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a Y N ©P S 1 S 

The objective of the present u ork is to inveotigato 

the offect of magnetic saturation type of nonlincaritios asso-

ciatod with electrical machines on the transient response of a 

machine control system. Contrary to the approaches suggested 

so far, saturation effect is considered on both gain and time 

constant. 

In the first place block diagrams of an amplidyne voltage 

regulating system, are developed for the cases (a) when d-axis 

saturation of amplidyno affects only the d to q axis gain and 

(b) when. it affects both the gain and field time constant. 

Next block diagrams of the system are developed including the 

d.c. machine saturation as well. 

The block diagrams developed are used for the study 

of transient response of the system. The techniques employed 

are operational mathomgtics, numerical integration and solution 

of two or more algebraic relationships. The experimental 

rocults o'tained'from a practical system are compared with those 

of analytical methods. 



iv 
~  f 

C 0 N T E N T 3 

List of Symbols 	V1 

CHAPTER. - INTRODUCTION 

Cxr.PTER 2 

2„1 Linear Case ... 4 
2.2 The effect of d-axis saturation of 	... 7 

amplidyne on d- 	axis gain. 
2.3 The effect of d- .xis saturation of 	... 10 

amplidyne on d-q gain and field time 
constant. 

2.4 The effect of d-axis saturation of 	:.. 42 
amplidy na and d.c generator satura- 
tion on gains only. 

2.5 The effect of d-axie saturation of 	... 14 
amplidyne and d.c..generator saturation 
on both gains and time constants. 

CHAPTER 3 - 

3.1.1 Linear Case ... 17 
3.1.2 The effect of. d-.axis saturation of ... 17 

amplidyne on d-q axis gain. 
3.1.3 The effect of d-axis saturation of ... )8 

amplidyne on d-q gain and field time 
constant. 

3.1.4 The effect of d-axis saturation of ... 18 
amplidyne and d.c. generator satura- 
tion on gains only. 

3.1.5• The effect of d-axis saturati©n of ... 19 
amplidyne and d.c. generator saturation 
on both gains and time constvinta. 

3,2 Standard Block Diagram 	... ... 19 
3.3 Description of the analytical ... ... ao 

method 
3.4 General Proceduro 	... 	... ... 20 
3.5 Alternative :1ethod ... 	... ... 24 



3.6 Transient Response of the oyatom 
component assured to be linear. 

•7 Transient Response of the System 
considering the effect of d- a is 
saturation of amplidyne on d--q gain. 

3.6 Transient Response of the system 
considering the effect of d 	xie 
saturation of amplidyne on d-q gain 
and field time constant. 

3.9 Transient Response of the system 
considering the effect of d-axis 
saturation of amplidyne and d.c. 
generator 	saturation on gains only. 

3.10 Transient Response of the system 
considering the effect of d-axis 
saturation of amplidyne and d.c. 
generator saturation on both gains 
and time constant. 

CHAPTER 4 - RESULTS, DI8CU3 ;iO. AND CONCLUSION 

REPER2TIC 'S 

APPENDICES 

... 	5G 

 



1!I 
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Quadrature axis gonorated voltage per ampere 
of direct axis field current. 

Voltage gain of the d.c. generator in volts 
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Q 	Direct axis generated voltage per ampere of 
quadrature axis circuit current. 

f = Time constant of amplidyne field winding in 
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T 	Time constant of the d.c. generator field 
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C( 	= Main feedback ratio 
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p 	d/dt 

74 tlenora1. 

HX 	a Resistance of winding x in ohms 

L 	= Self -inductance of winding X in Henrys 

TINY 	i utual inductance between winding X and y 
in Henrys 

0  = Rotational voltage coefficient between windings x 
~y  tad y (opoed voltage induced in winding z per 

unit current in winding y at unit speed) 

i  = Tomont of Inertia 
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The science of control en,gineoring has made rapid 

progress in recent years. As the need for more accurate and 

reliable control grew, demands arose for machines that would 

possess characteristics suitable for use in control systems: 

One aepoct of development in d.c. machines which normally 

constitute the power amplifying stage of a control system 

emphasises the design of machines capable of responding very 

fast to signals of small magnitude. These dynamoelectrio 

amplifiers, often known by trade name as amplidyne, have been 

successfully employed in many control systems (i to 5 ) 0  

The etoady state and transient porformance of such 

systems are usually studied by assuming that there are no 

saturation and hysteresis Offocts associated with amplidyne(4 6) 0  

For analysis, the steady state(7'5) and  dynamic equations to ii) 

of electrical machine which are derived neglecting saturation 

and hysteresis effects yore used 

The saturation of the magnetic circuit of machine has 

two effects 3 (1) It cauaeu a reduction in the direct and 

quadrature axes circuit inductance, and (ii) It decreases the 

voltages generated in the quadrature and direct axes armature 

circuit. 

Transient analysis of any automatic control system is 

mootly carnal out assuming the components of the system to be 

linoar. This involves solving ti.o linear differential equations 



2 

with constant coefficients obtained for such system. Amplidyne, 

which forms the component of most the control system is subjec-

ted to magnetic saturation a nd hence exhibits nonlinear charac- 

toristice. The effect of this should also be included in 

transient response studies of such system. 

Mhe mathematical theory available for the treatment 

of such problems is in an unsatisfactory state. There is no 

standard method by which all nonlinear differential equation 

can be solved. A limited number of these equations can be 

solved exactly{12)  and a varioty of approximate analytical, 

numerical and Graphical methods are available for the rest. 

These methods are not generally interchangeable and each has 

its advantage9 and disadvantages for particular purposes, 

The method suggested by Stout tle*  for transient 

analysis of feedback system containing one nonlinear element 

has the advantage of simplicity h.en it is applied to systems 

having one input, one output and one nonlinear element which 

can be characterised by a relation between its instantaneous 

input and output, say y : 0 (x). Such systems are represented 

by the standard block diagrams(14)  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 

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

the following cases : 

U) Assuming all the components of the system to be 

linear. 

(ii) Considering the effect of amplodyne d--axis 

saturation on d to q-axis gain only. 

(iii) 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 

saturation and d•c, generator paturation on both 

gains and time constants. 

A comparative study of the five cases is made and 

the effect of considering saturation on both gains and time 

constants is discussed. The experimental results obtained on 

a practical system avIe compared with the analytical results. 

The analysis is carried out with the following assump-

tions rc -arding arpv-id Yne and doe* generators -r (i) Eddy 

current and hysteresis effects are neglected, (ii) The brushes 

are located in neutral zones. Commut.tion is assumed to be 

linear and tho offocto ct coils undergoing commutation are 

idnorod. (iii) Both the machines are drive$ at constant 
apood©. 
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In this chapter block diagrams of an .zmplidyne 

voltago regulating system are dcvolopod for the following 

case - (1) n,osumin,g all the ccmpof^nts of thea system ar© 

linear, (2) Considering Dexis Saturation of amplodyne 

on d to q axis gain only, (3) Considering the axis satura-

tion of ainpl$dyne on both d-q 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 amplidyno and d.c. generator 

sityation bn both gains and time constant. 

Vol Linear ._Ca 

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

described as follows - 

Assuming l near magnetic circuit and an exact 

conponsation in amplidyne, the transient process in the 

fiold circuit can be expressed by an equation of the form 

Vf = (R f + Lf .p) l f, 	... 	 ... 	(2.1 ) 

where Vf is the not applied voltage . to the field 

uinding. The rotational voltz"c induced in tho quad-rature 

oz-ca. crmture circuit. because of current Iii in the 

fiold :~indin, is 
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V 	= 	K~• if 	... 	(2.2) 
4 

The voltage balance equation for the q axis circuit is 

given by 

V : (R + R )i + (L +L +2N  ) 

di 
 ... (2.3) 

q  q s q  q e  Qs  dt 

dot 
or Vq = Rq iq + L -  ... (2.4) 

where Rq = R + Re and Iq = L~ + Le +2M 

the rotational voltage across the d-axis brushes is 

Vd. = Kgiq 	 ... (2,5) 

Neglecting the resistance of the armature and compensating 

winding of the arapl .dyne . as they are very small compared 

to the field winding resits.nce of the d.c. generator, the 

following equation is obtained for its d—axis armature 

circuit. 

Vd = Rgt$ + La x dig/dt 	 •.• (2.6) 

where ig is the currant through the generator field 

winding. 

The rotational voltage induced across the bruses 

of the , d.c. gene, ;itor is 

Vg 	
K ig 	 ... (2.7) 
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The net applied voltage to the field winding of the 

amplidyno is 

Vf =VR  Q( g 	 ..s 
	 (2.8) 

Applying ,Laplace transformation to equation (2.1) -to (2.8) 
and assuming initial conditions, one obtains the following 

transformed equation for the system. 
Vf (s) 	,, (a) 

(Rf  + aLf 	t 	t 

Vq(a) 	KfIf(e) 	 a.. 	(2 .10) 

q(8) 	cq +e► 	R 0+ T 	... 	(2.1) 

Vd(t) 	KgIq(8) 	 a., 	(2.12) 

V (a) 

g 	g 	Rg(1 + STg) 

Vg(a) = Kglg(e) 	 ... 	,,(2.14) 

Vf (e) = qR(e) - "X Vg(8) 	 .5. 	 (2.15) 

Using equations (2.9) to (2,15), the block diagram of 

the system is drawn as shown in Pig. 2(a). For the analysis 

all the power blocks can be combined into a single block as 
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/ 	 (2 1b ) 0 (
\\
e ) 	= 	wrrllFrn. 	~f'i'.iri~ rrr•rrrr~rrwr+r~r+rri rrir. rry~rr. ir~rrwe ~rrrr 	• . ! 	• 

 RfRgRq(1 + sTt )($ + ST9)(1+ ®Tq ) 

2.2) The effect of a li~lono d- azie_saturat. ion. on_ gain_ only__ 

The open circuit curve showing the ri 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 induced 

across the q--axis brushes for different values of field current, 

the following experimental producer is adopted which takes into 

account the effect of interaction of both the d and q axes asm 

m.a.fs.. 

The open circuit voltage across the d-axis brushes 

and the current in the q-axis circuit 01q ) are measured for 

different values of field current (Ii) . The variation of q~-axis 

circuit resistance with q-taxis current is also determined and 

plotted as shown to figure 4(c), for a given field current ern4 

the product of the corresponding q axis circuit current and 

resistance gives the value of the induced volta -e; V across q 

the q-axis brushes. This procedure is represented for 

differnht values of field current and the variation of Vq with 

if is plotted as shown in Fig. 4(c). 



Thd d-axio saturation curve can be approximatod by 

tuo otraight lines ©A and AB, whore the slope of ©A giros tho 

value of the linear voltage gain K. In Fig. 4(c), it is soon 

that as the field current exceeds Ito, the gain also changes. 

Presently considering the saturation effect on Cain only 

and asouming the field inductance to be constant, the following 

dynamic equations for amplidyne are obtained. 

For the field circuit 

fl i f + 14 f di fAt 	... 	(2.17) 

The useful flux per pole along the -direct axis is given by 

0 = 	Nf if OPl .., 	(2.18) 
C f J 	4 

"here, S and P 	are the saturation factors and the performance 

of unsaturated magnetic circuit respectively. The factor 0 

depends upon the field current ii,. 	For values of i  

it has a value equal to unity and for if > If  .ib goes 

on decreasing 

The voltage across the q-axis brushes if giv en by 

Qq 	icO = K N~ 1, s PY 	...  (2.19) 

Since K Nf Pi = If -- linear gain, the above equation can 

be written as 

V 	3 K if 	... 	(2.20) 

also Vqo 	= B.f I fp 	 ... 	(2.21) 
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Prom equation (2.20) and (2.21) it can easily be 

seen that the value of the saturation factor for a field 

• current if is simply the ratio of (Vq/Vqo) corresponding to 

the value of ( i f /I fO) to the value of (if/If 0 itself. This 

can be determined using Pig. 4(c) . 

a 
Equationf2 20) can also be written as 

A 

11 
Vq 

where V is the voltage 

s V 	~.'~ 	... 	(2.22) ql 	U '— , 

induced in the quadrature axis 

for the same current if with a. linear magnetisation curve. 

- 	Referring to Fig. 4(c) it in seen that 

If /ifo = 	Vql/VqO 	... (2.23) 

Using the transform of equations (2.17), (2.20), (2.22) 
:end (2.23) and assuming the other part of the system to be 

linear the block dial a.m given in 3(a) is obtained, where - 	------~._ - - -----.. - 
A is a 	linear block with a gain S who re value depends 

on the input signal to it i.e.'Vgl/VqO 
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to 

2.3 The effect of amli4yxis sa ure ion on d—axis 
&ain and field time constant 

If Vf is the net applied voltage to the field winding 

of amplidyne v then the following differential equation can be 

written, applicable to the field circu±tz 

V"f a R f i f + m 6 Nf x dO/dt 	... 	(2.24) 

where, m 	, N and 0 are the number of polee,.leakage. 

coefficient, number of turns per pole and useful flux per 

pole respectively. Although the leakage coeffAcient varies 

with the level of saturation of the magnetic circuit# for 

simplicity it has been assumed to be constant in the analysis. 

The useful flux per pole as given in Art. 2.2 

,.. (2.25) 

The voltage across the q—axis brushes is given by 

Vq = R0 _ K 'I f if s Pl 	... (2.260 

Multiplying (2.24) by .Nf and substituting (2.26) in equation 

(2.24) 

m2f x d
V ...(2.27) Vf ~~f Rf Nf 3f 	-~ + 	~---W -  '~ 	~ 	dt 

Substituting the v lue of N , i f frr-,m (2.26) in (2.27) and 
substituting, the following equation is obtained. 
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dg 
V f K Nf S Pl 	V Ri, +m 6 N2# .Pls 	$ ... (2.28) 

Since in equation (2.23), 

m 6 r~2 f Pl = i+ f (linear value) 

and  

	

'f *Ki,S.( Rf +3Lf d/dt)V4 	 ..• (2.29) 

or 	Vf •.Kf /R f 	(13 1 + Tf P ) V 	 ... (2.34) 
4 

The corresponding block diagram showing the relation 

between the induced. voltage in the quadrative circuit and the 

applied voltage to the field winding is shown in Fig. 3(c), 

where 3-1 is the inverse saturation factor and is the ratio 

of (i f/i f4) to (V4/V ) . The effect of the inverse saturation 

factor can be taken into account by representing it in the form 

of a nonlinearity as shown in Fig. 6. . The block diagram of 

the complete eyetew is shown in Fig. 5(a). 
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2.4 

The amplidyne saturation effects on gain only is 

already derived. Hdre the effects of generator saturation e1so 

is considered. The voltage developed in q--axis brushes due to 

field winding of amplidyne is seme for q-axis field winding. 

This winding developed a voltage in d~-axle brushes of amplidyne 

which is same for field winding of generator. Neglecting, the 

saturation of q - axis winding the different equation is 

written as 

Vq r ,q Rq + Lq diq/dt 	... 	... 12.31. ) 

or 	Vq 	Rq (1 + Tq p) iq 	... 	... (2.32) 

The voltage across the d-axis brushes Cfg is given by 

Vd 	. 19 
	 ... 	(2.3) 

where Kj = linear gain, the above equation can be 

written as 	K 

yd 	R 1 + Tq x~ 	~ q̀ 	... (2 • 34 ) 
q 

For the field circuit of generator 
yd 	t Rg ig + 9. di$/dt 	.•• (2.35) 

The useful flux per pole due to generator field is given 

by 
0 	= Hg ig 9 Pg 	 ... (2.36) 
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where Sd and a are the saturation factor and the permeance 

of the unsaturated magnetic circuit of generator respectively. 

The factor Sg depends upon the field current i. For values of 

i 	Igo, it has a value ogvil to unity and for Ig I 

it goes on decreasing. 

The voltage across the generator brushes is given 

by 

Vg = S 0g = K 1J i S~ P 	,.. (2.37) 

Since RN g = dig - the linear Cain, the above equation 

can be written as 

V = 1 3Q i 	... 	(2.38) 

and 	V9© 	g-18O 	,,. 	(2.39) 

From equation (2.38) and (2.39) it can easily, be seen that 

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

simply the ratio of (Vg/Vg& correo„'-onding to the value of 

i /I to the value of '(t /I ) itself, these an be determined 

using normalised generator saturation characteristics as shown 

in Fig. 4.1. Equation (2.38) can also be written as. 

V = S V g 	g gl ... 	(2,40) 

uhero V91 is the voltage induced across generator brushes 

for the same current i$ with a linear magnetisation curve. 

ReferinG to figure (4.2) it is seen that 



1 0  
g 

14 

V _.  
vg© 

... 	(2.41) 

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

(2.34), (2.35), (2.30) and (2.41) the block diagram given 

in Pig. 4(a) is obtained, where A is non-linear block of 

amplidyne with gain 3 and 13 is nonlinear block of genera-

for with gain SB  whose value depends on the input signal to 

it i.e. Vgi /Vgo  and Vql /VqO . 

2.5 

and fie 

The expression for the effect 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 Vd  is the net applied voltage to the field winding of 

generator, then the following differat tial equation can be 

uritien as applicable to the field circuit. 

V 	= R i ♦ rn . G H  	O.M 	.. • 	(2.42) 
d 	a 6 	g 8 	dt 

where, m, T, t=3g  and 0g  are the nu ,ber of poles, leakage 

coefficient, number of turns per pole and useful flux per 

pole of generator respectively. Although the leakage 

coefficient varies with the level of saturation of the 

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

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

is 

0 9 	8 16 
S
8 8 
	

... (2.43) 

The voltage across the generator brushes it given by 

V = K 0 = K N i S ~ g 	 88ki  
... (2:44) 

Multiplying (2.42) by 9 and substituting (2.44) in equation 

(2.42), 
■ 6 

V 	gg$ N = R N 1. + 	8 6 dV9/dt. ..(2.45) 
K 

Substituting the value of Ng i9 from (2.44) in (2-45) and. 

simplifying the following equation is obtained: 
dV 

Vd K N8 S Pm V~ R8 t. - ~2g 	g 	-- 	-- ... (2.46) 

Since in equation (2.46), ma- N2 P = L (linear value) 

and ff 18 	8 
Vd X s

g = (a + 3
~  L  

dt ) vg  ►„ (2.47) 

or 	Yd 	K /R 	= (S-1 + T p) V8 	 . 0... (2.48) 
88 	E~ 
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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. 3'-1  is the inverse saturation factor 

of amplidyne and is the ratio of (if /Ifo) to (Vq/Vg0) and 

S-18  is the inverse, saturation factor of amplidyne and is 

the ratio of (ig/190) to (Vg/Vgo) • 
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C RAP TER -3 

In this chapter the transient analysis of the 

d.c. voltage regulating system is carried out using the 

bock diagrams developed in Chapter 2. All the components 

of a practical system have been experimentally determined. 

The transient response curves for a step reference input 

for the cases considered in Chapter 2 are g#xm given. 

3.1.1  Linear Cis 

Assuming that al.,  the components of the system are 

linear, the dynamic equations have been obtained in Art. 2.1 

using the transeormed equation (2.9) to (2.15) the block 

diagram is shown in gig . 2(a).  The closed loop transfer 

e'e#em function of the system is obtained as 

C 	 Xf g Kq 
Rf Rg Ra (i +a Tf )(1 +aTg)(1 +s T) 

. 	l 	g Kq K  f  

3.8.2  The. ef ect of pmplj4 me d--ax, 	aturaticln on pin only  

The d-axis saturation curve of amplidyne is given 
in Pig. 4(c) which can be approximated byt wo straight lines 

OA and B. The slope of the line GA gives the value of 

linear d to q-axis gain K. Tho block diagram of the system 

developod for a uch a case in Art. 2.2 is shown in Pig. 3(a). 
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In the figure 0 is a nonlinear block whose gain depends on 

the input signal to it i.e. Vql/Vq©. It contains the straight 

line a,proximated normalised saturation characteristic ohown 

in Fig. 4.1. 

3.1.3 Th© effect of -xis a tiar tion of amplidyne 
G,ai n 

 
and time constant 

The block diagram shown in Fig. 5(a) for such a case 

is developed in Art. ' 2.3 of Chapter 2. In the figure block 

contains the inverse of the straight lines approximated 

normalised saturation characteristic of amplidyne. 

3.1 .4 

The d-axis saturation curve of amplidyne is approximated 

by two straight line Oat and A.B. Similarly saturation curve of 

generator can be appro--imatod by two straight line GA and AB. 

7 he slope OA gives the value of voltage gain g and Afl gives 

the nonlinear voltage gain. The block diagram shown in figure 

4(a) is developed in Art. 2.4. In the figure block O a is a 

nonlinear block of amplidyne whose gain depends on the input 

signal to it i.e Vq1/Vq0 and block 0g is nonlinear block of 

generator whose gain depends on the input signal to it 

1.0. VgI~~90 
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3.1.5 

The block diagram shown in fig. 6(a) for such a caso 

is devolopod in Art. 2.5. In this figure 	 d. is the block for 

amp]idyne contains the inverse of the straight lines appro-

ximated  normalised saturation characteristic andy g  i the block 

for generator contains the inverse of the straight lines 

gpprodimated normalised saturation characteristic. 

3.2  ST dard Block Diattrm. 

It is shown by Stout that the original block diagram 

for any nonlinear system can always be reduced to the standard 

forms shown in figure 7(a) and 7(b). In these diagrams, 
lineat dynamic relations are indicated by the transfer function 

G1 , G2, G. and H, while the nonlineaa relati one are dxprdseed 

by 	y 	CX) and X = Y (y). It is also shown that these 

diagrams are interchangeable description of the same system 

if G = 1 /B and ' is a function w44htn which is the inverse 

of 0. 

The block diagram pertaining to the case discussed 

in Art. 3.1.2, 3.1.3, 3.14 and 3.1.5 can be reduced to the 

standard form shown in FXG.3(b), 5(c), 4(b) and 6(b) by simple 

block diaEram reduction technique. 
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3.3 Description of the a Anal-yti.r l T- othod 

Rofering to Fig. 7(a) mince the input block, t I is 

linoar its output U(t) can be calculated for any Liven input 

r(t) by the follorrinw laplace transform method 

U(t) = L~1 (G 1 (e) (e) R(s)) 

whore 	R(a) = Is (r(i;) ) 

The method can be used to find B(t) fror. r(b) 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 of the appr oximate calculation 

procedure involved. For this reason, it will be necess--ry 

to use approximate methods even in the linear part of the system 

Stout has described tiro similar procedures, one a general 

procedure applicable to the fig. 7(a) and other an alternative 

procedure applicable to figure 7(b) 

3.4 General rocQdure 

i kforins to fig,. 7(a) the nonlinear feedback system may 

be doscribed by the equPtttons 

x(t) = u(t) -- v(t) 	.•. 	(3.2) 
y(t) = O( 1(t) ) 	... 	(3.3) 

~ 	 t 
~}. • 	1 	V(t) 	f h(t - fi) y(T)dT 	... 	(3.4) 

Equation (3.1) due to first s amminn point, equation (3.3) due 
to nonlinear block and last equation duo to approximation. 
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Equation (3.4) is entirely in the time d omain and 
take. edvantaacc of the fact that the output of a linoar system 

can be expressed as a weighted sum of its present and past inputs 

The weighted function is 

h(t) - L~1  ( H(s) ) 	.r• 	s.. (3.5) 

This weighing function in the inpulso response of the 

feedback block and may be calculated in advance. By eolvinG 

above equation the following; can be obtained. 

t 
x(t) = U(t) - 	J h(t-T)Ø X(T) ) dT 	... (3.6) 

In above equation x(t) is the only un'.rown when x(t) is 

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

Now equation (3.6) is a nonlinear integral equation. Solution 

of this equation can be found by iteration method or by approxi- 

mation method, using U(t) as a first approximation to x(t) 

which in turn is used to find second atproximation and so on. l 
This procedure requires an analytical expression for 0(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 of 0(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 Q(t)= T. These values 

will be denoted by 

V 	V(nT) n 
hn = h(nT) and so on. If Trapezoidal role in 

used then the approlimate value of V(nT) from equation (3.4) 

becomes 

 

V = T (2 h yo + hn_f y1+  .... + h~yri`1 

+ I hayn ) 	.. . 	 ••. 	(3.7) 

If we denote T hn as B then equation (3.7) can be regarded 

as the product of thO two sequence 

y0/2, y1 ••. 	•..  
go** 	... (3.8) 

I 'r 	ro/21 1i 	... 	 • s . 	.17n 	 • . . 

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 J30 is 0 then V depends only on pact values 

of y upto yn_1 and can be directly found at each stage of the 

calculation with V unknown, xn Is immediately available 

and y can be read from the curve. 

If Bo , 0 then it will be necessary to use a 

grnp hical solution of two algebric equation at each step in 

order to deterine Vn, Xit and Yn. This complication is 

ixttroduced by the necessity of sati.s"yi.ng the equation. 
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yn = O(xn) 	... (3.9) 

x = U - Vn 	... 	(3.10) n 

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

last one. The equation (3.7) becomes, 

(3.11) Yn~ n 	n 
there J= 0/2 	... 	(p.12) 
and Sn "' yO/2 3n  + y1 ~n-1+ ... + yn-1 p1 ... (3.13) 

From equation (3.11) one can get
- An 	n — 	-Fyn - Sn y ... 	(3.14) 

Sn - PY'n 	... 	(3.15) 

where Sn _ rjn - Sn 	... 	(3.1) 

Since t3 is already calculated and Sn involves only 

past values of y0 upto yn-1. Sn is available at each stage. 

The only unknwon quantities are present ,value of x and y namely 

xn and yn and theoe can be found by simultaneous solution 

of equation (3.5) and (3.15) usi r the graphical procedure. 

If the order of denominator is greater than the order of 

nuirerator then the procdare is very #iahx straightforward, the 

inverse transform h(t) can be found out by partial fraction. 

If the order of denominat or and numer• •tor is same then 

firstly remove the con6tant term and then use above method. 
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Now if the order of the numerator exceeds the 

order of the denominator, then the tnverae transform would 

contain impulsive components u1hich would cause trouble in 

an3lysia. This difficulty can be avoided by reversing the 

osition of the linear a nd nonlinear blocks, putting the 

reci rocal of ia(s) in the forward block and the inverse 

function for the nonlinearity into the feedback path as 

ohwon in Pig. 7(b),  iee Sometime feed back path is automa-

tically contain nonlinear block for this case following 

procedure is applied which is slightly different from 

above pro6edure. 

3.5 Alternptive Method 

For the 'block diagrmsm of fig. 7(b) the a quati6ne 

-.rc 
V(t) = u(t) - x(t) 	... 	(3.17) 
x(t) - 	1- ( y(t) ) 	so. 	(3.18) 

There ' is inverse function of 0 
t 

y(t) = f V'(t - T)g(T) d.T 	... (3.19) 
0 

whore g(t) is the reciproc-=1 of H (t) block as shown In fig. 7(b) 

G(t) = L 	( G(e) ) --- 	(3.20) 

An approximate value of y(t) for t = nT is 

€~ 	 Sp 
yn a T( •-a— Vo + Bn 1 V1 + .... + 2 Vn) ... 	... (3.21) 
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Leto(  

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

Y0/2f V11 ......••r••• Vn 

	

.•• 	(3.22) 
and 	0/2 ,  ~ . • • 	... of m 

For graphical solution equation (3.21) may be written as 

+ can 	... 	... (3.23) 

where ,u = c/2 	 • • • (3.24) 

91 	 Qn = VO/2•can 	+ ... 	4 Vn-i o(1 ... (3.25) 

From equation (3.17) and (3.23) 

,i (u -xn) +an 	.. 

~Yn 	Qn _'x —. ..  (3.26 ) 

where Qn 	qn + 	•.. (3.2?) 

Equ-ition (3.18) and (3.2 ) constitute a pair of simultaneous 

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

The various constant of 1.5 kw, 125 V, 12 amp., 

1800 rpm, 60 liz amplidyne and 10, kw, 220 V, 1430 rpm 

d.c. generator has been experimental ly deterdained and comes 

as 
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xt 	-- 955 T f = 0.0318 sec. Kf = 558.3 V/A 

Rq 	a 1.75 Tq = 0.0774 sec. gq = 38.0 	V/A 

Rg 	-. 128.8 Tg - 0.0742 sec. g = 320 V/A 

V90 	= 202 V. Vq© 6.7 V. i f 0 = 12 m.arnp. 

3.6 Transient Response with they sivstem components assumed 

to be linen r 

The maximum value of oc for a system to be stable 
can be obtained with the help of R.R. criteria as follows— 

The characteristic equation of the system, shown in fig2(b) 

is given by 

4 + G(s) H(s) 	= 0 	... 	(3.28) 

or 	 K_► X 
o + 	R Ri$ i.q 1 +e T$)(1 +STq 1 + a Tf )  

..M1 	(3.29) 

1 + e T ) E1 + s T ) (1 + s T ) +ç r 	 Ft R R ` 0 ...  (3.30) 
'~ 	 f 	f g q 

Substituting the various values in above equation One can got 

S3 + 57.8 32 + 1004 s + ( _11 +31 .56 	~) x104 = 0 
1.827 

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

s3 . 
S2  

$ 

1 	 1004 

57.8 	 ( -+- 38276 	) 104 

57.81  x 1004 	-  (1 +31.56  )104 
1.827  Jo 

57.8  

11 	 s tiff 
For the system to be stable, the first column's elements 

must be positive or zero. The marginal value of c( Is 

obtained by equating first term of S row to zero. 

1 +31.56 	)104 	57.8 x 1004 1.827 
r 

	

( 	47.8 x 1004 x 1.827 x 10 - 1 
31.56 

10.6 - 1 	9.6._ 
r 31.56 = 31.56 

0.304 

Therefore the value of o is assumed to 0.25. 

Substituting the value of the various constants of the 

system in equation (3.1) and assuming of = 0.25, the variation 

r 

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 0-55.52t _ 0-1.14t(2.7411 cos 29,58 t 

+ 1.50486 Sin 29.58 t)) 

Assuming V = 50 volts and AT = T = 0.0025 Sec. 
the different value of C(t) is 

C0 	0.0045 
C1 	©.4965 

C2 	1.1070 	and so on 

3.7 

Referring to block diagram shown in Fig. 3(b) if the 

input r(t) is a step function of magnitudes V volts, the output 

u(t) would be given by 

u(t) = 0.585 V (1 - 0'31.45  t) 	... 	(3.32) 

For a given value of V = 50 V, with a time interval T = 0.0025 Sep 
the value of Uo, U1 , U2  etc., corresponding to 0, T, 2T and so on 

can be calculated 4nd given below 

Uo  = 0.00 
U1  = 2.21148 
U2  = 4.25575 and so on 
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The weighing function of block H with 	0.25 is 

given by s 

h(t) = 107.6 a-31 •45t + 4180»0 a-12,92 t 
V 

- 4287.6 e-13.48t 

Corresponding to the assumed time interval, the values of ho 

ht and h2 can. be calculated by above equation. The values are 

ho M 40.00 

h1 = 0.00480 

	

h2 = 0.1200 	and so on. 

The weighting function for block G is given by 	- -~ 
( 11 

g(t) 	(I - e 1 4 t) x 16876.0 	... 	....  

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

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

The different value of function 	can be calculated from 

equation 

	

Pn 	T hn j

• 30 = 0.00 

P1 = 0.00001 

	

32 	0.00003 and so on 
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The initial conditions give yo = 0 and EO = 0 

At t  0.0025, Sec. n = 1, using expression (3.13) and (3.16) 

S 	01 2 P1 =0 

= U1 - S = 2.21148 

since ~0 = 0 The value of y can be directly read from the 

graph, but in general, the following procedure is adopted. 

7 	X1 = S 	p /K 	2.21148  

Here, (' 	PO/2 = 0 

Corresponding to this value of X1 the value of r1 is found 

out using the normalized saturation characteristic. For the 

block 0, the following equations are èd used relating the input 

V to the out put y'. 

C  x' yn,=xn 

 

for 	xn ; 1 	... 	».. 	(3.34) 

,'' and yn 	= 5.25 + 122.5 zn for xn-> 1 x.. 	( .35) 

Or by solving above equation with equation (315) following 

equation can be obined 

yn 	n/(1 +P )- 	for xn 	1 	,.. 	(3.36) 
+ 122. 	0. 

and Yn  1.0 + 122.5 x f  50,3  ,•y (3.37} 
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For this case, 

yI  = 12.21148 

Then, 
B1 = g0 2 y1 ) = 0 

Since 	y©  = go  M 0.0 

At t = 0.005 .ec. or n = 2- 
y0  S2 	2 P2  °+ 31 	= P1  y1  

2.21 x 0.00001 = 0 

CO that. J2 - U2  -- S2 = 4.25575 

The output y2 	4.25575 

The output voltage 

E2 = ¶r ( 	Y0 * 121  Y1  + 2 - y2) . = 0.07 

Thus the value of the output voltage is calculated 

for different instants of, time, the difference in time between 

consecutive instants being 0.0025 See. 

4w 

The method of calculation 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 
.. aturati, 
cones 

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 	•0• 	(3.38) 

For of = 0.25, block 11 is found to be unstable. On 

splitting up-the nonlinearity i!.to a linear a nd a nonlinear 

~G function figure `3(b) 11e obtained. In thi ► figure, the transfer 

function for block H is given by 

R R R ( 1+ 9 T )(1 + S T ) 
H(e) 

Rf Rg Rq (i+ ST f ) (1 +ST9 ) (1 +sTq ) +( K f, g K Kq 

... (3.39) 

On substituting the values of various constants and taking 

O( = 0.25, the weighting function of block 1I is found out 

to be 

h(t) = 14.54 e- 55.55t + 0~i .15t (15.91 Cos (29.566 t) 

q- 3.64 Sin (29.586 t)) 

.,. (3.40) 

with a time interval of At t T = 0.0025 Sec. the values of 

hp, h1, h2 etc. are calculated. 



33 

The uoiahting function for block G is given by 

,/ -12.92t 	-13.48t a (t ) 	16876 (e 	-o 	} __ __-- 	(3.41) 

and the values of g0, g1, g2 etc., can be oaJoulated 

nt 

The initial conditions give y© = 0, and B© = 0 	~ F`~ 

The values of U U U etc remain bnstant 29.2 for i~• 1 ' 2 	' 	,~ 	5 

the step reference input of 50 volts. The values of ha, h1 , h2 

etc., are 31.45, 31.24, 31.06 etc. The values of g0, g1 , g2 etc., 

are 0, 23.65, 42.128 etc. The values of P©, P1, P2 etc., are 

0.0786 , 0.078, 0.07787 respectively. For t = 0.0U25 Sec. or 

n = 1 . iefering to Art. 3.5 

q1 = (- 	= 29.25 x 0.039 =®.14 ✓  

V% 	 ter!t 
so that Q = Q +  

_ = 1.14 + 29.25 z 0.0393 = 2.29 

yt :. Q,, - p X1 	= 2.29 - 0.0393 X1 	• • • ((3.42) 

In this case the output depends not only on the; value 

of X but also$y on the present value of IL In Pig. 5(I) the 

non-linear block is in the feedback path...Corresponding to the 

output y1 , the input to the block. 't' is y'. 	Depending upon the 

reCior: of operation, th a output from block is given by the 

following equation. 

X' = 0 	for 0 < y' < 1 	... (3.43) 
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,/and it' = 3.65 y' — 3.65 for 	y'> I 	... 	(3.44) 

Once the point of operation on the nonlinear$ block is 

known a relation between y, and x1 can be found out using the 

nonlinear feedback path. Thus two simultaneous equations are 

obtained in x and y1 and the solution of these equations give 

the v%lues of X and y1 . The point of ,operation on the non-

linear block is found out as follows; 

From equation(3.4V ) on dividing by VqO' one obtains 

1 

Q = 	6.7 	- p x$1 	... (3.45) 

which is the equation of straight line having an interest.on the 

y' axis equal to  6.7 . IF this value is less than or equ-1 tc 

unity than the point of operation is on the lined O.A. and the 

output is given by X  0 

and if it greater than unity then the _ oint of 

operation is on the like A. and the relation between X ' and Y' 

is Given by X' = 3.65 y' — 3.65 	.. 	(3.4 six) 

For the case under consddration X'I = 0 Hence 

VqQ X y; = 	j 	2.29 • • - (3.47 ) 
(3.48) 

x1 	= 0 and V1 = U1 — X~ = 29.25 ... 
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The output E I is given by 

8g y0 	3~ 
E1 a 0.0025 ( 	O + g© 2r- ) = 02 

For t =0.005 ec. or n = 2 

The constant 	Q2 	(VD P2/2 + V, PI ) 

= 29.25 (0.0389 + 0.078) 

3.42 

so that Q2 = Q2 + P ti2 = 3.42 + 1 .15 = 4.57 

Hence, y2 _ 4.57 - 0.0393 X2 	... 	... 

For this case 	7 is lease than unit hence V 2 = 0 

••. (3.49) 

(3.50) 

Therefore -r2 = 4.57 	••. 	••. (3.51) 

and V2 = X12 	X2 = 29.25 	,•• 	•••• 	 ••• (3.52) 

The output E2 = 0.0025 x 23.65 x 2.29 

O.1-35 	... 	... (V•53) 

The method used in this csee has been computerized. The 

flow chart is given in Fig. 11 and programme is given in 

the Appendix. 

3.9 
on gains only. 

In above case only D-axis saturq tion of amplidyne is 

considered. Hera the same procedure with D.D. generator 
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saturation to be considered. -Referring to Fig. 4(b) the 

transfer function of block G is given by 

K 	 558.3 f 0~( 	Rg' + 6 T. 

955x0.0318( e + 0.0318 

If the input is a step function of magnitude 50 V. then 

U (s) _ 	558.3 x 50 
955 x 0.0318 x set 31.45 

Taking inverse laplace transform and simplifying 

	

u(t) 	29.25 (1 - 0 3̀1.45 t) ... 	... (3.54) 

With c = 0,25, the weighting function of 

feedback block, which is the inverse laplace transform of 

H t e) is given by 

h(t) = 0.14625 ew31.45t ~_2~2; 	... 	(3.55) 

In the similar nan er, the Qtr weighting function for block 0 

and function B is given bit 

	

g(t) = 	16876 ($"12.92 t — e-13.48t ) 

	

{3(t) = 	0.0025 h(t) 

Tranoiont Siutioj 	The different values of U(t), g(t) 

h(t) and p(t) are calculated by above equation., considering 

the time interval A T = 0.0025 Sec. 
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U0 = 0.0000 	g© = 0.000 	b0 = 29.5425 	f0 = 0.73856 

U1 	a 1.504 	81 = 23.652 	h1 = 13.4532 	p1 = 0.33633 

U2 = 2.316 	g2 = 42.128 	h2 = 6.1408 	p2 = 0.15352 

The initial conditions give y0 = 0, and E0 = 0. Adopting 

same procedure as discussed in Art. 3. .q- for t = 0.0025 Sec. 
Y 

LO 	 0 1 	2 P1 

so that = 	U, -- S1 	_ 1.5.94 

In this cse forward path contains two nonlinear blocks. So 

both nonlinear blocks should be donsidered side by side. The 

output of first block is the input of, second nonlinear block 

by multiplying a time function. Referring the figure 410) 

a x = s~ - 	P Yn 

where {~ = p0/2 = 0.36928 

The above equation is the relation between input signal. 

of first nonliear block and output of second nonlinear block. 

Now considering the first nonlinear block, the input of first 

non-linear block can be transformed into the output of first 

nonl&near block (by following equation) 

XM = (Zn - 0.725)/0.275 	or Xn > 1 (3,56) 

1Cn = Zn 	for Xn 	< 	t 	••. (3.57) 
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M 

where, Zn  is the output of first nonlinezr block 

zn 	2n/VqO 	 ,... 

- =  and 	Xn /VqO 	 ... Xn   

Zn 	Sn 	yri  (' 	 for 	Xn 	1 	• : • (3.60 ) 

Z --0.725 a V 
and 	n 	 qO   0.275 	 Sn  - P yn  for Xn> 1 ... (3.61) 

or Zn 	f n  x 0.275 + 0.725 x Vqp) - P x 0.275 yn  for Zn> 1 

The input of second nonlinear block can be obtained by following 
equation: 

Zn y OnX  Zn  

n  x CSC  a. 75 + c.725 x Vq0) 

- Gn  x F x 0.275 y'n  for X > 1 ... (3.62) 

and 	Zn  = On  fin  - yn ) 	for un  < 1 	... (3.63) 

The above expression is the relation between the output of 
second nonlinear block and input of same block. By solving 

above expression with nonlinear block's equation, the 
following equation gives the output of second nonlinear 
block. 
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The nonlinear blocs "s equation is 

--- 	 _ yn 	f or 	---- 	' 1 	• •• (3.64 ) V80  
~© 

Z 	 z 
and yn = 0.225 	V n 	+ 0.775 for 	y--- ) ... (3.65) 

84 	g0 

The output voltage of second nonlinear block is 

t ton x 0.275 + 0.725 x V o) x 0.225 + 0.775 Vgo 
y =  ...t3.5b 

n (V + 0.275 x 0.225 z c p) 

Z 
for 	7 $ and 	> 1 	.. , 

go 

yn = 	
g0 

for 	- fin-- 	` I and Xn - 1 ... (3.67)  
( x0.275+0.725xV O) x 

yn 	gO + P x 275 x G )  

ZII 

	

for 	V 	c I 	and .X.n > 1 	...  (3.68) 
g0 

( 9n x 0.22 5 x fin + 0.775x v80) 
and yn 

(V80 + 0.225 * f * Gn ) 

Z 

	

for te-- ? 1 and X 	1 	.•. (3.690 
80 

	

for n L. or T 	0-O025 Sec. 
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Considering the output equation of second nonlinear block 

for X1 < 1 and 	Z1 /V'g0 < 1. The value of YI is 

1 .594 x   2..: 652 
(202.0 + 0.369 x 23.652) 

= 0.167 ...  	(3•7c) 

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

which is considered, is correct. The output.u~dltage E1 . 

T( 22 x yt ) 

0.0025 x 101 x 0.167 =  0.04  ... (3.71) 

for  T = 0.005 or  n = 2.  The value of S2 

is  

a  s2 _ 2--- P2 + yi i= a0561 

so that 	32 	U2 - :2 

2.260 	 ... 	(3.72) 

non 
The output of a second/linear block y2 by considering 

output equation for X2 S 1 and Zn / V~0 S 1 is obtained 

as 
2.26  28 • ~2 '~ 	202 + 0.369 x 42.128 

40 

S1 

0.44 	...(3.73) 
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The output voltage E2 

E2 = 0.0025( 101 x 0.44 }  202 x c1.167) 

0.1954 	••. (3.74) 

The method used in case of above article, has 

been computerised. The flow chart of which is given in 

Figs. Unn 10 and programme is given in Appendix. 

3.9. TransIent Transient 	 Response of the system c naiderin t e a is 
turation of am ltd ne and ienerator saturation on 

both gains and field time constant. 

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

V, the output fron block G1 is given by 

v(t) = 0.585 V ... 	••. 	(3.75) 

On splitting up the nonlinearity into a linear and non-linear 

function figure 6(c) is obtained. The transfer function for 
block and are iven by 

1 
ST 

Ia(n 9 = 	1 +.ST ) 	... (3.76)
f sT 

and H.(s) = _ sT 	1 	••. (3+77) 
b 	1+ 	~ 	1+ e T ) 

sTg 	 g 

On sutstituting the values of various constants and taking 
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0.25, the weighting function of blocks 1,, H and H b 	c 
are found out to be 

b1(t) = . 31 .4 5 @"31 .45 t 	... 	(3478 ) 

h (t). = t3.48 0̀ 13.48 t 	.... 	(3.79) 

and 	h (t) = 0.585/4 	` ', 	... 	(3.80) 

with a time interval of At = T = 0.0025 Sec., the values of 

h$0, halt hat .,..t hba' hb1, hb2... hc0, hei, hc2 etc., are 

calculated 

The weighting function for block G is given by 

g(t) = 696.2 @"12.92 t1, 	... ... 	(3.81) 

and the value' of g~' 81, g2 etc., can be calculated 

Trans t ~8olution 

The initial conditions give y0 = 0, zd = 0 

and B0 = 0. The values of U0,, U1 , U2 .. etc. remain constant 
29.25 for the step reference input of 50 volt@. The values of 

hao' hair a2 ...,  hbp, hb1, hb2 ... h04, hc1, hc2 etc., 

are 31 .45, 	29.1, 26.9,...., 13.48, 12.9, 12.3 ... , .0(.146, 

,O. 146, .0'0146, . Ohs value--ef etc. respectively. From 
different values of H, the value of 	3a, 1, Pc are Calculated. 
The values of Pao' Pai r Pat • • • etc., are 0.078 33, 0.07275, 
0.06725, .. etc. The values of  O, fb1, b2 ..• etc., are 0.033 
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0.03225, 0.03075 .. etc. The values of Tod' Pe!' Pct ••' etc. 

remain constant i.e.  0-00036 9 . 

In this case there are throe food back blocks. Two 

+ire nonlinear blocks and other is linear block. So all the three 

blocks should be considered side by side. The feed back path 

Fic gives a relation between the output of second nonlinear 

. block Hb and the output of ~3c feedback block. The relation can be 

obtained with the help of Trapezoidal rules as expained in 

Art. 3.3• 

cn 	 O cn + Y"LP, i n-v) + 	+  3 	... (3.82) 

~nc0 

where 8n = YO2 cn 	+ Y1 re(-) + ...  except last term 
.,. (3.84) 

Therefore, 

.. 	van 	Un 	cn 
	.. . 
	

... (3.85) 

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

obtain, 

Uan 	vn - sn - 2 	...  ... (3.86) 

a ~n - - - yn 	...  ... (.387) 

where 	3n 	Un -- Sn 	... 	... (3.88) 
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The equation (3.87) requires not only the past value of y 

but aloo on the present value of y. In figure 6(c) the first 

nonlinear block is in the feedback path. Corresponding to 

the output z of block Ha, the input to the block Y a 

Depending upon the region of operation the output from block 

~a 
is given by the following equation: 

x 0 	= 	0 	for o ,< z' ` a 	... 	(3.89) a 

and 	X • a 	3.65 z' #- 3.65 for 	Z' ' I ... (3.90) 

Once the point of operation on the first nonlinear block is 

known a relation between z and Xa can be found out using the 

first nonlinear feddback path. Thus two simultaneous equations 

are obtained in Xa and z and the solution of these equations 

gives the values of Xa and z in terms of output y of second 

block lib. The relations are found out as follows. Referring 

to the Art. (3.;5) for a nonlinear feed back system the output 

of Hb block can be obtained. 

.~~ p~ a4 an gn 	 + V
I T }n-1 ) + .... 

+ 	 ... 	... 	(3.91) 

+ van _ po~-  
'%n  2 

r~hero  Qn is the summation of all values except last one 
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aC Pan  + 	•••• •, + V 	B 	... (3.99) or 	2 	.a(n 1) 	at 

The input of block 11b is 

	

Vn 	Uan -- an 	 • • 	• (3.93 ) 

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

~n ,~ Qn 	 2 -_ (U an an ) 
x 

	

+ 	Uan "' 	... (3.94)  

Multiplying equation (3.89)and (390) by 6.7 and substituting 

in (3.94) the following equations come 

n 	+ , 2 .'~ ( 	- 	for 3 w 	9 	... •( 3.95) 

or zn 	n + 	(sn -~ ' 	3.65 x 6.7 a' n 

+3.65z6.7x 

or 	n = ( +3 	a/2- 	- 3►n +3.65x 6.?) 
(1 + 3-65 x ao/2 ) 

for 	E' > 1 	... 	(3.96) 

lenca, 

	

ap 	.. 	~l..+ Ubfl On r Qn + 	
.. 

Sn 2 	n. 	2 	2 On r Yn 

	

for 	z' 	1 	• . • (3 , 97 ) 
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4 z +3n 	,.o - 	anxyn 
n n 

or Ubn + 3.65 x b,? r ~a0 

(1 + 3.65 a 	-- 	- ) 

for z' > 1 	 S•• 	... (3.96) 

Above equations are the relation between the input of 

second summing point and output of second block Hb. The input 

of the block fib i s 

Vbn . a' Ubn -Xbt 	••• 
	... 	... 	(3.99) 

If the output of block Rb to y and input is Vb then with the 

help of Art. 3.,~ , the relation between these values can be 

obtained as 

b Vb(n_1 ) 
yA ~ 2 ~bn ~ 

R * PbC32ybn 	... 

_bn . VbO 	... (3.100) 
2 

• ... 	(3.101 i 

where ►1n is the euorration of all values except first one of 

equation (3.100) 

or ~t 	 VbO + Vb b(n-1 .~......._... 	 + 	... n 	 2 	 1 

b )̀  -1 ) 	ypL 
	 .•. 	(3.102 
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The occond nonlinear block of fiG. 6(o) io also in foodbaok path 

corroo -onding to the output y of bloc!: Hb, the input to the 

block 4)b in y'. Depending upon the region of operation the 

output from block Yt is given by the following equation 

x'b = 0 	for 0 ` y' < ! 	... 	(3.t03) 

or 	X'b .- 2.367 y' - 2.367 	for y' > I ... 	(3.104) 

Once the point of operation on the second nonlinear block is 

known, a relation between y and 	can te found out using 

t.o second nonlinear feedback path. Thus two nimultanoouo 

equations aro obtained In .fib and y and the solution of those 

oqu° tions 	 gives the values of X, 
and y. The only required valuo is y, and can be obtained as 

follorrn: 

1:ultiply by V = 202 to oquLtion(3.103)and (3.104) the 
follouine oquutione can be obtained: 

xb 0 for 0 - y' I 	... (3.105) 

or 	X a 2.367 y * 2.367 z 202 for y' > 	1 	v .. (3.106) 

JolvinZ oqu'~tiono (3.99), (3101 ), (3.105) and (3.106), one can 

obtain, 
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yn  Rn + 2 ~bn 

	

or y 	Ikn + 2 bn U i n 

for 0 <y' 1 1 

2.367 yn 

...  (3-107) 

O + --r-2 -- !. 367 x 202 

or 	Yn 
	Rn + - !2 - x 2.357 x 202 +  

( 1 + 	b0 z 2.367) 
2 

for y'71 	... (3.108) 

aubetitut.ing the value of Vbn in above equation, the 

following equation with condition can be obtained 

y ;st 	xn + 	tcsn 	n Win 	- 2 tin — 3 Q i c0 an y) ) 

for C %' c 1 and 0 c y' - 1 	... (3.109) 

or 	Rn + 	2Q (Q + Sn )( 2 	2 	2 n 

3.65 x 6.7 x pa© 
+ 	rr r.'rr rrw x~■ .~ ri.u~..w.+. 	o 	 . 

2 	 n 	 X3.1 ~ln = 
(I +3.65x --24—) 
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R + P x 2367z 202 
MI~~IYMiY IY■ • I 	Mfq I~ 

2 
or yn 	~bo 	_Pao _ ,..p a + 
 ~4n +  2  2  2 ) Gn 

( 0 + --PbO--- * 2,367) 

cor 	0 -, z I 	1 $ Y' > 1 ... (3.111) 

x 2.367 x 202 	` 	 f3 
R + 	I~Il llpl~ I YlIY P I I~IIIY~YIiMili~f~Y 	+ 

n 

	 1 n.1  

x 2 ern +3.~65x6:7x r ) G 

(1 + 3.65 x 	) 

2.367) 	 •~ 2 

Gor z' > i & p' > 1 	... (3.112) 

Rearranging the equation (3.109), (3.110), (3.111) 

(3.112) in a suitable for by substituting 

2 9 	respectively. The above 

equation can be written ae 

R + b tin a +Jn x ) 
~~' 	-----~----- 	 ...(3.113) 

1 + Pa -PbPc -Gn ) 
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E (1 +3.65zpa) +W4 (t3 +6 }.+3.65x6.7xpa) 
p 
n 	 (t + 3.65 x Ja + Pa ,fib Pc Gn ) 

for 	0 < y , 202 	and 	z > 6.7 	... 	(3.114 ) 

or 	f n + 202 x 2.367 x 	x A (Q + 3n ) 
(1 + Pb x 2.367 + Ya.?b'pa Qn ) 

... 	(3.115) 

for 0 c % 6.7 and 1 > 202 

(R r202x2.367x1b) (1+3.65xpb) + ► (9 +: pa+3.65Z6.7a?a)t 
or y 	

((1 +pbx2.367) (1 +3.65xpa) + Pa.Fb .PcGn ) 

for z'6.7  and 1>2O2 	 ... 	(3,116) 

31.mUarly for negative case can also be derived 

For G1 T = P 	0.0025 Sec. or n I . The values of 
and Q1 can be obtained using equation (3.54), (3.88), 

(3.93) and (.3.102) as follows 

31 	t31 -1'0 	2 

29.25 	.s. 	... (3.117 

vas x ~` 	29.25 x 0.03637 ~~- 

	

1.06 	 ... (3.118) 

/O939) 
CENTRAL LAY U41V RSITY 0 ROORKEE 

jK jOR.(EE 
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and _.1 	Vb0 tbl 	0 	... (3.119) 

Froc equation (3,M) the value of y, can be 

obtained as 

yl .06i .2 0.0 	x006 x& . t0 
1 + 0.03932 x 0..01605 x 0.000207 x 674.0 

M 13.8 	... 	(3.120 

Thie is lane than 202. Hence the equation„ which is taken, 

is correct. 

Che output E1 is given by 

9 .= 	0.0025 (- + -p-) 	... (3.121) 

0.0025 x ^- .8 
2 

a 0.01730 

a 0.005 or a 2 

The values of a2 r R a and G- 2 can be obtained 

using some equation as 

22 	U2 -~ y© 	~2.~._. _ y 1 Pei 	... (3.12J 

29.25 - 13.8 x 0.0004 

29.2r - 0.00552 

29.244 
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Q2 ° Vao 2 	+ al Pao 
	••• 	(3.123) 

m 29.25(0.0386 + 0.07863) 

29.25 z .11723 

3.43 

and '2 	Vb© 	2 	+ Vbi T bl 	• • • 	(3.124)  

From equation (3.99) by eubetituting Xb1 	0 

Vb1 = Ub1 '~ 'bt = Ub1 

Vbt  	111,'! 	 • . i 	(3.125) 

and 'root (3.97), U 	can be obtained as 

JO U
bi 	

G1 x Q1 + 912 	G1 y1 ...(3.126) 

	

674.2 (1.06 + 29.25 x 0.0303 	0.0393 x 0.0169 x 13.8) 

674.2 (1.06 + 1.15 - 0.00920) 

674.2 (2.201) 

U1,1 	1632. 	 ... 	(3.127) 

3ubetituLing equation 	(3.127) in (3.125), Vb,t can be 

obtained as 

Uby 	1632 	.... 	(3.128) 

3ubetttuting equation (3.128) in equation (3.124), the value 

of R2 can be obtained as,  

R2 	1632 x 0.03225 

R2 = 52.7 	... 	(3.129) 
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:substituting equation (3.129), (3.127), (3.123) and (3.122) 

in equation. (3.113), the value of y2 can be obtained ae 

1; +  ?... ~2022   2 ~ 

(1 + fa 'Fb'Pc On ) 

(I + 0.03932 x 0.01685 a 0.000207.x 652.8 

5 u . x. I Qf..Mi x i (3 . 43 + 	1. ~ .1 . ~. 

1.0 

2.7 +11.02 x 4.j_  
1 

52.7 + 50 

102.7 	••. 	(3.130) 

The output I2 is given by 

E2 ~► 

 

0.0025 (,~..~ 	y .~ 	) + 2 	1 	2 

0.0025 (13.8 + 51.35) 

0.0025 x 65.15 

= 0.1629 

The method used in this case has been computorised. 

The flow chart in shown in figure 12 and programme is 

given in the Appendix. 
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R 	~ ESULT: DISCUSSIQN ATID CONCLUSION ~wrr.rr~+~ i i~+~ r~i~r~wrr~r~sriru~irr•rwrrwrri~r.~.~~rrr 

with a feedback ratio of = 4.25, the 'transient., 
response curves of the d.c. voltage regulating system to 

stop 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. 13 . In Pig. 13 , curves (2) and (3) - 

pertain to cases when only the d- .xis saturation of 

amplidyne is considered. The overshoot is reduced 

appreciably in 	both the cases compared to the linear 

case. From the two curves, it is also evident that the 

effect of saturation is more pronounced on I 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 oscillographic record 

(shown in Plate 1) taken on the system with c( = 0.25 and 

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

indicating that the saturation effects in both the machines 

are being felt on the response, 
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The discrepancy betaoen the calculated and 

experimental results may be due to the following s`- 

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

(ii) Not accounting the variation of resistance 
and time constant of tho quadrature axis 
circuit of amplidyno with the current in 
that axis. 

(iii) Neglecting the effect of magnotic hysteresis 
in amplidync 

and 	(iv) Ignoring the effect of resistance in the 
feedback circuit. 

Thus the effect of saturation in electrical machines 

on the transient response of a machine control system is to 

reduce the overhhoot and settling time. Although saturation 

affects both the gain a nd time constant, its effect is more 

dominant on gain only. 
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*+r 
C C S P bRIVASTAV TRANSIENT ANALYSIS 
C  AMPL.D AXIS SATURATION ON GAIN ONLY 

DIMENSION U(300),H(200),6(200),8(200),Yt200)sEl200) 
T-0.0 
DO 510 Mw1s2O0 
U(M)=29.25*(1.O_2.718**(--31.45*T) ) 
H(4)# 239.237*(.56+12.718**(-31.45*T))+17.97+x(2.718**t-12.92*T) )-

111 53*( 2.718"t*(-13.48*T)) ) 
GUI)- 16876.0*(2.718**(-12.92*T)- 2.718**(-13.48*T)) 
B(M)=0,0025*HtM) 
IF (M-2) 555,556,556 

556  St 4-0.0 
IF (M-2) 20,20.11 

11 	Lao-1 
KM-1 
DO 51 J•2. 
SUM*SUM+B( )*Y(J) 
Kr'C-1 

51 	Ct IT INUE 
20 	SUM=U ( M) -S 1M 

C=811)/2.0 
Y(M)rSUM/((1.0+C)*6.7) 
IF (Y(M)-1.0) 30 . 30 a► 31 

30  Y(M)c6.7*Y(M) 
GO TO 35 

31  Y(M)e(5.25+122.5*SUM/550.3)/(1.0+122.5*C/550.3) 
35 	JaM 

5*10.0 
IF(J-2) 110,110,111 

111 L•1 
100 JwJ--1 

L+~ L+ 1 
S•S+.0025*G(J)*YCL) 
IF (J-2) 110.110.112 

112 GO TO 100 
110 ECM)=S+0.0025*G`1)*YCM)/2.0 

PUNCH 3+ U(M)*H(M)sG(M)sY(M),E(M),T 
3  FORMAT (6F10.4) 
555 T•T+0.0025 
510 CONTINUE 

STOP 
END 



C C S.P.SRIVASTAV TRANSIENT ANALYSIS 
C  CONSIDERING D ASIS AND GENRATOR SATURATION ON GAIN ONLY 

DIMENSION U(200)sG(200),H(200),B(2001•Y(200),Z(200)sE(200) 
U(1)=0.00 
G(1)=0.00 
H(1)=29.5425 
8(11;0.73856 
T•O.0E►25 
DO 510 M-2,200 
U(M)=29.25*(1.0-2.718**(-►31.45*T)) 
G(4)= 9381.6*(2.718**(-12.92*T)_2.718**(-13.48*T)) 
H( 4 )•0.14625-'$(2.718** t-31.45*T)) *202.0 
B(4)=0.0025*H(M) 
SUM3.0 
IF (4-2) 2',2O,11 

11 	Li 4-1 
K. 4-1 
DC 51 J=2sL 
SUM=SUM+B (: ;) *Y (J ) 
K= K-1 

51  CONTINUE 
20 	St'W=U(M)-SUM 

C188t1)/2.0 
Y(M)=SUM*,(M)/(202.O+CL*G(M)) 
2(M)=Y(M)*2f2.0/(6.7*G(M)) 
IF (Z(M)) 10#21,21 

21  IF (Z(M)-1.0) 30,30,31 
30  IF (Y(M)-1.0) 40,40.41 
31  Y(M) = (SUM*.225+.775*6.7)*G(M)/(202.0+CL*.225*G(M)) 

IF (Y(M)-1.0) 40940#45 
45  Y(M)=((SUM(.225+.775*697)*•275*G(M)+•725*202.0)/{202.(1+.275*CL* 

1.225*G(M)) 
GO TO 40 

41  YtM)=lSUM+~.,275*G(M)+.725*202.0)/1202.0+.2.75*CL*G(M)) 
GC TO 40 

10  Z1cSCRTF (Z(M)*Z(M)) 
Y1=5QRTF (Y(M)*y(M) 
IF IX1-1.0) 1.1,32 

1  IF (Y]-1.0) 40,40,42 
32  Y(M); ISUM*.225«•775*6.7)*G(M)/(202.0+CL*.225+~GIM)) 

Y1=5QRTF (Y(M)*Y(M)) 
IF (Y1-1.0) 40940946 

46  Y(M)=((SUM*.225-.775*6.71+x.275*G(M)-.725*202.0)/(202.0+•275*CL. 
1.225tG(M) ) 
GO TO 40 

42  Y(M)*(SUM*•275*G(M)-•725*202.0)/(202.4+.275*CL*G(M)) 
40  Y(M)=Y(M) 

J=M 
5;0.0 
IF(J-2) 110#110,111 

111 	Ls t 
100 	J, J-1 

1-I-+1 
SuS+J•0025*202.0*Y(L) 
IF CJ-2)110.110,112 

112  GC TO 100 
110 	E! 4) *S+.0025*101.0*Y (M ) 

PtICH3,U(M),G(M),H(M)•B(M),Y(M),E(M),T 
3  FORMAT (7F]0.3) 

T=T+,0025 

(TT 11 	
of  Ji' RSA l OF ov! ': 



510 CONTINUE 
STOP 
END 



****,***********'********) ********* **- ************************************* 
w* 
C C S P SRIVASTAV TRANSIENT ANALYSIS 
C  AMPL.D AXIS SATURATION ON BOTH GAIN AND TIME CONSTANT 

DIMEP SION U(200).G(200)►H(200)#B(200):V(200),Y(200),E(200) 
T■0.0 
DO 510 M=1, 200 
U(M)-29.25 
G(M)s 16876.0*(2.718**(-12.92*T)- 2.718**(-13.48*T) ) 
H(M) a 14.54*(2.718**(-55.55*T))+(2.718**(-1.15*T))*(15»91*COSF(T* 
129.566)- 3.64*STNF(T*29.586)) 
B(M)*0.0025*H(M) 
E(1)*0.0 
Y( 1)  80.0 
V(1)=U(1) 
IF (M-2) 555,556,556 

556 SL'M=8(M)*V(1)/2,0 
If (M-2) 20,20,11 

11 	La 4-1 
K«M-1. 
DC 51 J•2,L 
Sl4 SUM+B()*V(J) 
K• :-1 

51 	CC 4TINUE 
20  CL~B(1)/2•" 

SU'f *SUM+CL WU t M ) 
PSJM'SUM/6.7 
PSUM1- SQRTF (PSUM*PSUM) 
IF (PSUM1-l.0) 30,30,32 

30 	Vt.4)*U(M) 
Y(M)-SUM 
GO TO 35 

32  IF (FSUM-1.0) 29,29,31 
29  ZSUM* (PSUM-3.65*CL)/(1.O+CL*3.65) 

Y (M) *6. 7*ZSUM 
V (M) *U (M) _3.65*6.7-*3.65*6.7*ZSUM 
GO TO 35 

31 	ZSUM+~ (PSUM-e3.65*CL) / (1.0+CL*3.65 ) 
Y (M) c6. 7*ZSUM 
V(M)$U(M)-^.65*6.7*ZSUM+3.65+6.7 

35 	Jam4 
58360 
IF(J-2) 110#110„111 

111 L-1 
100 	J-J--2. 

L•L+1 
SiS+(.0025*G(J)*Y(L) 
IF (J-2) 110,110,112 

112  GO TO 100 
110 E(M)=5+.0025*G(1)*Y(M)/2.0 

PUNCH 3+ U(M),H(M),G(M)•B(M),V(M)*Y(M).E(M) 
3  FORMAT (4F10,5r2F15.5,F10.5) 
555 T*T+0.0025 
510 CONTINUE 

STOP 
END 



******** ************* *** l **** ********************************************f 

** 
C C S.P•SRIVASTAV TRANSIENT ANALYSIS 
C  AMPLIDYNE D AXIS AND GENR. SATURATION ON BOTH GAINS AND TIME CONS 

DIME1'SION U(200).G(240),H1(200),B1(2001,H2(200).B2(200). B(200), 
1 Y1(200)9Y2(200)*V1(20'3).V2(200)sEt204) 
T•0.00 
DO 510 M=1,200 
U(M)r29.25 
G(M)=696.2*2.718**(-12.92*T) 
H1IM)=31.45*2.718**(-31.45*T) 
B1(M1=0.GU254H1(M) 
H2(M)=13.48*.:.718**(-13.48*T) 
62(M)=0.0025*H2(M) 
B(M)=0.00146 
Vitt)=U(1) 
II (M-2) 555,556.556 

556 SLA-B(M)*U(1)/2.0 
GUM=81(M)*Vl(1)/2.0 
RI. 4-0 0 
IF (M-2) 20,20911 

11 	L' 4-]. 
K* 4.1 
DO 51 J=2,L 
SUM= SUM+BtK)*U(J) 
GUM=GUM+B1(K)*V1(J) 
Rl'M= RUM+82UK)*v2(J) 

51  CONTINUE 
20  C14B1(1)/2.4 

C2a B2(1)/2.0 
CLaB(1)/2.0 
Y2(M)a (RUM+C2*GUM*G(M)+C2*C1*G(M)*SUMI/(1.O+C2*C1*CL*G(M)) 
Yl(M)= GUM+C%*SUM-C1*CL*Y2(M) 
IF (Y1 (M)) 10.9,9 

9 	IF (Y1(M)-=.0) 12#12.13 
12  IF (Y2(M)) 14915#15 
15 	IF (Y2(M)--1.ij) 16,16.17 
17  Y2(M)= (RUti+C2*GUM*G(M)+C2*C1*GCM)*SUM+C2*2.367*202.0)/(1:+C2*C1* 

1CL*G (M)+C242.367)  
Y1(M)= GUM+C1*S11M.C1*CL*Y2(M) 
V1(M)=SUM -CL*Y2(MJ 
V2(M)= Y1(M)*G(M) +2.367*202.0-2.367*Y2(M) 
GO TG 75 

14  IF (Y2(M)+1.~!) 18.16.16 
18  Y2(M)= (RUM+C2*GUM*G(M)+C2*C1*G(M)*SUM-C2*2.367*202.0)/(1.+C2*C1* 

1CL*G(M)+C2*2.367) 
Yl(M)= GUM+C1*SUM-C1*CL*Y2(M) 
V1(M)SUM --CL*Y2(M) 
V2(M) = Y1(M)*G(M) -2.367*202.0-2.367*Y2(M) 
GO TC 75 

13  YZ(M)= (RUM*UI.p+CI*3.65)+C2*GUM*G(M)+C2*C1*SUM*G(M)+C2*C1*G(M)* 
13.65+6.7) /('..0+C1*3.65+C1*CL*C2*G(M) ) 
Yl(M) (GUM+Ci*SUM-C1*CL*Y2(M)+C1*3.65*6.71/{1.0+C1*3.b5) 
IF (Y2(M)) 19,21.21 

21 	IF (Y2(M)-1.0) 22,22,23 
22 	V) (M)sSUM CL*Y2(M)+3.65+6.7-3.65*Y1(M) 

Vi (M)a Yl(M) ,IG(M) 
GO TO 75 

23  Y2(M1= (RUM*(1.p+C1*3.65)+C2*GUM*G(M)+C2*C1*SUM*G(M)+C2*C1*G(M)* 



13.65+6.7+C1*(1.O+C1*3.65)*2.367*202.0)/ tt1.0+C1*3.65)+C1*C2*CL * 
2Gt.)+C 2*2.367*(1.O+C1*3.65)) 
YltM) _( GUM+CZ*SUM-►C1*CL*Y2(M)+C1*3.65*6.7)/( 1.0+C1*3.65 ) 
V1(M)=$UM -CL*Y2(M)+3.65*6.7-3.65*Y1(M) 
V2( M) Y1(M)*G(M) +2.367*202.0-2.367*Y2(M) 
GO TO 75 

19 	IF (Y2(M)+1.0) 24,22,22 
24 	Y2(M) $ (RUM*(1.p+C1*3.65)+C2*GUM*G(M)+C2*C1*SUM*G(M)+C2*C1*G(M)* 

13.65*6,7+C2*(1.0+C1*3.65)+2.367*202.0) / t(1.O+C1*3.65)*(1.O+C2*2 
2.367)+C2*C1*CL*G(M)) 
Y1(M) s (GUM+C1*SUMC1*CL*Y2(M)+C1*3.65*6.7)/(1.0+C1*3.65 ) 
V1(M)SUM -CL*Y2(M)+3.65*6.7-3.65*Y1(M) 
V2(M) = Y1(M)G(M) -2.367*202.0-2.367*Y2tM) 
GO TO 75 

10  IF (Y1(M)+].0) 26912912 
26  Y2(M)'' (RUM*(1.O+C1*3.65)+C2*GUM*G(M)+C2*C1*SUM*G(M)-CZ*C1*G(M)* 

13•;5*6.7) / (1.O+C1*3.65+C1*C2*CL*G(M)) 
Y) (M) = (GUM+C 1  SUM_C l*CL*Y2 (M) _C 1*3.65+ 6. 7) / (1.0+C 1*3.6 5 ) 
If (Y2(M)) 34,35#35 

35  IF (Y2(M)-1.0) 36,36.37 
36  V3(M)=SUM -CL*Y2(M)-3.65*6.7-3.65*Y1(M) 

V. (M)  Y1( •I)*G(M) 
GC TO 75 

37  Y(M)= (RUM*(1.0+C1*3.65)+C2*GUM*G(M)+C2*C1*SUM*G(M)-C2*C1*G(M)* 
13.65+ 6. 7+C?* (1.O+C1*3.65) *2.367+ 202.0) / ((1.0+C1*3.65) +Cl*C2*CL* 
2G('1)+C2*2.J67*(1.0+C1*3.65) ) 
Y1(M)x(GUMa-Cl*SUM-C1*CL*Y2(M)-C1*3.65*6.7)/(1.0+C1*3.65) 
V1(M)-SUM -JCL*Y2(M)-3.65*6.7-3.65*Y1(M) 
VW (M)a Y1(M)*G(M) +2.367 '202.0--2.367*Y2(M) 
G(, TG 75 

34  IF (Y2(M)+i.0) 38,36,36 
38  Y2(M) a CRUM*(1.0+C1*3.65)+C2*GUM*G(M)+C2*C1*SUM*G(M)_C2*C1*G(M)* 

13.65*6.7-C2* (1.O+C1*3.65) *2.367*202.0) / ( (1.O+C1*3.65) +C1*C2*CL* 
2G(M)+C2*2.367*(1.0+C1*3.65)) 
Yl(M)E(GUM+C1'SUM-CI*CL*Y2(M)4C1*3.65'6.7)/(1.0+C1*3.65) 
V1(M)=SUM --CL*Y2(M)-3.65*6.7.3.65*Y1tM) 
V2CMI= Y1('i)*G(M) -2.367*202.0--2.367*Y2(M) 
GO TU 75 

16  V1(M)sSUM -CL*Y2(M) 
V2(M) = Y1(!°)*G(M) 

75 - J.M 
V2(M)Y2(M) 
Y1(M)aYl(M) 
V1(M)tV1CM) 
V2(M)4V2(M) 
W*O.0 
IF (J-2) 220,220#222 

222 LRl 
200 J=J-1 

L=L+1 
WsW+.0025*Y2(L) 
IF (J-2) 220.220.224 

224 GO Ttj 200 
220  E(M)s W+0.0025*y2(M) /2.0 

PUNCH 3, T,E(M),Y1(M).V1(M).Y2(M).V2(M) 
3 	FORMAT (6F10.4) 
555  T• I+0.0025 
510  C( ITINUE 

Si )P 
END 
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