + ST (1 + & T,)

f g8 «q

ees  (3.29)

oK, K_K |
{1497 )00 +a1 )1 48Ty sEBie 0 L. (3.30)

f g q

Substituting the various values in above equation One can get

Pl o' )
37 + 57.88° + 1004 8 + ( ’*3::327 )yx10% = o©

cee (3.31)
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Using R.H. criteria for stability

g3 1 1004
/
g2 57.8 (1_..2_.5..2;*1‘;;76 ) 104
57.8 x 1004 - (1+31.5600), 0%
3 ! 1.827 0
57.8

(2] N _L

S ( |43y ,_‘;1
/7 eV

For the system to be stable, the first column's elements
must be positive or zero. The marginal value of o &s

obtained by equating first term of 5 row to zerol

(1 + 31.56 % )10%

1.827 = 57.8 x 1004
N = 57.8 x 1004 x 1.827 x 104 _ 4
B 3156
_ 10.6 -1 _ 2.6
T 31.56 31 .56

Therefore the value of X is assumed to 0.25.

Substituting the value of the various constants of the
system in equation (3.1) and assuming X = 0.25, the variation

of output with time for a step function input magnitude V volts
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is given by

c(t) = V(3.55486 - 0.81367 e 22°22% _ o7V114%(5 9444 Cos 29.58 ¢

+ 1.50486 Sin 29.58 t))

Assuming V = 50 volts and AT =T = 0.0025 Sec.

the @ifferent value of C(t) 1is

C

0

02 = 1,1C70 and so on

3.7 Iransient Respongse Considering the Effect of -
Amplidyne D~-anis Saturation on 4 to g Axis Gain only

Referring to block dlagram shown in Fig. 3(b) if the
input R(t) 1s a step function of magnitudes V volts, the output

U(t) would be given by
B(t) = 0.585 V (1 - 0145 %) | (3.32)

Por a given value of V = 50 V, with a time interval T = 0.0025 Se:
the value of Ub. U1, U2 etec., corresponding to O, T, 2T and so on

can be calculated gnd given below 3

U = 0.00

U = 4.2557% and 80 on



29 -

The weighing function of block H with o<% 0.25 a

given by ¢

n{t) = 107.6 e 21 *45% 4 4180.0 712092

- 4287 06 0-1 3 048t

Corresponding to the assumed time interval, the values of hb

h1 and hz can be calculated by above equation. The wvalues are

ho = 0.00

h1 = 0.00480

h

5 = 0.1200 and 80 On.

F The weighting function for block G is given by

A\ v FX (;bﬁ\

g(t) = (1 el e@t) X 16876 O "X YRy (30333)

A
The different value of g(%) from above equation by putting

different value of T are 0.00, 12.834, 24.12 etc, xu

The different value of function 3 can be calculated from

equation
Pn =3 T hn /
}30 = 0.00'

B, = 0.00001
B, = 0.00003 and so on
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The initial conditions give Yo = O and E, = C

0
At ¢ = 0.0025, Sec. n = 1, using expression (3.13) and (3.16)
Y
0
S1 = 3 p, = 0

§) = Uy -8, = 2.21148

Since PO = 0 The value of y can be directly read from the

graph, but in general, the following proéedure is adopted.
-gmA f *é“

X, = 31 - Pq“/Kf\ = 2.21148 Xon *

|

Here, [ = po/e = 0

Corresponding to this value of x, the value of y1 is found

out using the normalized saturation characteristic. For the
block ¢, the following equations are fe4d used relating the input
X' to the ocutput y'.

yn":xn - for xn;< 1 s ves {3.34)
. T—- ~
and y, = 5.25 + 122.5 xn‘for Xn> 1 oo ($.35)
~ — TTT——

Or by solving above equation with equation (31) following

equation can be obdiiined

yn = §n/(1 “.‘P) for =x < 1 XX (3036)

(5.25 + 122, / . 550.3) A
and ¥p = 7.0 + 122.5 x P /550.3) ees (3.37)

471 '1f§\)'

-
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For this case,

Then,
& & -
By= T(3—~yo+ —3¥%) =0

Since Yo = &p = 0.0

At ¢ = 0}005 Sec. Or n = 2

¥,
S, =37 -"PB +tHy, = BV

= .21 x G.0C001 = ©

80 that. Sp = U, -8, = 4.25575

The output y, = 4.25575

The output voltage
S2 Lo .
E, = T( 5= Yo * 8 ¥y * 3 ) 0.07
Thus the wvalue of the output voltage is calculated
for different instants of time, the difference in time between

consecutive instants being 0.0025 See.

[ 4
The method of caleulation of transient response has

been computerized. The flow chart is shown in fig. 9, and

programme is given in Appendix.
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3.8 ZTransient Response of the system considerins D-axis
caturation of amplidyne on both gain and field time
conatant

Referring to figure 5(a) for a given step input voltage

\\_.’/
V, the output from block G is given by

U(t) = 0.585 V (3.38)

For o = 0.25, block U is found to bg’gestgble. On

splitting up- the ngg%inearity 1:t0 a linear a nd a nonlinear

5

flunction figure(é}b)ﬁia obtained. In this figure, the transfer

funetion for block H is given by

B, R R (1 +37)(1 +5T)
H(s) « L & a ' *"7g T7 g’

R, Rg Rq(H- 3Tf)(1+s'rg)h+smq) +X K, xg Kq

cee (3.39)

On substituting the wvalues of various constants and taking
N = 0.25, the weighting funection of block H is found out
to be

=55.55% + @ 1415% (15.91

h(t) = 14.54 e Cos(29.586 t)

<

- 3,64 Sin (29.586 t)) 57

ees (3.40)
vith a time intorval of At & T = 0,002% Sec. the values of

: ho, h,. h2 ete. are calculated.

o
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The weighting function for block G is given by

2V/2t 7
—1 '9 - 9-13.48t) —

glt) = 16876 (e —— (3.41)

and the values of g, 841 & oetec., can be gakculated

Iransient Selntion

The initial conditions give y, = O, and Eg = O _ g.¢ HSC
The values of Uo. U1, Uz etc., remain\féhetant 29.25*¥g;/'
the step reference input of 50 volts. The values of ho,’h1, h2
etc., are 31.45, 31.20, 31.06 etc. The va%pes of 8o+ 841 &5 ete.,
are 0, 23.65, 42.128 etc. The values ef BO’ Pt' Bz egc., are
0.0786, 0.078, 0.07787 respectively. For t = 0.0v25 Sec. or

n=1., defering to Art. 3.5

v
q, = ( -9—;-1- ) = 29.25 x 0.039 = 0.14
e e
so that Q, = Q + ;"F{U,/\A
= = 1.14 + 29.25 x 0.0393 = 2.29
y1 = -61 - Px, = 2.29 - 0.0393 X, ss e ((3042)

In this case the output depends not only on the fas;>value
of X but alsogy on tho ﬁresenxvvalua of X. Iﬁ Fig. 5(b) the
non=linear block ié_in the feedback path...Corresponding to the
output y1, the input to the block Yis y'. Deyending upon the
recior of operation, th e output from block V¥ is given by the
follouing equation. :

X' = O for 0 s y' < { ees  (3.43)
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Vand x' = 3.65 y' - 3.65 for y'> 1 .. (3.44)

Once the point of operation on the nonlinear¥ block is

knoun o relation between ¥y and x, can be found out using the

1
nonlinear feedback path. Thus two simultaneous equations are
obtalned in x, and Yy and the solution of these equatiocns give
the values of X1 and Yy ¢ The point of operation on the non-

linear block is found out as follows:

From equation(3.42 ) on dividing by qu' one obtains

qQ,
The s - P L
. 6.7 1 ﬁ§ -
- 6‘ - £Px' . (3 45)
6.7 1 cee 100

wvhich is thé equation of straight line having an interest. on the

]
y* axis equal to  _1. ¢ tnig value is less than or equ-l tc

6.7
unity than the point of operation is on the lineg O.A. and the
output 1is given bty f{ = 0
and if it greater than unity then the :oint of

operation is on the lime AB. and the relation between X ' and Y

is given by X' = 3.65 y' - 3.65 .» (3.4 six)
For the case undor consddration X" = 0 Hence
Y = ¥V . : :
1 Qe x y1 - 31 = 2.29 "'(3¢47)

‘ | (3.48)
x, = OandV, =0, -X = 29.25 °*°
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The output 51 is given by
81 yo Yy
E, = 0.0025 ( 5 + &g -l-z ) = O ee. (3.49)
For t = 0.005 Sec. orn=2
The constant Q2 = (vo P2/2 + V‘ p’)

= 29.25(0.0389 + 0.,078)

= 3:42
so that Q, = Q, + PU, = 3.42 + 1.15 = 4.57
Henee, y2 = 4.57 - 0.0393 X2 an cee (3050)
For this case ~%4%1~ is lesa than unit hence x'2 = 0
Therefore y, = 4.57 oo eer (3.51)
and V2 é Ua hd Xz = 29.25 s o0 anew ves (3052)

The output E, = 0.0025 x 23.65 x 2.29 '
- 09135_ L L (3:53)

The method used in this case has been computerized. The
flow chart is given in Fig. 11 and prdgramme is given in
the Appendix.

3.9 Transient Response of e gtem considering D-

Saturation of amplidyne and D.C. generator saturation
on_gains only.

In above case only D-axis saturgtion of amplidyne is

considered. Here the same procedure with D.C. generator
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saturation to be considered. - Referring to Pig. 4(b) the
tronsfer function of block @, is given by |
\\

1

K, 55843

2
;6 (S) = =
1 , af(a + B Tfi

L .
\\\ - 955x0.0318( s + 0.0318)

If the input is a step function of magnitude SO V. then

Uls) = 558.% x 50
8/, = 355 x U.0318 x B8 + 31.45)

Taking 1n§erse laplace transform and simplifying

U(t) = 29.25 (1 - e 2445 %) . (.. (3.54)

vith o = 0,25, the veighting function of
feedback block, which is the inverse laplace transform of

vls) 18 given by

s,

N
h(t) = 0.14625 o - 4% (5\295 e (3.55)

In the similar manner, the ow welghting function for block G

and function B is given by

alt) = 16876 (e~12°92 % _ ~13.48%,

B(t) = 0.0025 h(t)

Tranoient Solution ~ The different values of U(t), g(t)
n(t) and B(t) are calculated by above equation, considering

the time interval AT = 0.002% Sec.
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U 0.0000 8 = ¢.000 bo = 29,5425 ?b = 0.,73856

0 =

”

U, = 1.504 g, = 23.652 h, = 13.4532 = 0.33633
1 1 1

2 = 6.1408 ]32 = 0.15352

The initial conditions give Yo = 0, and EO = 0. Adopting

same procodure‘aa discussed in Art. 3. 4 for t = 0.0025 S8ec.

Yo
3, = 3 B = 0
80 that 9, = U, -8 =

1 1 1 L$~94

In this c2se forward path containg two nonlinear blocks. So
both nonlinear blocks should be éonsidered side by side. The
output of first block is the input of, second nonlinear block

by multiplying a time function. Referring the figure 4(b)

chlsn.- PYn

where [ = PB0/2 = 0.36928

| The above equation is the relation between input signal

of first noniiear block and output of second nonlinear block.
Now considering the first nonlinear block, the input of first
non-linear block can be transfofmed into the output of first

nonlénear block (by following equation)
Xy = (2~ 0.725)/0.275 gor 'in > 1 (3,56)

i = 2 for -in S- 1 e (3057)
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=
where, % is the output of first nonline=r block

Zn = Zn/vqo peee (3058)
and ‘in = Xn/vqo oo (3059)
.Z.n = .é:n - yn- (') for 'in s 1 'Y (3.60)
Z - 0.725x V
-2 ¢ _ § . 3
and 57375 S, ~ Py, for X >1 ... (3.61)

or 2z, = (Sn x 0.27% + 0.725 x qu) - Px 0.275 y, for X > 1

The input of second nonlinear block can be obtained bty following

equation:
z, = @ xZ,
= 6, x (5, x 0.275 + 0.725 x V_g)
f"}n x P x0.275y, for X > 1 ... (3.62)
and z =6 (5, - y) for X <1 ... (3.63)

The above expression is the relation bvetween the output of
second nonlinear block and input of same block. By solving
above expression with nonlimear block's equation, the
following egquation gives the ocutput of second nonlinear

block.
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The nonlinear block's equation is

Z 2

= y for S 1 ..o (3.64)
ng n vgo
"z P
and y, = 0.225 ——59-.5—- + 0775 for —P—71, ... (3.65)
g g0

The output voltage of second nonlinear block is

G ($n x 0.275 + 0.725 x ng) x 0.225 + 0.775 VgO

yn = “‘"2'—"'"' 000(3-66
(Voo + 0-275 x 0.225 x G, § )
Zn -
for =5 2 % and X, Y1 , ...

&0
S xG pA
= n \ R + < bl e :
Yn Tﬁig;—?rag) for. vgo £ 1 and Xn 1y (3.67)

) (sn,x 0.275 + 0.725 % qu) x GIA‘
In Vo + Px 0.275 x G)

g
Zn — ’
for v S 1 and Xn7 1 sne (3.68)
&0 o

(S, x 0.225 x G, + 0.775 x ng)

and yn =

(v80 +0.225 * £ * 6)
A - |
for e—B—— 7 1 and X, S 1 eer (3.699
&0

for n=L, or T = 0.?02 Sec.
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5, = 1.594

Considering the output equation of second nonlinear block

for X, <

. - |
1 and z,/vgO < 4. The walue of Y1 is

Y1 = 1. x 2%3.6852

(202.0 + 0.369 x 23.652)

= 0.167 L ] LK Y ] (3.70)

The value of y, is less than unity. It means the equation

whih 1s considered, is correct. The output v8ltage E"

= 0.0025 X 10f X 00167 = 0004 e e (3071)
for T = 0,005 or n=2. The value of 32
i
) s e @,056
2 = T2 P2t ¥ P= 8056
80 that 32 = U2'~ 32
= 2.260 o ee (3.72)
non

The output of a second/linear bdlock ¥, by considering
output equation for X2 S 1 end Zn / Vsoi < 1 is obtained

Y - 2.26 .128
2 (202 + 0.369 x 42.128 )

= 0.44 eee(3.73)

as
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The output voltage E2

E, = 0.0025( 101 = 0.44 + 202 1 C.167)

= 0.1954 eee (3.74)

The method used in case of above article, has
been computerised. The flow c¢hart of which is given in

Figs. fnan 10 and programme is given in Appendix.

3.9 [Iransient Response of the system considering the axis

sgturation of amplidyne and generator saturation on
~both gains and field time constant.

Referring to figure 6(b) for a given step input voltage

V, the output from block G, is given by

1

U(t) = 0.585 Vv ... coe (3.75)

On splitting up the nonlinearity into a linear and non-linear
function figure 6(c¢) is obtained. The transfer function for

block Rﬁ and Hﬁ“are given by

- S~

1 .
8 T,
. £ i
Ba(s) = 3 = (1t o) eee (3.76)
i 1 + STf > 4
T
8
£ - 1 ese (3077)
and HH(S) = 1+ 1 = (1 + 8 Tg)
)V Tg

On sutstituting the values of v:rious constants and taking
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o = 0.25, the veighting function of blocks H&’ Hb and Hc
. A

are found out to be \

h?(t) = 31.45 e 2145 Y iee (3.78)
haft) = 13.48 e772°48 Y . (3.79)
Q\
‘ . S
and  h (t) = 0.585/4 *f R (3.80)

B
vith a time interval of At = T = 0.0025 3ec., the values of

haog ha“, haa weany th’ hb” hb200¢ hcog hc1, hcz Gtct, are

calculated

The weighting function for block G is given by

%

g(t) = 696.2 e712:92 % cer aen (3.81)

and the values of 8or 84 85 etc., can be calculated

Iransient Solution

The initial conditions give yg = o, 2, = o]

and B = O. The values of Uy, U, U, .. otec. remain constant
 29.25 for the step reference input of 50 volts. The values of

hoor Baqr Bap cees Bygs Dyys Byp eee Bge Byys By oo etes,

are 31.45, 29-1, 26o9.00¢-, 13.48, 1209’ 1263 see, o01’146,

0146, .0¢146,. the-value~ef etc. reaspectively. From

different values of H, the value of ﬁé, Pb’ Pc are calculated.

The values of PhO’ Pa1' Paz «ss Otc., are 0.07883, 0.07275,

0.06725, .. etec. The values of FBO' ?bi' sz ess tCc., are 0.033
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0.03225, 0.03075 +e €tc. The valueas of ?00, Pc1’ Pc2 ves €LCe

recnin constant i.e. 0,00036,.

In this case there are throe feod back blocke. Two

. are nonlinear blocks and other.ie linear block. 50 all the three
blocks should be considered side by side. The feeé back path

Hc gives a rolation between the output of second nonlinear

‘block H, and the output of H_ feedback block. The relation can be

obtained with the help of Trapezoidael rules as expained in

Art. 3‘3‘
¥y y
- _..QE.%..*. _f_tfs.(.e.:*!l_., +..Bf_c_(2... (3.82)
cn 2 1 2
¥n Po o - :
0 » &
ch = Sn + > sre . (3-83)
where S = _ZQ_EQQ_,_ + ¥y + +es eXxcept 1ast term'
n 2 1 Petn-1) el
| ese (3.84)
Therefore,
U = U - X oo ‘ooo {§085)

.. an n en

Substituting equation (3.83) in equation (3.85), one can

obtain,
U = U -3 = Jn Pe0 (3.86)
an n n 2 L ] LI L ]
= §' - Esg* Y o see (0387)
n 2 n * '
vherc Sn = Uh - Sn .fﬁ XX (3.88)
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The equation (3.87) requirés not only tho past value of y

but also on the prescnt value of y. In figure 6(c) the first

nonlinear block is in the feedbeck path. Corresponding to

the output z of block Ha’ the input to the block an is-z'.

Depending upon the region ¢f operation the output from block
Va 15 given by the following equation:

X'a = 0 for 0 S z.s 1 L ) ‘3.89)

and X', = 3.652' - 3.65 for z'> 1 «.. (3,90)

Once the point of operation om the first nmonlinear block is
known a relation betwecen z and Xa can'be fougd out using the
first ncnlineér foddback path. Thus two simultaneous equations
are obtained in X, and z and the solution of these equations
gives the wvalues of xa and z in terms of output y of second
block H . The relations are found out as follows. Referring
to the Art. (3.5) for a nonlinear feed back system the output

of H, dbiock can be obtained.

b

v B
:‘ —M
zn > + Va

1 Paﬂn"‘) 4+ sese

2 ¢ ss (3091)

v
= Qn+.ar_1..éfa@..

vhere: Qn 15 the summntion of all values except last one
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Voo P
G
or % o -—2——2——% L seew “«a e + va‘n-1) Pa' s e (3.93)

The input of block 1. is

b
Van = Yan = %an eee (3.93)

Substituting equation (3.93) in (3.91), one can obtain

L EQQ‘ (uan = Xon?

2 an
. X P
Pag _ Xen Pao
gn -~ Qn-b > Uan > Py (3-94)

Multiplying equation (3.89) and (39C) by 6.7 and substituting

in (3.94) the following equations come

B -
T, = + -Eﬂg (3& - ~f§g-yn) - for 3'S ese  {3.95)

or 5 = Q 4 2 (S - > y ) F) 3065 X 6.7 5"

+* 3-65 X 6'7 X _{3%'0'

- P
or “n = (Qn + 8 P.o/2 - Eﬁg fég Yo * 3.65 x 6.7) -Egg‘)
(

n s . 2
'+ 3-65 x Bao/2 )
for‘ i. > 1 ere (3.96)
Hence, P EQ-
Pao _ tao 0
Upn = 9y  Q + 8, 59, 2 2 Gp X ¥y

for z' < 1 see (3097)
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B B B
0n x qn + 9 2 Gh‘ 2 2 Gn X Vn
;)
a0
or U = + 3.65x 6,7 x —3— 9,

B
(1 + 3.65 x -—%9- )

for ﬂ' > 1 eea see (3098)

Above equatione are the relation between the input of
second summing point and output of second block Hb' ‘Theiinput

of the block Hb is

Vbn . = Ubn - xbn LI ] LN ] s e (3.99)

If the output of block Hb is y and input is Vh then with the
help of art. 3.5, the ralation betwcen these valuea can be

ocbtained as

\' (5-1)

-‘zh-o' V ."' —Eh’ h s s -l;b%—v;b—o—' LA (30100)

Yn © 2 bn 1 |
pr ng ,
= Rn * 2 s snss (3,101‘

where Qn is the sunration of 21) values except first one of

equation (3.100)

or R = “EEE§ZQQ~ + “Zki ¥$19") +

v :
+ -h&ﬂ:ll_uggl- (3.102

L N . *we
1
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Tho sccond nonlinear block of fig. 6{(c) is also in foodback path
correo -onding to the output y ¢f block ﬁb' the input to tho

block Ve is y'. LUepending upon the region of operation the

output from block “/b is iven by the following cquation

X’ = 0 for O s y' S , s e e (30‘03)

b

or X'b = 2.367 y, hat 20367 fOP y' > 1 s e (30104)

OCnee the point of operation on the second nonlinear block is
known, a relation between y and Kb can t¢ found out using
t. 0 second nonlinear feedbvack path. Thus two simultanoous

equatione oro obtained in X ond y and the solution of these

b
equ-tions aea-ah%aineé~&a~§g~aaé-y-aaﬁ-%h gives the values of X,

and y. The only required valuo is y, and can be obtained as

follovo:

fultiply by VgO

following cquations can bo obtained:

= 202 to oqu;tion(3.103)and (3.104) the

Xb = 0 for 0 2 y' £ 1 veoe (3.105]}

or ' X, = 2.367 y = 2.367T x 202 for ' > 1 «+oe (3.106)

3olving oquationo (3.99), (3101), (3.105) and (3.106), one can

obtuin,



' Pbo .
P
or y, = R, + .&g_ Upn = P;D 2.367 y,

+ o 2. 367 x 202

P ,
R+ 20 X 24367 x 202 + ?-B-g— U‘o
or y, = n - : 2
(1+ ..?g_aﬂ;_ z 2.367)
for y'>1 ves {3.108)

dubstituting the value of vbﬁ in above eguatidn, the

following equation with condition can be obtalned

Pro_, . =  Pao fao FPoo. )
In =Ry * 73 ((’nxan"“'n 2 % " 3 2 O Ty
for Ogs' <1 and O s y' S 1 ees (3.109)
or R+ > (Qn S‘ X = 2 27n
.6 6. &
. 3.65 x 27 x ]39‘9” ) Gn |
In = $3.1
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o ¥ 2.367 x 202

R =+ p
n b
2 .
or y, = Poo Pao Pao Poo
+ 2 (Qn + sn 2 2 2 ) Gn

(1 + —-?39—-: 2+367)

For O sS2Z's42Y%4 0 (3.411)

2.36 202 ]
R Y fho x 3 7 x &> -—‘Eh-om(q + -..-g'. -EQ—O-
n 2 2 n 2
;‘O X —3= g, + 365 x 6.7 x ""‘g ) 6

{1 + 3.65 x %9-'}

(!+-—f§-9-—-12.367)

fFor z'>1& y' > 1 . eee (3.112)

Reregx Rearranging the equation (3.109), (3.110), (3.111)
(3.112) 4n a suitable for: by substituting -¥§%—~ ’

P .
—&2- 3 _gg_ﬁ__ as Por Ppr Pe respectively. The above
squation can be wriiten as

v, = R+ R, G (Q +5 xP)

| eee(3.113)

(1 + Pa'Pb}‘c’Gn)
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L

R {1 + 5.65 x Pa) + ,phﬂn(uB + Sp Po + 3465 % 6.7 x Pa)

y o= B
n (1 + %3.65 x Pa * Pa Po Fe Gn)

for 0 € 3y <202 and 2z > 6.7 oo (3.114)
or 3, = R+ 202 x 2.367 x Py * Py X 6, (Q -+ Snipal

(1 + Py ¥ 2367 * PaPyePe Gﬁ)
eee  (3.115)
for O 2 S647 and Y > 202
or v = (Rn+202x2.367xyb)(1+3.65xp§) v pplQ sy p§+5.65x6-71y§)0n
n

((1+pbz2.36?)(s+3.65;pa) + Pa’Fb'PcGn)

for z>6.7 and Y > 202 eee  (3,116)

Jimilarly for negative case can also be derived

For AT =T = 0.002% Sec. orn =1 . The values of

31, R1

and Q, can be obtained using equation (3.84), (3.88),
(3,93) and (3.102) as follows ¢ |

1 2 "
= 29025 -io. swe (3-117
Pa
G = Vg --—2—1-— = 29.25 x 0.03637
= 1.06 l a0 (30?’8)
/0939

CENTRAL LIBRA"Y UNIVERSITY OF ROORKEE
KRUOURKEE
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P 5

and bQ > =™

o] eee (3.119)

.
-
b

From equation  (3.113) the value of Y, cen be

obhtained as

Y1

= 13.8 LN ] ‘.30120

This is less than 202. Henco the equation, which is taken,

in correct.

The output E, 1s given by

y y
B, =  0.0025 (=52 + —31-3 vee  {3.121)

Por T = C,005 or p =2

The velues of 82. R, and 62 can be obtained

using some eguation as

- B
= ‘ - g2 - A
8, U, -y, ——gh—— Iy By oee (3.120)

- 29025 - 1308 X 00C004
= 29.27 - 0.005852
= 29.244
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Q v Fa2 (3.123)
2 * ‘a0 2 a1 FPa0 s 125

= 29.25(0.0386 + 0,07863%)
- 29025 X 01‘723

= 3043
Py2
and B, = V.o =25+ Voo B, eee (3.124)

From equation (3.99) by substituting X,, = 0

Ver = Uy = Xy = Uy

V = U e

b1 b1 (5.125)

*

and fros (%.97), Uys cen be obtained as

. - B.o B p
00 v B0 1O
Upy = 0, xQ + 3y x 2 O 2 > G, ¥, ees(3.126)

= 674.2 (1.06 + 29.25 x 0.0%03 -~ 0.039% x 0.0169 x 13.8)

= 674.2 {(1.06 + 1.15 = 0.00920)
= 674.2 (2.201)

U = 1632, | oo (3.127)

b1

Jubstituting equation (3.127) in (3.125), V¢ cun be

obtained as

= U = 1632 sosn (30128)

v b1

bt
Substituting equation (3.128) in equation (3.124), the value

of X, can be obtained as,

2

Rz = 1632 x 0.0322%

R, = 5247 cen (3.129)
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Substituting equation (3.129), (3.127), (3.123) and (3.122)
in equation (3.113), the value of ¥, can be obtained as

v = S2tPlp{%* 5 pa)

(1 + FaFo'fo Gn)

52.7 x 11.02 X (3.43 + 1-11)

= 1.0

52,7 + 11.02 x  4.54
1

= ' 52.7 + 50
= ’02‘7 ‘ . L (3.130)

The output E, is given by

2
E, = 0.0025 ( Yo 2 )
2 2 + y1 +

= 0.0025 (13.8 + 51.35)
= 0.0025 x 65.15

= 00,1629
The method used in this cese has been c omputorised.

The flow chart is shown 4in figure 12 and prpogramme ie

given in the Appendix.
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CEAPTER = 4

RESULTS, DISCUSSION _AND CONCLUSION

with a feedback ratio of = 0.25, the transient .
response curves of the d.c. voltage regulating system to
step reference input of 50 volts was calculated using
methods given in Art. 36, 3.7, 3.8, 3.9 and 3.10 and
plotted in Fig. AD . 1In Fig. 13 , curves (2) and (3)
pertain to cases when only the d-gxis saturation of
amplidyne is considered. The overshoot is reduced
appreciebly in both the cases compared to the linear
case. From the two curves, it is aiso evident that the
effect of saturation is more pronounced on gain than on

time constant.

Curves {(4) and (5) pertain to cases wherein apart
from d-axis of saturation of amplidyne  the d.c. generator
saturation is also accounted for. The response is a-perio-
dic and like the previous case saturation effect on time

constant is only marginal.

Curve (6) obtained from osciilographic record
(shown in Plate 1) taken on the system with d = 0.25 and
indicating that the saturation effects in both the machines

= 50 volts is very cloase to the curves (4) and (5),

are bteing felt on the response.
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Tho discrepancy betveen the ealculated znd
experimental results may be due to the following t-

(1) Errors in the measurement of constants of
the system

(11) Not accounting the variation c¢f resistanes
and time constant of tho quadrature axis
circuit of amplidyne with the curront in
that axzis.

(114) Neglecting the effect of magnotic hysteresis
in amplidyne '

and (1v) 1Ignoring the effect of resiotance in the
feedback circuit.

Thus the effect of saturation in electrical machines
on the transient rosponse of a machine control oystem is to
roduce the overbhoot and settling time. Although saturation
affects both the gain a nd time constant, its effect is more

ya

dominant on gain only.
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C C 5 P BRIVASTAV TRANSIENT ANALYSIS

C AMPL D AXIS SATURATION ON GAIN ONLY
DIMENSION U(200)sH(200)9G(200198(200)2Y(200),E(200)
Tw0,0

DO 510 M=1,200
UtMIn29e25# (1e0wleT18RR («3] ,45%#T))
Hi{A)m 239,23 7#( ,56%(2,718%%(=3] J45#T))+1T7a0TH(24T18%#(=12,92%T) )~
118 053#(24718%%({=13,48%T7)))
GlM)m 1687640%(2e7184R(=]12,92%#T )= 2,T]18%#(=]13,48%T))
B{M)=0,0025#H(M)
IF (M=2) 585,5569556
556 St 42040
IF(M=2) 20,20011
11 Ls A=
KsM=-1
DO 51 Jm2et,
SUM=SUM+BI L)Y ()
Ker~1
51 CONTINUE
20 SUM=U{M) =S M
CaB(1l)/240
Y{M)IeSUM/((1,04C)%6e7)
IF (Y{M)=1,0) 30 » 30 » 31
30 Y{M)ebe THY (M) ‘
GO TC 35
gl 3(3)“(5-25+122.5*5UM/55003)/(100+122.5*C/550.3)
) =
S=Q .0
IF(J~2) 110+110,111
111 L=l .
100 JeJ=l
Lei+]
SuS+,0025%G( Jy*y (L)
IF (J=2) 110,1109112
112 GO TG 100
110 E{M)=5400025%G(1)#Y{M]) /240
PUNCH 39 UIM)sH{M)ISGIM)sYIMISE(M)T
3 FORMAT (6F1044)
555 TeT+0,0025
510 CONTINUE
STOP
END
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C C SeP+SRIVASTAV TRANSIENT ANALYSIS

C

11

51
20

21
30
31

49

41
10

46

42
40

111
100

CONSIDERING D ASIS AND GENRATOR SATURATION ON GAIN ONLY

DIMENSION U(200)9G(200),H(200)+8B(200)9Y(200)+2(200)+E(200)
U(l)=s0400

G(1)=0,00

H(1)22945425

B(l)=0,73856

T=040025%

PO 510 M=2,200

UlM)S29e25% ({1e0leT18#% (3] 445%T))

Gld)m 9381e6W(2,T18¥%(=]12,924T)~2,718%%(~13, QB*T))
H{ 4)80414625%(2,T18%#%(=3]14,45%T))#202,0
B(M)UO.OOZS*H(M)

SUM= ), 0

IF (M=2) 2N420s11

Le 4=}

Ke 4«1

D¢ 51 J=2,t,

SUMaSUM+B (. ) #Y{ J)

Ko K=1 .

CONTINUE

SUMsU{(M) ~SUM

CLaB{1)/2.0

YiM)=SUM* 3{M)/ (2020+CL®G(M))

ZIM)=Y(M)*2N240/(6eTHG(M))

IF (Z(M)) 10,421,221

IF (Z{M)=140) 30930931

IF (YIM)=1e0) 40940041

Y{M)Ix (SUMB 422544 TT75%#6eTIHGIM)/(202e0+CL%e225%G(M))
IF (Y(M)=1a0) 40940145

Y(M)={ (SUM 142254 TT5%6eT) #4275%G(M)4+e725%202e0)/7(202e04+6275#CL#
14225%G(M))

GO TG 40

Y(M)={ SUMB,2T5%#G(M)+0T725%202¢0) /(2026042 75%CLEG(M))
GC TO 40

Z1=SGRTF (Z(M)%2(M))

Y1=SQRTF (YI{M)#y(M) )

IF (21-1.0) 191,32

IF (Y1=1e0) 40940942

Y{M)=x (SUM# 4,225 TTS#6eTI#G(M)/(202,04CL#H225%8G(M))
Y1aSQRTF (Y (M)#y(M))

IF (Y1=1e0) 40940946
Y(M)n((SUM'.ZZS-.775*6.7)*.275*G(M)-.725*202;0)/(202.0*.275*CL*
1e225¢GIM))

GO TO 40
Y(M)-(SUM*.Z?B*G(M)’.725*202.0)/(202.0+.275*CL'G(M))
Y(M)sY (M)

JaM

S:0.0

IF{U=2) 110,110,111

Ls L

Js }-1

L+l

SeS+Je0025#20240%*Y (L)

IF(J-2)110+1109112

GC TO 100

E(4)eS5440025#10]0%Y (M)
PLiCHS'U(M);G(M)oH(M)oB(M)oY(M)vE(M)’T

FORMAT (T7F1043)

TuT+,0025

CHTRAL L1032 "NERSHY gF nggy -

Y



50 CONTINUE
STOP
END
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C ¢ S P SRIVASTAV TRANSIENT ANALYSIS
C AMPL.D AXIS SATURATION ON BOTH GAIN AND TIME CONSTANT

DIMENSION U{200)»G(200)»H{200)9B(200)sV(200)sY(200)+E(200)

T=0.0

DO 510 M=1,2u0

U(M)=29425

GIM)® 16876e0%(2eT18%%(=12,92#T )= 2eT18%%(=13,48%T))

HIM)E 140548 (2, 718%#(=55,558#T) )1+ (2,T18%#(~]1,15#T))%(15.,91#COSF(T*

12965661~ 3464#SINF(T%29,586))

B(M)=04,0025%H(M)

Et1)=0,0

Y(1)30.0

V(l)=U(1l)

IF (M=2) 55555569556
556 SUM=B(M)*V(1)/2,0

If (M=2) 20920911
11 Ls 4=1

KeM=]

DC 51 J=2sL

SL 1=SUM+B( ') #VLi )

Ks 3~
51 CCITINUVE
20 CL2B(l)/72s"

SUMBSUM+CL#»U (M)

PSUM=SUM/6,T

PSUMl= SQRTF (PSUM%PSUM)

If (PSUM1=1e0) 30930932
30 ViAd)=U (M)

Y{M)=SUM

GO TO 35
32 IF (FSUM=1,0) 29929931
29 ZSUMe (PSUM=3468%CL)/(1.0+CL%*3465)

Y{M)=b, THZSUM

V(M)‘U(M)“3.65*6.7”3.65*607*15UM '

GO TO 35
31 ZSUME (PSUMr3 4654 CLI/(1e0+CL#3465)

Y{M)=6, THZSUM

VIM)BU(M) =" o 65%6¢ TRZSUM+3 4 65#647
35 JuM

Sm)e(

IF(J=2) 110,110,111
111 L=l
100 NENES
L=+l
SuS+( 4 0025%#G(J)#Y(L)
IF (J=2) 11041109112
GO TC 100
E(M)=S5+e0025%G{1)#Y(M) /2.0 .
PUNCH 39 UIM)sH(M)sG(M)sBIM)oVIM) Y (M)E(M)
FORMAT (4F104592F15e59F10e5)
555 TasT+00025
510 CONT INUE

STOP
END

W e
ot ot
on



rrryee ey e T P IEALSA L SRS R RSS2 A S A A e S Rl R gl st ]

* %
C C SePeSRIVASTAV TRANSIENT ANALYSIS
C AMPLIDYNE D AXIS AND GENRe SATURATION ON BOTH GAINS AND TIME CONS

DIMENSION U(200)9G(200)9H1(200)sB1(200)9H2(200)9B82(200)» B(200)
1 Y1€200)9Y2(200)9V1(209)sV2(200}+E(200)
Ta0 400
DO 510 M=1,200
U(M) 29425
G(M)=696e2%2,T1gHR(=12692%T)
H1(M)23)e4542,T7 188 (~31,45%T})
Bl{M)=0s0025%wH]1 (M)
H2(M)213¢48% . e718%%(~13,48%*T)
B2({M)=20s0025%H2(M)
B(M)=0.00146
Vi{li=U(1l)
IF (M=~2) 55545569556
556 SLMY=B(MI*U(11/2,0
GUM=BR1(M)*®V1{1) /20
RL 4=040
IF(M=2) 20,2091
11 Le A=)
Ks 4=]
DO 51 J=2sL
SUds SUM+B(K)I*UJ)
GUMaGUM+BL(K)*V1(J)
RUM= RUM+B£(K)*V2(J)
Ks {~]
51 CONT INUE
20 CleBl{l)/2.0
C2= R2(1)/24D
CL=B(1)/72,0
Y2(M)® (RUMMC¥GUMGIM)+C2#CLIRC (M) RSUM) /(1e0+C2#CIHCLRGIM))
CY1(MY= GUM4+Ci#SyM~Cl#CL*#Y2(M)
IF (Y1(M)) 10+9,9
9 IF (Y1(M)=740) 12912913
12 IF (Y2(M)) 14515915 _
15 IF (Y2(M)=1,u) 16916917
17 Y2(M)= (RUH+C2*GUM*G(M)+C2*C1*GtMl*SUM+C2*2.367*202.0)/(1.+C2*C10
1ICL#*G(M)+C2::2,367)
Y1(M)= GUM+C1#SyUM~CL¥CL*Y2(M)
V1(M)=SUM ~CL#*¥Y21({M)
V2IM)=m Y1{M)RGIM) +2436T7#2020~2436T#Y2(M)
GO TC 75
14 IF (Y2(M)+1e7) 18916916
18 Y2{M)m (RUMSC¥#GUMEG(M)+C2HCIRG(M)HSUM~C2#2436T#20260)/(1e+C2%#C1H*
1CL*G(M)+C2#2,367)
Y1(M)= GUM+C1#SyM=Cl*#CL*Y2{(M)
V1iM)=SUM =CL*Y2(M)
VZIM)=® Y1IMI#G(M) =2e367T#20240~2636T#Y2(M)
GO TC 75
13 Y2(M)= (RUMB(140+C1%3665)+C2#GUMNG(M) +C2¥CINSUM*G (M) +C2HCIHGIM)*
13665#667) /7(e04C1%3e654CLHCLAC2#G(M) )
Y1(M)2{ GUM+C1#SyM~CLlo#CL¥YZ2{M)+C1%3,65%667)/(1e04C1%3:63)
IF (Y2(M)) 19921921
21 IF (Y2{MI=1a0) 22922923
22 VI(M)=SUM =~CL*Y2(M)+3465%647~3065#Y1(M)
VelM)= Y1(M)=G(M)
GU TO 75
23 Y2({M)x (RUM(1404C1%3,465) +C2HGUMBG(M)+C2HCIHSUM*G (M) +C2#CI#G(M)*



19
24

10
26

35
36

37

34
38

16
75

222
200

224
220

555
510

13465%60 7T4C # (1o0+C1%3,65)#2436T#202e0)1/ ((1e0+C1#3,65)+C1uC20#CL #
2G(M)+C2%24367%(140+C1%3,65))
Y1(M)={GUMACLUSUM=CI#CL#Y2(M)+C1#3,65#647)/(1,04C1%#3,65)
VI(MISSUM =CL*Y2 (M) +3¢65%#64T=3465%Y1(M)

V2IM)= YL(M)I#G(M) +2+367#20240~236T#Y2(M)

GO TO 75

IF (Y2(M)41e0) 26422522

Y2(M)= (RUMW (100+C1%3465)4+C24GUM*G(M) +C2#CI#SUM*G (M) +C2#C1#G (M) *
13065%6¢ T+HC2#(140+C1#3465)%24367%#20240) /7 ((140+C1#3465)%#(1.04C2%2
24367)+C2#C1CL#*G(M)) |
Y1(M)=(GUM+C1#SUM=C1#CL#Y2(M)+C1#3,65%647)/(1s0+C1#3465)
VI(M)=SUM ~CL*Y2({M)+3465%647=3465%Y1(M)

V2({M)= Y1(M)sG(M) ~2e367%202,0=2436T#Y2(M)

GO TO 75

IF (Y1(M)+140) 26912912

Y2(M)= (RUM#(104C1%3,65)+C2%GUM#G(M)+C2#CI#SUMNG (M) ~C2#C1#G (M) #
13, 55%6.7) / (1eQ+C1#3465+C1#C24CL#GIM))

Y] (M) =( GUM+CY%ESUM=CL¥CL¥Y2 (M) =C1#3,65#647)/(1,0+C1#3,65)

IF (Y2(M)) 34935935

IF (Y2(M)=140) 36936937

VI(M)SSUM =CL#Y2(M)=3¢65%6s T=3¢65%Y1 (M)

VZiM)=s Y1( 1) %G(M) .

G TO 75

Y; (M)= (RUM#(1o0+4C1%3465)+C2#GUMMG (M) +C2#C1#SUMRG (M) ~C2#C1#G(M)#
13065%66 T+C 1% (100+C1%3 4651 #2036T%#20260)/ ((1e0+C1#3465)+C1HC2%CLH*
2G(A)4C2#26 J6T#(]1e0+C1%#3465))

Y1(M)=( GUMACLASUM=CL#CLAY2 (M) =C1%3465%#647)/(1e04+C1%#3,65)
VI(M)mSUM ~CL#Y2(M)=3,65%647=3465%Y1(M)

ViiM)m YL(M)I®G(M) +26367%#20240=2e367%#Y2({M)

GG TG 75

IF (Y2(M)+4i40) 38536936

Y2({M)= (RUM#({140+C1%3465)+C2%GUMNG (M) +C2HCL#SUMNG (M) ~C2#CLI#G (M) *
13465760 T=C2#(160+C1%3465)%#2436T#202e0)/ ((1e0+C1%3,65)+C1#C2#CL*
2G(M)4C2#2436T#(1+04C1%#3,65))

Y1(M)=( GUM+CI%#SUM=CL#CLIY2 (M) =C1%3,65%#647)/(160+C1#3465)
V1(M)=SUM =CL#Y2 (M)=3,65%647=3,65%Y1(M)

V2({M)= YL('1)%G(M) ~2e367%#202.0-2436THY2(M)

GO TO 75

VI{M)=SUM =CL*Y2 (M)

V2(M)= Y1(')%*G(M)

© JusM

YZ{M)=Y2(M)

Yi{M)asY1(M)

V1iM)=V]1(M)

V2(M)av2(M)

WHO U

IF (U=2) 22042209222

L=1

JaJ-1

L=L+]l

WaW+,0025%Y2(L)

IF (JU=2) 22042209224

GO TG 200

E(M)= W+0,0025%y2(M) /2.0
PUNCH 35 TeE(M)oYLIM)sVIIM)sY2(M)V2(M)
FORMAT (6F1044)

Te T+040025

CC ITINUVE

S1JpP

END
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