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INTRODUCTION

While finding out the transient response
of a direct current machine the field winding 1s
represented by a resistance and an inductive react-
ance of constant magnitude, The differential equa-
tion of voltage around the field circuit is easily
solved comresponding to any type of input, either
step, rate or sinusoidal. The response in case of
a step input or discontinuity is found to be expon-
entiagl, This however, gives the response only app-
roximately. The fileld winding changes its inducta-
nce as the field current changes depending upon the
saturation. Change in inductance can be found from
the magnetisation characteristics of the winding.In
the differential equation which is of the form
Ly g%£-+ Rf #¢¢ = V, Lf changes with if and hence
 we obtain a differential equation with variable
coefficients, 3 methods of solution have been out-
lined viz. (a) Point by point solution (b) Method
of graphical integration and (¢) actual solution of
the differential equation representing magnetisati-
on curve by an approximate eQuation. The method
involving use of differential analyser has not been
indicated as its use is limited by the avallablility

of such a machine, |

, In chapter IV the effect of load



and the procedure for calculation of response in
case of loaded exciters have been discussed, In
the next chapter the various factors which effect
the response as also the methods of improving the
rate of response have been discussed,

In the chapter which follows, the method
involving point by point solution for the alterna-
tor field current when the exciter response is app-
lied has been indicated., 4lso the extent to which
exciter response increases the transient and dyname
ic stability of the system has been discussed.

Last 1y it has been attempted to calculate
the response of an exciter machine using all the

three methods outlined in the earlier chapters, Ihe
response as calculeted by these methods has been

compared to the response obtained by actual oscillo-
graphic recordy\ Using the same machine as a Separa-
tely excited exciter the effect of varying the ceil-

ing voltage on response has been studied,



CHAPTER 1.,

DEFINITIONS AND DETERMINATION OF EXCITER
RESPONSE OF CONVENTIONAL MAIN EXCITERS
USING POINT BY POINT SOLUTION

lel. Definitiong:
A. I, E, E,, defines'ﬁmwﬁ

as the rate of increase or decrease of the main exci-
-ter voltage when resistance is suddenly remowed from
or inserted in the main exciter field circuit.

The response may be éxpressed elther in
volts/sec., or in per unit voltage per second. When
expressed in per unit voltage per second the base
voltage 1s not usually the rated voltage of the exci
~ter but the nominal collector ring voltage of the

main generator.

Nominal gollector ring yoltage is the 'volt-

-age required across the collector rings to generate
rgted kilovolt-amperes in the main machine at rated
VOJtége, speed, frequency and power factor with the
field winding} at a temperature of 75 degrees cen~

-tigrade, '



For a particular exciter the rate of volt-
-age build up or the response depends upon (i) Type
of exciter (i1i) the speed of rotation (4ii) Whether
the exciter 1s self excited or separately excited
(1v) If separatdly excited, its initial field circuit
voltage and resistance (V) The initial armature vol-
-tage and current (vy) The amount of resistancecut
in or out of the field circuit (v14) The load on the
exciter during build up or build down. This load is
determined not only by the Bharacteristics and the
field circuit oftie main generator but also by the
transient field current induced by sudden changes and
the armature current of the main generator,

(viii) Whether the rate of response is for build up
or for bulld down.

Even with the foregoing conditions fixed
the response varies from instant to instant during
the process of build up or build down. The exciter
response for a particular exclter, therefore, depeids
upon a number of factors. For approximate comparism
of the effectiveness of diff. excitation systems it
1s, therefore, necessary to define a 'nominal excit-
=€r response' which is a definite quantity for a par-

-ticular excitation system.



Nomingl exciter response:- This is defined

as the"numerical value obtained when the nominal

collectbt ring voltage is divided into the slope,

expressed in volts per second, of that straight line
voltage=-time curwe which begins at nominal collector
ring voltage and continues for one half second,under
which the area is the same as the area under the no-
load voltage increase time curve of the exciter stan

~ting at the same initial voltage and continuing for

the same length of time,'
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The actual voltage build up curve a e d,
starts at nominal collector ring voltage o a, where
the reference time represented by the ordinate o r is
reckoned as the instant at which which the regulating
resistance is short circui-ted Straight line a c, is
drawn so that the area under it is equal to that under
the gctual build up curve during the first half seco-
-nd i.e. area ab ¢ = area abde, The nominal
exciter response is then the slope of line a ¢, 1in
volts per second divided by the nominal collector ring
voltage in volts,

While defining the nominal exciter response,
the area under the voltage build up curve is taken ;
since when the exciter voltage is applied to the field
of the main generator of which the resistance is small
the change in flux produced is given by

A = Itedt
o

In practice the quick response excitation is
applied for a time of the order of 500 msecs R and
hence t 1s taken as 500 msecs.

The nominal response is defined for build up
rather than build down because during and immediate-ly
after the presence of a fault it is necessary'to incr-

-ease fleld linkages of the main generator to improw



_ﬂfy 1
system stabllity which necessitates an increase in
exciter voltage.

Also, since change of voltage caused by
load 1s not great whereas exciter response can be
more easily calculated or determined from tést in
case of unloaded exciters, the above definition of

nominal exciter response is on the basis of unloaded

exciter.

1.2,  DETERMINATION OF EXCITER RESPONSE FROM DESIGN
DATA USING POINT BY POINT SOLUTION

Froum considerations of power system

stability the excitervoltage build up is more impom

-tant than voltage build down because in case of
faults or other system disturbances it is necessary
for the field flux linkages of the main generator to
be increased. Though the exciter response for load
-ed exciter is what is actually wanted, the calculs
tions are much simpler for unloaded than for the
loaded exciter., In case of separately excited exci-
ters the voltage-time curves for the loaded and une
-loaded conditions differ by a few per cent only.
For these reasons the build up of voltage
of unloaded exciters would be analysed first and
that of loaded exciters will be considered later.
RESPONSE OF UNLOADED EXCITER;- RTC.



When a shunt or compound wound d.c.generator
is used as exciter, the exciters may operate elther
self excited or separately excited. The excitation
of a separately excited exclter may be supplied by a
rectifier or storage battery but ordinarily a pilot
exciter is used, The pilot exciter is either a flat
compounded d.c. generator or a rotating amplifier.The
main exciter is directly coupled to the main generate:
and the system is known as unit exciter scheme. The
circuit diagrams for separate ekcitation and self

excitation of the main exciter are given below :

¢ | f Fe
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Fig. 1l.24: Self excited exciter.

>~ F
L '[ tf
MAIN FIELDOE
e ALTERNATOR
7 )
g

Fig. 1.2B: epar e cit

CONSTANT T
VOLTAGE N
SUPPLY 3
FROM PILOT |
EXCITER




i -
o

The equations of the voltages around the

field circuit and the main exciter will be

N 4 Qf - for self excited case.
dt + Ri - ¢ e Lla

and Nddf , ri = E for separately excited
dt Cas€:s  mmee= - 1.2,

where N 1s the number of field turns in series
¢f is field flux in Wwebeys
R=is the field circuit resistance in ohms
i= field current in amperes
E= pilot exciter e.m,f.

e= main exciter armature e.nm.f.

Presently it is assumed that the pilot
exciter is 1denlly flat compounded so that E 1is
constant. ¢f is the total field flux per core.
Part of it does not cross the air gap and link the
armature conductors and condtitutes the leakage flux,
d1. The rest of the flux ( ¢f - ¢;) crosses the air
gap and links the armature conductors thus constitut-
-ing the useful flux ¢a. This induces an e.m.f.

e = 'Qﬁzgg_- . p/a volts in the armature of the

main exciter or e = K.(ba_. where K = ZNP
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Where Z = total number‘bfﬂérmatafé condtics.
N = gspeed of rotation of exéiter(RPM)
p = number of poles
& = number of parallel paths through
- the armature.
Assuming leakage fluxes to be confined who
-1lly in air paths, effect of saturation to a certain
approximation can be neglected. Leakage flux can,
therefore, be considered as being proportional to the
field current its effect being taken into account by
assuming an equivalent constant leakage inductance LL
henries. Since ¢f = ¢a + ¢

¢f=¢a+_l%_,_1_

& dt N Tat

or f _ 1 . de L _di_
%%---g- T T &
Combinwing this in equations (1.1) and (1.2)

glves.,

de , Ly 41 , R4 = e...1.3 for self excited
dt at case,

N.
K
and L
N.desL 8L 4Rt = E...1.4 for separately
K dt at excited case.

€ 1is a nonlinear function ofi given by the



magnetisation characteristics A solution for e as

a function of time would give the required response.

SOLUTION BY POINT BY POINT CALCULATION

1,24, SELF EXCITED EXGITER;-

The differential equation is given by

N,de+ I dl Rl = e
K E% dt

On replacing the time derivative de and di ,t

ratios of finite increments,

LAe and _41 respectively
at JaN

and solving for At glves

N, 2e Ly, &L+ Rl = e
K 4t At

or 1 | N de+ Lj A1 [=e-R
ot | K ‘

dt dat

Fige 1.3.A.
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Fig., 1.3.8

The ordinstes of the magnetization curve
are divided into increments Ae, above the nominal
collector ring voltage. The corresponding increments
in 1 i,e. o1 are found out. The average values
for the interval for e and 1 are used in the de-
-nominator of equation 1. S,Tfind out the time t ,
required for the voltage to rise by 4e, The curve
of voltage versus time can be plotted from the incre-
-ments of voltage and time staring at zero time with
the known initial value of voltage. During the last

Intervals shaller intervals of Ae, can be taker for

obtaining an accurate response, The use of average

values of e and 1 instead of values at the begi-
-nning of an interval greatly reduces the cumulative

error.
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1. 2B. SEPARATELY EXCITED CASE:-
g @L The differential equation is given by
’ l
4 E. g£+ g-l Ri = Eo.oo-oo
Sl A
F§-4  Replacing de by Ae and di by AL and
dt At dt At

for At gives

(N/K-)o Ae + LL . Ai
E - Ri

At —-.-"""'106

NOMINAL COLLECTOR
RING VYOLTAGE

e
f
/ ‘ >
I .
A —
Fc.'§. r5

Constant value for E 4is taken. The time
required At for the armature voltage to change by

an amount Ae is found and the response can be

nYrmbd



R 1is the field circuit resistance in ohms
and remains in circuit after a certain amount of regu-
-lating resistance r has been cut out by the act-

-ion of the voltage regulator.

1.3, CALCULATICN OF FIELD LEAKAGE INDUCTANCE Lj.

Figo 1. 6.

Let 0O.4% AT = 0.47 I¢.Te. be the total
m.m.f. due to one pole = M], say, This would incm
-ease linearly from zero to Mj at the pole shoe as

Shomo



19

~
o e

1,31. Inductance due to leakage flux between
Pole sho€ to pole shoe

' : . K1, OuBrI T . bL .
$1/pole = 2X "L =oX = T f FR.
Reluctance Ll/bLp Ll

This 1inks with all the field turns Tg. and

2
hence linkages due to this = O°8¥ Iti?f' b‘EE_-
/
Linkages per
Inductance due to this = gmpere of currernts
CAUSING THE flux

OQ STT :"bo
= —%; Lpbmndas

------ s l. 7-

1.3, 2. Inductance due to legkage flux
between shaft to sﬁa%f

Considering a strip of height dx at
a distance X from the bottom, m.m, f, = 0.4w'IfoQ&.
h

L
Reluctance of the strip = p._dx .

Leakage flux in the strip = O.4rIeTe L, o XgX,

fts

This links with Tf. x/hp namber of
. field turns.

Linkages = Oudw IgTe2 Ly, ,2

h§ Lo



. ’n!., 1 6

L
2 p
Ov4rm],T hp
1 2L, I XBax
0
L 3
0.471,T,2. _“p.Bp

3hg?.L2

i

Total linkages

.

Total linkages per pole = 0.4wIT¢? Lp.hy
3 [ ] L2

= 0.8r IpTF L) b
3L, Inductance due to this

2
= O.8r Tr FP'hP henries
3L,

hadiedesd il W 1.8.

1L.3.3. Inductance due to Leakage flux between
Pole shoe to pole shoe at end.

\
s

Y Sadaintundy RN
| LRI
=T .
| | -@—*—L'—'—) | :
' ! | I
I.Pl |‘ ] TP i :
K—bc——*—)'l | I
! | i |
TbP | ! '
t, t— Ll —t !
L ' 7y '
\
\NozzTTTind

s wma m e -

Figo 1.7



For purposes of calculation it is assumed
that flux lines follow' paths which are circular of
ragdius y and then straight lines of lengths L, .
5qch leaiages take place at both ends and hence at
any distance . | _ »
| Leakage flux per pole in the strip of
width by |

= 2 ML, bdy
'gy v Ll

0.8% Ifog b dy.

11')( » 'Ll

For a strip dy considered at a distance y

from the other end there will be linkages =

2
008‘” Iquf. b dy

Ty * Iy

Total linkages per pole

b
/2
= Ler 12 b J oW
o LA L, b
2

- 01 {e o

P/

0
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= 1.6 Iy Tp2 b X 2.3, logyo(1+r/2.0p/L,)

2. |
= 3.6 Ir Te" b logyy(1+ /2 bp/Ly) !

Inductance fiue to this

= 3.6 T,% b log,, (1* 7/2.Pp/Ly)

When a constant air gap pole is not used
b 1s not the same at the centre and the ends and

is ¢ 1-l-b
s taken - b 2,

2

1.3.,4. Inductance due to leskage flux at ends
from pole shalt to padle shaltt

dy 2 T2 TTIIN | Leakage fluxes such
"".ﬂl’“:ﬁ; _____ - as (¢4 would be
| ' present along the
t -/ o length hp of the
i dx pole shaft.
b f— |
) x At ht. x the mmf,
i ans causing leakage flux
l N in strip dx

]
(L:M/NATED POLE SHAFT
| =o4nT X

hop

Fig. 1.8.



Flux in width dy = Od4wr IfTe. X
hp 7y *le

This links with Tg.X no. of field turn

hy

and hence linkages
= 0.47' If,Tfa.Kz . ax . dy

Ty T M2
Linkages in width be/2 at a ht. x
= 0‘417 1f.Tf2' * J‘ d!
hp2 o WY+L2

2 .
= 0.4m LTy X2aK | 2.3 log),(1
- "

+ w/2 bC/Lﬁ )

2
= 0.9 Ig.T,.210g,,(1+7/2 be/Le)  XdX

h 2
P

For ht hp the linkages

2 l
= 049 I.Te" logyn(1tm/o be/Le) gn

hp?

2h
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Per pole core there wlll be 4 times of this

linkages

Woemmmamy o 1. 10.

. Inductance due to this =

3,6.T¢2 Bp, log (1 + /2 by
3 Lo

Total leakage inductance per pole

I, *

3L2

b logyo(1tr/gpp) + hp logy,(1+m/p
Iy 3. ﬁ-)

1.4. , ALCULATLON OF RESPONSE BY POINT BY POINT
CALCULATION ASSUMING CONSTANT COEFFICIENT
OF DISPERSION

In the foregoing analysis leakage flux
was assumed proportional to the field current and its
effect was teken by assuming a constant equivalent
leakage inductance. Effect of saturation on leakage
flux was neglected by assuming leakage flux times to
be confined mostly in air paths. This assumption is

not wholly Justified because leakage flux is to some
extont affeckol by  sabuvolon TRoWSh rot o The &



extent as armature flux. The exact extent to which
leakage flux is affected by saturation is not easily

estimatable and hence implifying assumptions are

made. To tgke into sccount the effect of saturation

the leakage flux 1s taken proportional to the grmat=
-ure flux, This definitely over estimates the effect

of saturation on leakage flux because the leakage
flux is less affected by saturation than is the arms-
ture flux because the highest saturation is found in

the teeth and the former passes mostly over air paths.

The exeiter respcnée however calenlated by this assum

ption does not lead to much error.

The field flux Qf = ¢a + ¢1 18 taken=c"-
""" lo 12-

Where 6 1is the coefficient of dispersion,
its value ranging from 1.1 to 1.2.
The equations for voltage around the field

circuit of the exclter were

N QE%£.+ Ri = E for separately excited excit

end NdOf L Rl= o for self excited exciter.
dat

On substituting equation 1.12 we get

Feada, Rl =E op e,
dt

Also e= {@g, Zn , p/g =K da.
€0

o.o M, de+ Ri =E or €
X dt



On replacing de by Le
dt At

%

. 4e 4 BL = F or e.
K At

'.'Atsﬁﬁe-'. l
K for self excited case ...

e - RiL
Ae
E -« Ri ) exclted case,..!.14
e]
v
| __ Qe
e
¢ —pf
i
FA?’ —{
.
Fig0 109.

Finite increments of say 10 or 5 volts
are given to Ae and corresponding average values

of e and 1 are found.



At for each increment is determined 7

which is the time required for armature voltage to
change by an amsunt oae, The curve of voltage ver-

sus time can be plotted from the increments of volta=-
-ge and time starting at zero tinme with the known
initial value of voltage.

In case of separately excited exciter e
need not be determined since the constant value E
of the pilot exciter»is to be used in the denomeng-
tors of the equation t =_(68/K) Ae.

E- R

In ¢ similar way response for this can also

be plotted.
5. CALCULATION OF NOMINAL EXCITER RESPONSE

By using either of the methods déscribed
earlier it i1s possible to obtain the voltage build up

curve starting at nominal collector ring voltage of

the main machine. The area under this curve during

the first 500 milliseconds can be measured by a

Planimeter or found by couiting squares on the graph
paper. If the curve has becn calculated by the point

by point method, the area under it is readily calcula-
ted by summing the products of each ot by the avere-

age value of voltage e for the interval.



Referring to the definition of nominal
cxciter response it is necessary to find the slope |
of that straight line under which the srea during
0.5 secs. is equal to the ares under the voltage
time curve during the samc time. The slope of such
a straight line is given by D¢ - bec = 2bc.. msay
(Ref. Fig. 1l.1.) a0

If the areas under the l1ine and under the
curke are equg? they will still be equal 1f the area
of the rectangle below nominal collector ring veltage

1s substracted from each, Let the remaining area

abdea under the curve and sbove this voltage be
denoted by A.
be

A= é {ab)(bec) = % (0.5) be = T

The slope of the straight line ac. expressed

in turns of the area A 1s m = 84, |

It is not necessary actually to draw line
ac, because its slope can be found by measuring area
abdea under the exciter build up curve and multiply-
ing it by 8.

Finally the nominal exciter response 1s the
slope thus found divided by nominal collector ring

voltage,



CHAPTER 1II.

CALCULATION OF RESPONSE BY METHOD OF
GRAPHICAL INTEGRATION

9 1 SEPARATELY EXCITED EXCITERS$-

% 1A Assumption of constant coefficient of
dispersiont

The differential equation for such a

case was given by

gN , _de 4 R =E
K dt

where N = number of field turns in series

K = Znp
0. ae

and g = constant coefficient of
dispersion.

Rearranging the above gives

agr __ . —8€. = E
X i E - Ri.

Let the armature voltage and field current

build up from a point on the magnetisation curve - -

having coordinates i, end e, to a point having

coprdinates 12 and e,
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ez ______ r = - l
I
o I
Ae |
- |
eT :
()]
el--- : »
|
| i
|
[ ‘
| L
| : .
0 G, 1 L
—>
Fig. 2.1,

Multiplying the above equation on both
sides by eo/E glves

d BN eg

362
K “E-

—— .1.

E

. de = o, -
it 2

R 1is the resistance of the field circuit ar
and remains in field circuit after the regulating
resistance has been short circuited.

E/R = i,

If a straight line is drawn from the origin to

the final operating point (12, e;) then the slope of
K Corresponding to any
such a line would be ep/ 1,
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pt{e,1) on the magnetisation curve QR would repre-
sent °2,4 and PQ would represent €2 - ©2 ‘1.
iz iz
This can be determined for different values of 1
and this may be designated by sne . The quantity
%g has the dimensions of time and way, therefore,
o be considered as the ' time constgnt'. Due to
the magnetisation curve being nonlinear the build up
of the armature voltage e or the field current 1§
1s not exponential and hence T can not be given the
same interpretation as the time condtant of a linear
circuit,
The differential equation may therefore, be
put in the form o de . Ae

dat
where Ae 4s a function of e.
= m g€
Therefore dt : T e
and t=1T ) 98  ........2.2

This is the time required for the voltage
to build up from its initial value e, to any valuee,
As explained earlier Ae for different values of e
can be obtained and hence 1/ ae can be plotted as

a function of e.
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Fig. 2.2.

The integral ée %?s i1s given by the area
between the curve and the e axis between the lower
1imit e, and a running upper limit e. Thus the
above integral can be graphically integrated and thc
time required t for the voltage to build up to a
value ¢ can be determined and the buil£¥;nsgonae

can be plotted.

2,18 EFFECT OF SATURATION ON FIELD LEAKAGL
NEGLECTEDs

Assumption of condtggﬁaegkage inductance:

The differential equation on this
assumption for separately excited exciters was deri-

ved earlier and was found to be



E.*..@-#— Qx'{- =
prat gt M E

On rearranging this may be written as

N L = E -
Koa—%-(a'a'—ﬁioi) E Ri

is a constant which when multiplied

by 1 will give a certain voltage which may be desi-
gnated by e .

Hence N , _@& + e E-
g'gtlete)=FER

Maltiplying both sides by eo/E gives

- 2
%‘%"'a%(e*e‘)”z €
or T %E(e +e') = Aa, cmgemenss 23

t

Te
Where T = —2 and Ade ey = ?ﬁg oi.
KE E

The time constant in this case is defined
differently than it was for the analyst Jased on
constant coefficient &f dispergion., Ae is however

the same and may be given the same interpretation.

A straight line such as ON having a

slope of .I%'«ﬁ is dramm. Corresponding to sny value

of 1, PQ gives Ade and I3 gives e+1'i1{,,;§i

= (o + of),



Figc 2.4,

7}; can be plotted as a function of

>

(e+ e%

(e+e)
/ € ol(e+e)

s (et e')‘

Y

Vae

o, 9_A.

e+ e



e
The integral t = T d(e +e')
ey Ae

can be evaluated by measuring the hatched area ,
for any value of e and subsequently the res-

ponse can be plotted,

el
ez ————————— -
ACTUAL BUILD up
RESPONSE
€
t

Figo 2q 6.
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2,2.  RESPONSE OF SELF EXCITED EXCITERS BY THE
METHOD OF GRAPHICAL INTEGRATION

2,24 Assumption of constant coefficient of
dispersions

The differential equation for such g

case was found to be

Qe \ FIELD RESISTANCE
LINE

R(

Fig. 2. 7.

If the regulating resistance is suddenly
short circuited at a point on the magnetisation curve

given by e ;2 then depending upon the actual



t -
- a
e N

field circuit resistance R, voltage would build-up,
up to the point given by the intersection of the mag-
netisation curve and the field resistance line, Thils
point of intersection gives the final point (2) upto
which bulld up in case of self excited exciters would
take place,

Corresponding to any field current e, Ri ,
and hence Ae can be found, And 1/ o e can be

plotted as a function of e

Fig. 2.8.

.
The time t = T [ de required for the
e 7AY -} ~

voltage to build up from the initial value e, to
a certain value e can be determined by finding out

the hatched area shown above and multiplyimg it by T.



!"q. ..' 3 6

The time constant for the self excited exciter 1s
different from that of the separately excited exci-
ter in that it is in-dependant of the final value

of the armature voltage, Lhe response can subsequ

ently bs plotted.

2,2B ASSUMPTION OF CONSTANT LEAKAGE INDUCTANCE

The differential equation for such a

case was derived as

N, de+ lLaL
K at ag TR =e
or K dt LRy .
X dt(e+ 1)-8-Ri
N
or g._g 1 = -
K ‘3t (e+ e') = (e~ Ri)
]
or I d(e + e') L@, ====- meemee e 5
dt _
EA‘ |
Er-————- ==

4,|/FIELD RESISTANCE
' LINE

~ e —_—_— - ——— - — —

Fig. 2.9,
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Corresponding to any value of 1, Ae and

(e + e') can be found.

—h~ can be plotted against (e + e')

Ae
(e+e))
(e+e’)‘
fed(e-c-e’},
er Ae
(en*e/)
Va o
i/
Fig. 2. 10.
e 4
t = T J d(etet)
e Ae

The time t required for the exciter arma-
ture voltage to rise from e, to e 1is determined
and subsequently the build up exciter response can be

plotted, 3 el

EXCITER RESPONSE .
CURVE F‘éa 1.
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2.8.  ALTERNATIVE METHOD OF CALCULATION OF EXCITER

RESPONSE USING STEP BY STEP INTEGRATION:

The differential equation for the voltage
around the field circuit of the exciter can be expr-
essed as

Rt + ...‘.1..1-_- € or E
dt

E 1is the voltage of the pilot exciter and

is to be used in case of separately excited exciters
g:_t! = e 01’_ E - Ri - “‘00206

¥ is the total field flux linkasges and
consists of the useful alr gap flux linkages which is
proportional to the exciter armeture e.m.f. e and
the field leakage flux which upon assumption of no
Saturation may be considered as proportional to the

field current.

*e ¥ = Ke + Kéi where K; and K,
| | are constants.
Equation 2+6 shows that the time rate of
rise of ¥ 4is proportional at sny instant to a for-
-c¢ing voltage which is given by the vertical distance
between the termingl voltage curve and the field resi-

stance line corresponding to any given field current,



FIELD RESISTANCE LINE

NO LOAD SATURATION CURVE

TERMINAL
VOLTAGE

AB= E-RL=FORCING VOLTAGE

FOR SELF EXCITED EXCITER
DC=E-RL=FORCING VOLTAGE

FOR SEPERATELY EXCITED EXCITE

Fig. .12,

Since g&_, 1 from eqgn. 2.6
d e or E-Ri mmmmmnnny s 2, 7
and § = EKje + Kol mmmemes 0 2.8

for different velues of 4§, W and d&
d

can be obtained. %% can be plotted as function of I



Fig,. 2. 13,

In order to integrate t'ds curve § is
divided into increments of unit width. Increments
of time At are determined, From this,time req-
uired for the flux linka e to increase to a certain
value ¥ cen be found., A curve of ¥ against t
can be plotted.

After § 15 obtalned e can be plotted
a8 a function of time which will give the required

exciter repponse,



CHAPTER IiI.

SOLUTION BY FORMAL INTEGRATION

The differential equations of exciter
- armature voltage and field current were derived ear-

lier as

<N

CN de = assumed constant
i E or e (( erfictent of

d1spersion)----3, 1.

. di 4 = (assumed const.
+ at RL= B oiegkage inductance)

-----3. 2.

2

and

o
&l

E is the voltage of the pilot exciter and |
to be used in case of separetely excited excliters.

In these equations e is a nonlinear functior
of 1 as given by the magnetisation curve and hence

represent differential equations with vadable coeffi-

cients. A solution by formal integration requires
that the variable coefficients can be expressed in
terms of one of the varisbles and that the resulting

expression can be integrated by formal methods, This

means that the magnetisation curve must be represente

by an emperical equation such as the

Frbhlich equation e = 8l  accceee--- 3.3.
b+i
or the modified Fpohlich equation
ot

e = B¥T + ¢l eeccnce.. 3.4.



1.1, Constant legkage Inductgnce:

Frohlich equation gives e = N

b+l
On differenting w.r.t. time we get

- e §

Bubstituting this in egustion 3.2 gives .

%?%:{S’Z'”'l %a-m % F eweens3.5

This when intsgrated would yield a solution

in turns of current. On rearranging equation 3.5 we

é1 .
lgmz +Ip |01 = (E< R4) dt

or Nab _
K(B « $R)(p*y)

get

a + o, - dt.
. =

1

The first tarm y Can be split
(E «3R)(b +1)
into partiasl fractions
A B C

as = + 24
ke« fR (b+ 1) (b +4)
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The coefficients 4, B, C can be evaluated
from the following equations A-CR = 0
| A2 - BR+ C(E- bR) =0
Ab%+ BE+ CEb = 1

The coefficlents are soldal for as

R
A =
(E + Rb)2
1
R = .
(E + Rp)
R
and C = o
. ( E+ Rp)

Substituting in the main equation we get

Nab RZ Nab |
- 5 aL * di
K(E + Rb)“(E -4R)%

K(€ +Rp) (p + 1)2

Nab R L
+ 2 P — - a1 = dt.

K(E + Rb)Z(b + 1) (E - 1R)

When integration is carried out we get

Nab R E - 1R) Nab
X(E + ") 2 log '® = VK (E+bR) (p+1)
+ Nab R
KEs Rb}E log (b + 1)
- b

Llog (E-1R)= ¢t +C
R



Where C 1s a constant of integration.

The equation can be rewritten as

‘Nab '* Nab R
KEFRR (D + D) K (E+ Rpyz 108 (b + 1’_

Nab R 1
K(E + Rb)2 R

log(E-iR) = t + C,==<3,

To simplify let

Nab
Kl =
K(E + Rb)
Nab R
K =
2 K(E + Rp)2
K:B = Nab R LL

+
K(E + Rp)2 R.

Inserting these constant the equation 3,6

reduces to -%%:17.+ Ko log (b+i)~ K3 log(E-iR)=t+C

The integration constant C can be deter-
mined assuming the field current to be 1, at t=0
when the discontinuity is impressed

lee. at t=0 1 =14,
On substituting

!

b+il

C=a

+ Ko log (b*i;) - K3 log(E-{,R)
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Substituting this in the equation gives the

final solution as

b+i s 1 E~Ri, )
b+i,+3 o8 k- R1 |

This gives the time cumeent relationship or

t= (ﬂ.-él,*xz log
2

the response of exciter field current, By referring
to the magnetisation curve the voltage build up curve
can also be readily found,

Instead of sloving the'equation for g
current it could be possible to solve for e and by
procedure similar to gbove a solution for e can alsc

be found., =2 CONSTANT COEFFICIENT OF DISPERSION

al
bti

Frohlich equation gives e =

This substituted in equation 3.1. gives

0 Ngb.. di +RL = E  mmemem- 3,9
K(b+1)2 at )

This is identical in form with equation
3.5 with Ly = 0. Hence the constants in the general
solution may be directly written as |

G Nlab » RN RKi
K, = andK2=K3=& ==

The solution for time current relationship becc

K (b+1) (E=-Riq)
t= fl._.. - - +Kplog L
b ¢+ 1 b +4 (b+11)(E -Ri)
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L T

Fig. 3.1.

Determination of Voltage response curve from

Magnetisation current and field current res-
ponse curve,

Simjlar formal solutions for (1) or (e)
can be obtained in case of self excited exciters also
by using e 1instead of E 1n the differential equ=
ations 3.1 and 3.2 and using Frohlich equation.
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However, this method invidlving formal
integration is not so much used as the point by point
calculation method or the mhthod involving graphical
integration. This method demands the mangetisation
curve to be represented by the Frohlich equation
and hence accurate estimation of the constant a and
b. The two methods described earlier do not involve
ccumbersome calculations and accurate results are

obtained with more ease and lesser calculations.



CHAPTER 1V,

4,1, CALCULATION OF RESPONSE UNDER LOADED CONDITION

Most of the cases for which the excite
response 1is desived.. are concerned with sudden chane
ges such as suddén short circuits in the armature
circuit of the synchronous machine. In case of such
sudden changes the field linkages of the synchronous
machine would tend to decrease till the circuit brea-
ker operates and the fault is cleared off. Under
these conditions high rate of exclter response keeps
the field flux linkages of the afternator mearly
constant. The field current of the atternator and
hence the srmature current of the exciter increase
a considerable amount. This high value of exciter
armature current may be assumed to remain substanti-
ally constant during most of the period of exciter
build up not only because of the high inductance and
therefore -+ the time constant of the alternator
field but also because of the increasing effect of
the exciter build up. By assumption of constant
armature current during build up the analysis is
facilitated,

The terminal voltage of a loaded exclter
differs from the voltage of the unloaded exciter
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with the same field current because of the effects of

armature resistance, brush drop, armature inductance
and armature reaction. If the grmature current of the

exciter 1s constant which 1s assumed during build up

then there is no effect of armature inductance, The

armature resistance drop and brush drop are constant.
Modern exciters have interpoles and the bmu-
shés are set on neutral zones consequently the magniti-

sing or demagnetising effects :of armature reaction
are muffified, If compensating windings are also pro-

vided then the cross magnetising effect of armature

reaction 18 also counter-scted, However when compen-

sating windings are not provided there is a demagneti-
sing effect of cross magnetising ampere turns of arma-
ture reaction. This effect is to be taken into account
for determining the response under loaded conéitions
and is discussed below:

The m.m.f., of armature reaction produces an m.m.f,
that varies linearly from the polar axis, one side

being positive, the other being negative.

’
7’

)
[
|
M.M.F. OF ARMATURE M
REACTION |
N
-
| P/
|
,  Q
|
| 4
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MN represents the maximum magnetising m,m.f. at one
pole edge and PQ the maximum demagnetising m.m.f.

at the other edge.,

NO LOAD VOLTAGE
|/
__.‘. | ol —4_1
Q-)H:——MN

I
|
|
|
I
4| O LOAD MMF

N
&

I
L
C _— MMF

F1G, 4. 2.

Due to saturation it is observed that the
higher m,m.f. dbes not increase the flux on the right
hand side as muchas the lower m,m.f, decreases the
flux on the left hand side. 4s a result the total
flux per pole and the generated voltage are decregsed
from the value indicated by O0C to that indicated
by AC which is obtained by integrating the area unde
the curve DOB and drawing 12 so that the two triang

ular areas are equal. The extent to which the averag

flux or voltage is decreased can be indicated by a



ARMATURE VOLTAGE

'distortion curve', such as indicated in the curve
as belor,Fig. 4.,3. This effect is most pronounced
in the region of the knee of the saturation curve,
as at both higher and lower field currents, There
is tendency to add on the one side of the pole just
as much flux as is subtracted on the other,

From the distortion curve if the constant
armature resistance and brush drops are substracted
the load saturation curve for constant exciter arma-

ture current is obtained Fig. 4.3.

NO LOAD SATURATION
CURVE

7 FIELD RESISTANCE LINE

DiISTORTION CURVE

LOAD SATURATION CURVE

CONSTANT VERTICAL DISTANCE =
EARMATURE RESISTANCE DROF
+8RUSH DROP :

FIELD CURRENT .
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While calculating the load response, the
Joad saturation curve and the distortidn curve are
used instead of the no-load saturation curve, Deta-
-11s of calculation of exciter response under loaded
condition by method of graphical integration as are

follows:

a) The variable of integration e 1is
taken from the distortion curve instead oé the no-

load saturation curve.

b) For an internally ihduced armature

voltage e, the noload field forcing voltage 1s
given by E'F' (self excited) A'F'(separately excited)

Under load the field forecing voltage is given by EF
(self excited) and AF(separately excited). This is
on assumption that the noload ceiling voltage is
same for both kinds of excitation,

c) By method of graphical integration
or by point by point calculation respense of the
internal voltage e of the cxciter can be detefmined.
This i1s usually sufficient, If however a curve of
exciter terminal voltage versus t 1is wanted it can
be obtained by substracting the constant armature

resistance and brush drops from e - t curve,



4.2, SUMMARY OF EFFECTS OF LOAD UPON BUILD-UP
BXCITER RESPONSE

The effect of both armature resistance
and armsture reaction is to decrease the exciter res-
ponse during build up, especially that of a self
excited exciter, This can be seen from figure 4.3,
which shows that for the same value of internal voltag

e the field forcing voltage o&e 1is reduced from
E'F' on no load to DF on load for self excited case.
This is due to armature resistance drop ai—¥He-demag-
notising efiocl of the cvoss magnetising svmature re-
acthmpe drop and the demasgnetising effect of the cross
magnetising armature reaction as discussed earlier,

When the method of graphical integration 1s
used and elther constant coefficient of dispersion is
assumed or constant leakage inductance is assumed, the
the time required for the internally induced voltage
to build up to any value e was given by

e e 1
t=7 de . t=r1 5 dlete’)
e, Qe e, ae

where T = O_—--z where T = -KN-

In both cases the field foreing voltage Ae
s in the denomenator of the integrand gnd the integra

representing the time required for the voltage to bui?

vt km A 48 dmAnsnand The effect of 1oad 18 therefm



to decrease the response of self excited exciters
considerably.

In case of separately excited exciter
assuming same ceiling voltage as in self excited
exciter the field forcing voltage is A'F' on no load
and AF on load. Ne 1is only slightly decreased
from no-load to load and therefore the response is
also slightly effected,

Thus with either kind of excitation the
exciter response is decreased by load. The effect
is much greater in the self excited exciter than in
the separately excited one however.

Besides reducing the response, load also
reduces the ceiling voltage. In case of self exclted
exciter it is reduced from MN to M!N' . 1In case of

separately excited exciter it is reduced from LM to NP



CHAPTER V

5.1. FACTORS AFFECTING RATE OF RESPONSE OF EXCITER

The differential equation used for
calculation by graphical integraticn as derived earlb-

er, was
e
de = A4Ae = '

This was on assumption of constant
coefficient of dispersion and was applicabler%oth
kinds of excitation i.e., self excited exciter as well
as separately excited exciter., The time constant T

for self excitation was JN
K

and for separate excitation JON_ %2
K

Where G, the dispersion coefficeint, N, the
Znp
604 a.

number of field turns in series and § = are
design constants of the machine.

With the separately excited machine the ceiling
voltage eo can be varied between wide limits by
suitable change of pilot exciter voltage, external
shunt field resistance etc. With self excitation the
optimum ceiling voltage is limited by £ield resistance
1tself,

With self excitation the time constant is fimec
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by the design while in separate excitatipn'the time
constant can be controlled over wide limits by suit-
able selection of pilot exciter voltage, external
field resistance and the field circuit resistance
itself, The time constant can be decreased at will
and the response rates can be increased in separately
excited exciter.

The response rate also depends on the
quantity Ae., This quantity for the two types of
excltation is given by

Ae= ep~ Rl = eg« .1, =--- separate exci-

tation.
andlde =€ =R = ¢ = i, - self excitati-
on.

] S

Assuming the same celling voltage it is
evident that Ae 1is larger for separate excitation
than for self excitation during the entire process of
build up or build down since e 1is always less than
€o except at the final operating point where the two
field forcing voltages Ae become zero, Separately
excited exciter machine has a higher response rate ove
practically the entire range. The gifference 1s parti
cularly pronounced during the first part of the transi
ent. Providing separate excitation therefore,increase

exciter response,
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SEPERATE - SELF
EXCITATION EXcitATION

100

Fig. 51

In a separately excited exciter the response
can be increased by increasing the ceiling voltage eo.
The amount of this increase 1s however limited by sat-
uration. The field current required to raise the ceil
ing becomes large and may have to be limited by consi-
derations of heating.

Response rate can also be increased by dec-
reasing the time constant of the exciter field circuit
which is

- TN 82
K°*° E.

This can be achieved by increasing the no,
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of parallel paths or by providing a new field winding
with ldger conductors and fewer turns. This would
reduce the number of field turns in series and there-
fore, the time constant T.

By increasing the excitation voltage E,
the time constant can be reduced. But an increase
in E means an increase in ip = E/R and hence of ep
By increasing R also, €o can remain inchanged, So
that an increase both in the excitation voltage E
and of the field resistance R in the same propor-
tion would decrease the time constant and hence incr-
ease the response,

Although decreasing the time constgnt z1s0
decreases the time reéuired for the exciter voltage
to build up from one value to ancther, the nominal

response is not affected in the same proportion,

5.2. SCREENING EFFECT OF EDDY CURRENTS
N_CALCULATION

In the foregoing analysis of calcula-
tion of exciter response the possible screening effect
of eddy currents set up in the iron due to the flux
alternations was neglected, This effect is uncertain
and depends upon the nature of the magnetic circuit of
the exciter machine and also upon the rapidity of flux



pariation. The effect is noticeable particularly
with thick solid cores of low resistivity but is
negligibly small with laminated cores of lowloss
irons, especially when the frequency of flux reve-
rsals 1s also small, Since the éddy currents con-
tract the change in flux during the transient,their
effect 15 glwvays to lengthen the transient process
and virtually to add to the time constant of the

circuit,
If the voltage time curve was found by

calculation in which the effect of eddy currents was
neglected, the calculated nominal response will be
too high., The exact calculation of eddy currents

is a complicated proposition and regorous inclusion
in the analysis of their effect therefore is not ecasy
Rudenberg suggested a pmacticzl way of approximating
its effect by increasing the time constants slightly
upwards. W.A,Leuts in his paper 'Quick Response
Excitation' published 1934 in 'Elec, Journal' found
valucs of nominal exciter response by test on excite:
vith rolled steel frames and laminated pole pleces
and compared them with calculated values and thereby
found correction factors for different values of noml
nal response. A relation is expressed in a graph of

the following form,
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ohe effect of eddy currents on the response

is small except at high values of response. If the
no-1o0ad saturation curve is obtained by test, the acct
racy of the calculated nominal response after applica-
tion of the correction factors can be expected to be -
within + 5§ Z_ of the value found by test.

These correction factors apply to the overall
effect of eddy currents on rnominal response and not
to individual ordinates of the voltage time curve.The
actual shape of the curve as found by test may differ

greatly from the corresponding calculated curve.
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5,3, EFFECT OF DIFFERENTIAL FIELDS ON RESPONSE:

Differential windings consist of a
small number of turns woumd on each pole so conne-
cted that the m,m.f. produced thereby is opposite
to that of the main windings. Figure below shows

their schematic arrangement, The extent to which

differential circuit reduces the response of the

exciter may be calculated as follows:-

MAIN
WINDING
Rw

ll T

WINDING

(Qmlom +0ottd)

Fig. 83.
Let 4, and 14 be the currents per circuit
in the main and differential windings.

am and ag be the number of parallel paths in the
two windings; Ty and Tgq be the number of turns

per pole on the two windingsop be the nukber of

poles of the exciter.

o
—
e
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The resistors Ry and Rg in series with
the combined main and differential windings respect-
ively may be included in the calculation by increas-
ing the actual resistances in each of the main and
by o R oundl ad Rel - Than TRe veoislannceo
differential circuitgywill be designated by the sym-
bols rp and rgq respectively. |
Referring to figure above the following

equations can be written

e= Rlag ip+ a3 14) + Ry ip+ @ o5,
dt

e = B(am in + &g 1d) + T3 1d + 9—%% wmaab, 2

¥y and P4 are the flux linkeges of the
two respective circuits,

If all the field flux cuts all turns then
P.T, |

b =

x (Flux per pole webers)
am

P Ty
x (Flux per pole in webers)

wd =
a4

or Vg Tq oy
Tm Inm ag

T, a
or wi d n '¢m """"""" 5030

Tn ag
I$ it be assumed that the two windings be
replaced by another windipg having the same number
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of turns and circult connections as the main windings,
then the instantaneous m,m.f, of this winding is the

same as that of the combination if

or

P
#l

in- 7. 14
' n

T
or im= 1+ 7@ cmmm- -—e 5e4.
m T"""‘m oid
On substituting 5,3 and 5,4 in equations

51 and 5,2, we have

e F: (R&m + rm) (i + :d id)“' R&d id t’m
m -"'"505. ’
d e= Tq Tq ap 4
and e= Rg (1+ 44 ) +(Regtrgligt S T B
Tp @ Tp ag dt
wwa=5,6
Maltiplying 5.6 by Tp ag gives
Tq ap
T, a T. 8 Ta
m "d e = m d R-am(i'.'__ id)
Td &m Td‘ am Tm
T a ay
+ md 140 Rag + 1g) + ___  emmmee =e- 57
T dt
d m

Substracting 5.7 foom 5.5 gives
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T r- T i
m &4 m 84
e ( 1~ ) = 1 Ray + rp — R.
Ta o ‘.
TR L L I N WP AR
m m
Tm 84
T4 &y

On solving for 14 in turns of 1 and
substituting the expression for 45 in equation 5.5

wve obtain
Iq T am &ad
1____,_2 l"‘R(;,""*;."")
T rq m d
&= .rmi + d!
dt
A A ikt i '508u
2 2 |
on a 2'1‘
where A =1 = ‘m e o 1 rpt( d = -ay)R
age’m® Td i gl g2

Equation 5.8 shows that the ordinary flux
linkage curve for the exciter and method of caluulatic
indicated in section 2,3 can be used if the coefficier
of 41 be used as the equivalent resistance of each
circult, 1 be the current read from the saturation
curve and the voltage across each circuit be multiplie

by the coefficient of e,
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In other words, the calculations for exciter
response can be carried out as though the differential
winding were not present except that instead of using

the expeession

ay

- = e «RlL to determine the forcing
dt

voltage, € should be multiplied by

T .
(1-__?_.__?1 )
- T Tq
A
an ag
and R by _L+R (g * vy
A
T2 ™ adz’Tz
Where A = ].--am d 1 S "
adTm2 rd adez

- am) R
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5,4. RESPONSE OF UNLOADED EXCITER HAVING ROTATING

PLIFIER EMF 1IN SERIES WITH ITS
SHUNT FIELD CIRCUIT

Instead of exciting the main exciter

separately from the output of a rotating amplifier,
1t is desirable to use some combination of self and
separate excitation of the main exclter so that the
rotiating amplifier can be removed from service for
maintenance without shunting down the generator unit
W.A, Hunter and M., TEMOSHOK in a paper published in
A I.E,E, Transactions 1952 Oct. supgested such a met-
hod by connecting the rot&ting amplifier in series
with the self excited shunt field, The fleld rheos-
tat 1s so adjusted that when the amplifier voltage

is zero the exciter operates self excited to supply
the proper field current for average load on the a.c.
generator. The voltage of the rotating amplifier
elther bucks or boosts that of the exciter armature,
as required for proper control of the alternating
voltage. The amplifier may be disconnected by a
transfer switch, the main exciter then being manually
controlled. The circuit of such an excitgtion system
1s given below and we shall proceed to find out the

response of such an excitation system.
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REGQULATOR

Fig, 5.4.
The equation of voltages around the closed

path is N%+ Bl = e + E.

The armature e.m.f, of the rotating ampli-
fier E 1is positive when boosting the armature e.m.f.
e of the maln exciter. If constant coefficient of

dispersion 1s used the equation becomes
G _d_ﬁ_ - - -
4 . gt- - (RL-8
or N Le= . -
X, af_ ¢~ (Rt~ E)

Qx
or A4t = _15.,) ae

""‘""“"5.90
(e + E - R1)

Ae 1s the change in e in time interval
At, Exciter response curve by point by point calcul

-}:ion similar to that already described can be deter-
mineAd.



CHAPTER VI

FIELD OF USE OF EXCITER RESPONSE

6.1. ANALYSIS OF AN EXCITER SUPPLYING THE FIELD
CURRENT OF AN UNLOADED SYNCHRONOUS GENERATOR:

SOLUTION FOR ALTERNATOR FIKLD CURRENT;

The simplest excliter-alternator prob-

lem results when the alternator is open circuited,

This eliminates completely the effect of the alterna.
[Fw old evirodor sin
tor armature circuit and the system which.The alter-
nator can be represented by a resistance and variabls
inductance and in fact the problem reduces to findin
the response in case of a loaded exciter, the load
being a fixed resistance and a ywaviable inductance.
Self excited case is only considered here while the

method can be extended conveniently to separately

excited case too,
When the machine is loaded the consta

ts of the armature circult i.e. the armature resista
ce and inductance as well as armature reaction enter
into the problem in addition to those of the load.
The effect of the armature‘resistance is usually the
most important and the leakage inductance of the
armature is ordinarily duite small and the reactance

voltage during the transients is rather insignificar
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The demagnetising effect of the cross magnetising

ampereturns of armature reaction has been discuss-

ed earlier and is accounted for by using the load

distortion curve instead of the magnetisation cur-

ve. The circuit to be analysed is shown below:

Figo 6. 1.

The differential equation on assumption of

constant coefficient of dispersion will be

or de

or

e-Ri"Rai-RaifO

e~ (R+ Rg) 1 = Ry 1f
Ao-Raif



Where T 1is the exciter time constant

Ry is the armature resistance of

discussed earlier.

the exciter.
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Ry is the field resistance of the
alternator.

Lr 1s the inductance of the field
winding wimding of the alterne-

t

Or,

The equation for voltage around the alter-

nator field ak» circuit would give

or

dig

Le 2

Le

at
dlf

i

dat

+

fl

Bfifze'.' R&j'a

¢ - iRy = 1, R, = Reip

€ = R .i-(R.&+ Rf) ifo

/
0€ - (Rg + Rp) ipe--

We obtgin therefore the relations

and

where

de
it

dif _ be'- (Rg +R¢) ig

dt

T

-
i

" Where Ae

and

gy
K

A

wmsaB,
-------- B, G.a
"""" L] 604
e -(R+ Ryl
e - Raoi



(R+Ra)Limery R Line 4 ]

tLOAD DISTORTION
CURVE
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|
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[ ROL'T‘e
! |

| |

1 l

—_— %)

Fig. 6.2,

The graphical interpretation of Ae and Ae
1s shown sbove, Based on the above two equations a
point by point solution can be easily carried throug
The response of alternator field current as well as
of the exciter e.mf. can be obtained.

The alternator field inductance Ly 1s the
total self inductance of the field winding and 1in
carrying out the solutions congnizance mustapd b e
teken of the fact that the load inductance is varia-
ble and is a function of the field current. The
relationship between the fidl inductance and the
field current must be known so that the proper indu
tance can be used for each interval in the point by
point calculations. In order to obtain the induct-

ance as a function of current a magnetisation curve
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or its equivalent must in general be available, The

inductance at a particular value of current is then
proportional to the slope of the curve at the point
being given by

- w 40
a‘-ifo
¢f Lf L}=Nil_(ff
| Lf=Ntan ‘\ d(j,
f 'y
Fig. 6. 3,

From the forgoing analysis it is possible to
determine the response of the alternator field curr-
ent and from the open circuit magnetisaﬁion curve
the corresponding armature voltage may be read dire-

ct1YQ



6.2, ANALYSIS OF EXCITER SUPPLYING FLELD CURRENT
———DF A LOADED ALTERNATOR[

The problem involving an exciter con-
nected to a loaded alternator e.g., an alternator,
supplying power to a system 1s considerably more
compiicated than the one previously diseusseed with
the alternator on open circuit, In this case the
effect of varying armature reaction upon field curr-
ent has to be taken into aécount in the solution.
Furthermore the nonlinear dharacteristics of altern-
ator as well as of the exciter should be included.
However, unless simplifications are made, the prob -
lem becomes quite unwiddy and a rigorous solution
1s seldom attempted, The most complete methods are
those described by V.Bush and R.D. Booth in 'Power
System Transients" in Trans, A 1.E B ,1985, Their
analysis particularly relates to the problem of
sudden load changes (balanced loads) but can be
extended to other types of discontinulties. Their
methods allow the effect of varying armature current
and nonlinearity and involve point by point computa=
tions utilizing primarily rather elaborate graphical
methods. In the approximations used in this problen
the field transient time constant in the direct axis
on open circult Tde' 1s considered constant..Theo-

ratdnnllv it could be possible to take into account



the effect of saturation on Tdo' 1in the point by

point analysis. Usually an average value of Tdo!'
over the range of saturation encountered may be used.
The general method of baendling exciter act-
1on in connection with alternators connected to power
systems 18 discussed in the pages which follow, It 18
shown how exciter response may be included in point
by point solutions of problems involving sudden load
changes end faults and consequently oscillations of

the synchronous machines.

6.3, RELATION OF EXCITER RESPONSE WITH
S==SURANSIENT STABILITY[

Upon the occurence of a 3 phase suddel
short circuit the field flux linkages immediately
after and before the occurence of the fault are the
same according to Doherty's 'Constant flux linkage
theorem', During the fault, however, the flux link-

ages decay at a rste described by short circuit sub-
transient and transient time constants Td" and Td'
1f damper windings are present. If the fault 1is

sustained for a long time, a machine may survive the
first suring of its rotor but becsuse of the conti-
nued decrease of its field flux linkage it my pull
out of step on the second suring or on subsequent

surings.
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If the excitation system is provided with
an automatic voltage regulator then the exciter emf
builds up, the time rate of bulld up being as discu-
ssed in the foregoing analysis. In the present ana-
lysis the effect of exciter response on field flux
11nkages,and therefore on the stability of the systen
would be investigated,

Kirchoff's voltage law applied to the

field circuit gives the equation

Eex' = Rf if + i&

dat
where BEey' 1s the exciter

armature emf involts
Bg  is the alterna
tgr field circuit tf

resistance in ohms, ’

i  1s the field Y
current in amperes.
Ve is the field
flux linkage in we- Fig. 6.4

-ber turns.
| WM
Multiplying both sides by —L gives

WMy dvf

WM Eex’ s
Pt .mf 1f+—ﬁ£ at - - - wmwe, Be 5




. o“e r,a‘ 7 ,Q

there Mf is the mutual inductance betwoen tho

field and the arnature winding.

Mg ip = Eq 4is the steady state interval

voltage and is directly proportional to tho ficld
current,

| ALIENT POLE
e 6.5 VECTOR DIAGRAM OF A S
Fla.65 Sy CHRONOUS MACHINE UNDER
TRANSIENT STATE

Pig. G. 6

TV Qe 2

Vector dicuiam of a salient pole synchronous machin
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Referring to the vector diagram of the
synchronous machine under transient state g new
fictitious interval armature voltage Eq' appears
in the quadrature axis,

This is the voltage behind the transient

reactance in the direct axis and is

E' g W"g . It is directly proportion-
q 1 '}
ff
al to the field flux linkage. During any transient

changes since the flux linkage W, of the fheld
wvinding remains constant immediately after the chan-

-ge ; the voltage Eg' would also remain constant,

Wwip §p _ Ler  WMe ¥ _ a0 Bt eeael.6.6

Re Re Lee

bince E%% is = Tdo' the open circuit trans-
ient time constant in the direct axis.
On differentiating equation 6,6, w.r.t. time

we have
LT [ S PURT: |+ N
Rf dt dat

Under steady state the exciter voltage Eex!'
{

Eex
would cause a field current if = =gF and an open

circult armature voltage = EE§;~§2£1.5 Eex say~-6.8.

Substituting eqns. 6.7 and 6,8 in eqn. 6.5 gives
Eex = Eq + Tdo! -djg-:. e 69

dt W WS W e G e A



Solving for the derivative, we get

dBq - Bex - B e . 6,10
dt Tdo!

Thus the rate of change of Eq' and theree
fore of the field flux linkage can be determined in
tarms of Tdo' and in tarms of Eex which 1s a known
function of time ¢,

In case of three phase sudden short circuit
at the armature terminals of a synchronous generator
the transient a.,c., component of armature current and
the transient d.c, component of field current both
decay exponentially with the transient short circuit

time constant Td!,

Td' = -%f- . Tdo',

During the short circuit the terminal volt-
age of the machine is sero and the direct axis short

circuit current
E.

I¢ = 49—
X4
Also Idxd = Eq
| Xat
Hence Ey' = Eq, .
q q Xa
or Eq = Eq". _}x_g.r - .- . - - ""'6011-

Substituting this in equation 6,10 gives

d EQ' Eex - EQ' . }d

e
2 A ' ma.ns
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Multiplying the numerator and denomenator

of RH.S. by Eq' - Xd' we get
Eq Xd

s 6e 1

For a fixed ratio Eq' this equation shows
EQ_
that Eq' varles with a timg constant (Eq'/Bq)Tdo’.

-

and hence the time constant is Td'. On open circuit

For the condition of short circuit §31_=Xd'
q

Egq'_ , and the time constant is Tdd.
Eq'

Using point by point calculaticn the quadrat-
ure axis transient wyoltage Eq' can be obtained as
functions of time 1f the exciter rate of build up 1.e
Eex(P) is known .

VOLTAGE PER UMNIT

!
. E?}: Eex

TimE t (SECS)
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Figure 6,6 shows the plot of Eq' as £(t) for
two cases, (1) when the exciter voltage Eex is assu-
med constant 1.9; voltage regulator action is absent
and (11) when voltage regulator action is present and
the exciter voltage is assumed to build up linearly.

In the second case the voltage regulator
cguses the flux linkage first to decrease more slowe
1y and then to increase. As a result e machine whigh
does not go out of step on the first few surings will
not go out of step cn subsequent surings of the same
distrubance.

The standard value of exciter response is
about 1.,0. unit 1.e. 100 volts per second for a
125 volt exciter. More rapid Tates up to 20 units
f.,e. 200 volts/sec, or still faster rates up to aboul
5'0units or 500 volts per sec. can be provided!Super
excitation' with response as high as 6000 to 7000 voll
gec, on a 250 volt field (30 to 35 units) has been
attained. This ultra high rate of respongse has been
employed on synchronous condensers. B,ﬂﬁgg;k_aag
E,H, Bapker in A.I.bk,E. Trans.1929 have shown that
a moderate exciter response of gbout 1 unit 1i,e. 180
to 280 v/sec. for 250 volt fields is usually sutfick

ent to prevent loss of synchronous on other than the

first suring. They further state that the gain in
stgbility limit due to a higher response than this



19
1s small in comparison with the gain detained at the-

se moderate values of response, ihe power which cou-

14 be carried without loss of synchronesin on'the fir
st suring after the occurrence of a €ime to ground
fault on the generator bus with fast enough exciter
response(about 600 volt/sec) to maintain constant
field linksges was found to be only from4 7/ to 6 7
gréater than the power that could be carried with
exciter response (of 150 - 200 volts/sec.)sufficient
to prevent pull out on the second suring. Neverthe-
less, it 1s sti111 true that the higher the speed of

exciter response the greater is the power limit,
Floyd and Sills have also shown that the

gain in stability by using a response rate higher
than 1,0 unit is very small,

6.4 EFFECT OF EXCITER RESPONSL ON DYNAMIC STABILIT

For an open circuited alternator if an exciter

-



enf Eex' is suddenly applied to the field terminals

of the alternator then the field current would be

given by
L, é1i
¢ o+ Re 1p. = Bed
L, di
or - e - - Lex!
Rg¢ dt ° ke
or TdQ' _d_-i.-_& + i = EGX' "'"""'"""'06.140

e
ance and resistance of the field winding.

Where L and R, are the e-quivalent induct-

Also when per unit system of quantities 1is
used then 1 can be replaced by E where unit fie-
1d current is such as to produce unit voltage on the
alr gap line,

Under steady state the exciter voltage Ley'
would cause a field current = Eﬁi‘ which may be
replaced by the Ue 4in per unit system. Ugq 1s the
open circuit armature voltage in pJu. produced by
exciter voltage Eex' in steady state.

Equation 6,14 may therefore be written as

Tdo' ‘:‘% 4B = Ug mmmmcoe —oee --- 6.15.

If the glternator is loaded then the transient

A

crimn T
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load time constant IB' has to be used in place of

Tdo' and the equation 6.15 becomes
Tg" %%‘ s E= U ()  eommcicene- e 641

Ug(t) is a function of Eex' and is the
exciter voltage referred to the air gap line of the
alternator ermature circuit, this does not take into
account the effect of saturation. In order to simp-
1ify an otherwise complicated problem this effect is
neglected and Ug(t) is considered to be an exponent-
1al function of time. This is only approximately
true since as was seen earlier Bex', the exciter
voltage was also not an exponential function gue to
saturation in the exciter megnitic circuit, Point
by point solution of a complicated nature hes to be
resorted to if saturation effects of both exciter
and alternator have to be considered.4s a simplifi-
ed theoretical treatment Ug(t) is taken to be an
exponential function of time and can be expressed
as

-t/
Ue(t) = (Upg = Ugp) € | mmoaome- 6.1

Where Ueo = celling voltage

i

Ugy initial exciter voltage.
= exciter voltage build up time
constant depending upon exciter

response.
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At time t = 0 if there is a disturbance in
the system ceusing the voltage regulator to act then
depending upon the regulator time log after time ti,
the exciter voltage starts building up. The voltage

given by equation 6,17 1s applied after time t
then using., Healrside delayed unit function H(t-t, )

the exciter voltage becomes -
) .(tﬂt])
Ue(t) = Ugyt (UperUgq) <1 -6 7T >H(t.g)
aemeioee,.6,18
So that for t < ¢,
Ue(t) = Ue1
«(fat

and for t >t Ug(t) = Ugyt(U o-Ug )< 1€ —F

Subétituting equation 6.18 in eqgn.6.16 gives

‘ B - (t=ty)
dE . E 1 - -—-- H(t-t )
Ty = T Yoy *(u o=Uey} (€ ) 1
p
Taking Laplace transforme and putt%ng (E)p =
- -pty
we have U . _. 'rg
1l - S -
1, go o | =2+ (Ue2 ~Tey)
(p+ i.-;’) E= g P LP




N B
- 1 U -pty
Ea - § U U< _F€
Ip —(L——"". +(7eg" "el) =
| PiPtegT ) | plprphe )
-pt
. >
1.
(p* Tg") (p*+ T )
- g
+E
P*Tgt
- 1 r.l_-_-l - -pt
or k= Tq Uel , Ip' ] P 5*7%5' > +(U92-Uel)e P
- - -
Tp' Tg! T TR 1 1l -]
To T= — ! | Pt
- I Bt P TB.!I.J Tg'

On taking Laplace inverse we get

JLrtl T

"t/T ‘ @ cmsv—
B! ;+(002_Uel)<1_e TB-' T T

E(t)= Ue1§1..e

L.

gt ebii) “t/T5'eenm=6,
@ T .6 T EE  ©

-

-
This gives the time variation of the interna-

1ly induced emf if Ueg’ Uel, Tg'y 7 end %, are

known.

Uegy Ug; and T can be known from exciter res-

ponse characteristics.



Tg' 18 a function of the machine constants
and of the loading parameters,

tl i1s the time delay of the regulator and
will depend upon the type of regulator used,
Equation 6,19 which gives the internally induced
emf as a time varying fumction if substituted in
the generalised power equation of a salient pole

synchronous machine would give

1
E(t).V v X4 -X |
p(t) = , S1n6 + 5 <= d. —> 3in26
+ Xg l(_Xd+xe) (Xt Xe)

Wnere Xq and X, are the direct and quadrat-
ure axis synchronous reactances |
X, is the external reactance

gnd 8 1s the load angle.

At t =0 let E(t) = Eo

and 6= 6
then at t =0 - 7
Eqe V vV | X4 - X [
p= ——'Sin & + é'”"xd —3 >51n2¢
Xg + X, I (Xgq +X¢) (xq-a-x,) J
--"‘"--3.2]
The torque tending to suring the rotor would
be B y
v ¥@
P(t) -p = —— <E(t)5in6-E, Sin 62 2
Xg-Xg i

xd-
4t +Xq) (Xq +Xg ) T(Si.n26-31n261)+—o~-3, o
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Where E(t) is given by 6,19 and is a func-
tion of the exciter response characteristics.
The equation of a motion of the rotor in

turns of its mechanical constants can be expressed

A
as a:5 a6
I — 41, —— + K8 ==--nom=0-3, 2.
dat™ at '

If equations &,22 and 3,23 are equated and a

solution for © as a function of time is obtained
then the dynamics of the stability can be analysed
and it could be reckoned if the system would remain

in dynamic equilibrium.



CEAPTER VII

DETERMINATION OF RESPONSE OF AN EXCITER
~ |MACHINE BY DIFFERENT METHODS, ["L' ]

Specific 8 t excite chine.
Gevie~aal Electhic CQW\f' Wound P Sevierader -

128 volds o Kw. 90 arnps - Seawce Factor 150k ~vodeol
volts
m/c. No . 24969 230 NG.

EV\C‘.QQW OPGA/\ J?Fe.

TEST D4TR FOR OPEN CIRCUIT CHARACTERISTICS

r
TABLE I_ ‘1
FIELD ARMATURE
i CURRENT OPEN CIRCUIT ;
i AMPS voLTS 1
0 71 s
005 100 |
012 200
021 30°0
045 566
065 774 |
074 855 |
095 105°0 D.C, Resistance of
Field winding(hot)
1°10 17°0
= 163 = 84 ohms,
121 125°4 1.94
135 1350
1'50 1440
1'63 160°6
1'83 160°0
‘94 1630




+

i

-4

i

)

OPEN CIRCUIT CHARACTERIS

OF THE EXCITER MACHINE

03

/)

0,9

0,6

FIELD CU
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7.1. POINT BY POINT SOLUTION

In chapter I, this method of determining
the response of a self or a separately excited
exciter was indicated,

For the self excited case assuming const-
ant coefficient of dispersion equation 1,13 gives
the incremental time At required for the volta-
ge to rise by Ae and is

ON Al T. Ae

AT 2 e
K . € -R
€~ R

where T 1s time constant of the exciter
machine and has been defined earlier.

Using the 0.C.C, obtained by test, the
time required At for the armature voltage to
rise by Ae 4is indicated in the following table.
The discontinuity in the field circult is introdu-

ced when the armature voltage is 100 volts.
FT0o.
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TABLE [

Ao e 1 Rx(=84t [e-R( f’f’r Iﬁit :i{%;c
5| 1025 | 0933 | 783 | 242 | 0207 | 0207 414
5| 1075. | 0995 | 835 |240 | 0208 | 045 830
5| 125 | ros5 | 8a3s | 240 | o208 | 0623 | 1246
5| 1175 | o 932 | 243 | 0206 | 0829 | 1658
5| 1225 | 118 990 |235 | 0213 | 1042 | 2084
5| 1275 | 1245 | 1045 | 230 | 0217 | 1259 | 258
51| 1325 | 132 10 | 200 | 0238 | 11497 | 2094
s| 1375 | 139 168 | 207 | 0242 | I'730 | 3478 |
5| 1425 1475 1240 | 18’5 0270 2009 40:'705_—‘
5| 1475 | 1575 | 1326 |150 | 0333 | 2347 | 4684
21 1570 | 164 1376 | 132 | 0152 | 249 | 498§
2| 1530 | 1665 | 1400 | 130 | 0154 | 2648 | 5296
2| 1550 | 10 1827 | 123 | 0163 | 281 | 5622
2| 1570 | 1135 | 1457 |13 | 077 | 2988 | s976
2| 1590 | 180 1512 | 778 | 0256 | 3244 | cass

) | 1605 | 1855 | 1560 | 45 | 0222 | 3466 | 6932 |
B d:“f(wlf—: rez | lelz | 0'3 | 3330 | 6796 | 13592
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7.2 SOLUTION USING GRAPHICAL INTEGRATION

The method was detailed out in chapter 11
and the time required for the emf to rise from e;
toe is given by t = ¥ Ie 8¢  in case of self
excited exciters where e& =§<§t§__ is the time cons-
tant on assumption of ccmstanlé coefficient of

dispersion e 1is obtained from the 0.C,C, and the

field resistance €ime.

®
i -ﬂ— is evaluated by measuring the
)

area under the curve of 1/Ae ve e from e to e,.
This evaluation 1s done by counting the no, of
squares in that area, The detailed calculations e

carried out in the following table,

TABLE HI
o <3| [ defae | L defae | _ e
e Ag Ze)“o i/o ok emn.usscs Tj jl—e )
, SeUAREs |MULTIELYING| "€ [ ]
100 26 394 0 0 0
| 110 26 38'¢ 402 402 804
MSELS,
120 26 384 784 784 156°8
130 23 435 | 1190 1190 2330
140 20 500 1655 1655 3310
145 | 18 | 555 | 1920 | 1920 | 3840 |
/50 15 66'6 2525 2525 | 5050
155 i 90'8 2895 2895 5790
157 8 1250 3087 3087 | 6l74
159 7 1430 3320 3320 | 6640
161 2 5000 3670 3670 7340
: 1L£ 72 N nt |
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The time constant T ysed in the above two
soluticns was taken from the oscillograph no,I. of
the field current of the exciter machine when a d.c.

voltage was suddenly impressed on it, The time
constant T = CZ%. a Qiﬂﬁﬁ.. a _£Z%g;

@ is the total flux produced by the field
and ggngis the flux linkages per ampere produced by
the field, and may be Cglled the Nominal field indu-
ctance of the machine, This time constant L/R is
taken approximately to be the same as the time reqd.
for the field current to reach 63,2 percent of its
final value., This later time is the time constant
of the exciter field on assumption of linear magne-
tisation curve so that the inductance does not cha-
nge. +n our calculation of response coénizance is
taken of the nonlinearily of the magnetisation curve
end hence the time constant can not be given thé

same interpretation as the time constant of a linear

eircuit, The actual time constant should be slighe
tly different and the error can be estimated by com-
paring the response calculated by the foregoing met-
hods with the response obtained by actual oscillog-
raph,
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SOLUTI ON NG _FO NTEGRAT]ON

7.3.1. Representing megnetisation character-

equation

istics by Frbhljich egugtions

The conata.nts a and b of the Frohlich

e =b§-} are evaluated by teking two

pointsonthe 0,6.C, corresponding to i = 0.5 amps

and 1 = 1,5 amps.

For 1=0.5 and for i1 =15
e=60  and e = 144

a X Q0.5

=
&0 b +0.56
or 60b + 30 = 0,68 =w---=(i)

1. 5
b % 1.6

and 144 =
or 144h + 216 = 1,5a =~=~=~(i1)

Solving (1) and (ii) 'for a and b gives

TABLE 1V a = 480

. - "T 4soc| and b = 3,5,

1 480t | 36+l |esor
02 96 3'7 26 | Frohlich equation therefore
s 240 40 60 | becomes e = 4801
0'7 336 42 80 3.6t 4,
1'0 480 4'5 107
I3 625 4'8 130
15 720 50 144
'8 865 .53 163
9 912 5'4 169
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The curve of @ vs, 1 1s plotted on the sar.
graph as the 0,6.C, in fig. 75,
7.3.2, Hepresenting magnetisation curve by
Fro J
The constants a, b and ¢ of the modified
al
Frohlich equation € = — 4+ ci are evaluated by

. b+i
taking 3 points on the 0,C,C,

For 1 = 0.4 amps e = 50 volts,
1=1,0amp e=108 volts,
1=1,6zamp e= 18 volts,

Three simultaneous equations in the const-

ant are obtained whose solution gives a,b and c,

Q.48
b+ 0,4

80 = + Q44¢C,

or b + 20 = O,4a + O.4bec + O¢lbc --~(1)

108 pr+ ¢

or 108b + 108 * a + bC + C ~=ceme=--=(ii)

Multiplying (1) by 2.5 and substracting
from (1%) gives

-17b + 88 = 0.6¢

Or 17b = 88 % = 0,6C =-==-==necan=n . (a) .
Also 150 = 2268 4 1 ge.
b +1.6

or 160b + 240 = 1,6a + 1,6 be + 2, 56¢c~- (114,
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The curve of @ vs. 1 is plotted on the sar.
graph as the 0.G.C, in fig. 7 5.
7634 24 Represent%ng magnetisation curve by
3
The constants a, b and ¢ of the modified
Frohlich equation e = —= + ¢1 are evaluated by
taking 3 points on the 0,C,C,
For 1 = 0,4 amps e = 50 volts,
1=10amp e = 108 volts,
1 =1,6amp e = 150 volts,
Three simultaneous equations in the const-

ant are obtained whose solution gives a,b and c,

04448
b + 0,4

5 = + Q.4¢,

or &b + 20 3 Q0.,4a * 0.4bc + OylbC ~=-~ (1)
a
108 = F:T" c

or 108b + 108 = g + bC + C ~wveveaaaa(il)

Multiplying (1) by 2.5 and substracting
from (1i) gives

-17b + 88 = 0.6¢c

Or 170 = 88 % = 0,6C =arme-=mm== ——eer (@) .

Also 160 = 1298 4 3 e,

b +1.6 |
or 150b + 240 = 1,6a + 1.6 bec + 2, 56¢c~-- (111,



Multiplying (1) by 4 and substracting from
(1i1) gives -50B + 160 = 1,8%¢

or 50b « 160 = « 192C ==w=accewae-(b)

Simultaneous solution of (a) and (b) gives
b= 569 and ¢ = - 80,6
qum (1) a = 1300,

The modified Prbhlich equation repre-

senting the open circuit characteristics would be
e i?é-SQSL

‘ TABLE X

| 1 1300L |5'9+C %%—%%v BO'6L e=;_3::£'- 80'6 ¢
02 | 260 6'l 42'6 161 24°5
04 520 6'3 82'5 3225 50'25
06 780 6’5 120°0 48'3 717
08 1040 67 1550 645 905
I'0 1300 6°9 188'6 B0'6 108°0

1 rz2 | 1560 | 71 | 2200 | 967 | 1233
I'4 | 1820 7'3 | 2500 | 112°8 1372
1'6 | 2080 75 | 2790 | 1290 1500
'8 2340 77 3040 | 1452 1588

On the same graph as the C,C,C, | the curve of e vs.i

as obtained in Table V is plotted. The modified

9

Frohlich equation therefore represcnts the magnetisa-

tion characteristics with greater accuracy and the



equation e = 4800 1 80.61 almost accurately

5.9+ 1
represents the 0,(,C. Pince howerer not much error
is introduced by using the simple Frohlich equation,
this 158 substituted in the differential equation and

a solution of current response is obtained, lherefore

the actual voltage response is obta-ined. In chapter
111 solution by formal integration using the Fr8hlich
squation was attempted in case of separately excited

exciters,

7‘3.3. S B '
FROHLICH EQUATION:~

Derivation of time current relationship in
case of self excited exciterss

The differentlal equations whe Was

at‘t EKi = e,
R S
- —
e= al
Also bri i
: de = (b¥l)a - -4
yovee, i X3 at.,
= abc . dt
(b+i)¢  dt
On substitution
Tab di., .8

b+1)2 atT ™ g+ 4

or (p+i)2 dt bt+i



Or
Tab di_x (ei - Rpj - R12)

(b+1)7  dt (b +/i)

Or

Tab 41 = dt
(b+1) 1 (a=Eb « Ri)

To integrate this expression it is resolved

into partial fractions as A + B + ¢

b+1 i a~Rb-R1
The coefficients A, B and C can be deter-

mined from the following three simultaneous equati-
ons,
= AR = BR +C=0
A(a-Rb)+B (a - BRb)-!' Cb = 0.
B(a - Rb) b=1
Solution of these gives

=. L
- ———— ab __
B = 1
( a = Rb)b
C= B2
(e = Rp) &

Substitut:lng these in the main expression

ives :
; p [L0L ,_a o6&, pRZ_ _di =dt
b+i a-Rb 1 e~-Rb a~-Rb-R1

Integration gives
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T E log (b +13) + B-logi~ LR log(a-kb
aron

The integration constant K can be
evaluated by using the initial condition that at
t=0 1= 11

K a bR
Co T |- logbty,) + 1 . 2B
[ og(b+y,) = og 1; - og

(a - Bb =Ry;) = k

»

PR The final solution for the time current

relationship is therefore

- a i bti Rb a~Bp-R1
t = T|w—— ,log— ~log - 10g semerre
a~Eb i b+i, e-Rb a~Rb-Ri

The above time current relationship can be

_ _used to-determins the current response,
In our case, constants to be used in the above

expression have already been evaluated and ze

T = 0,2 secs,
480

= 3.5
R = 84 ohms.

H

a

1, = 0.9 amps,

a_ 480 _ 480 _ 480 _
a=Rb  480-84x3.5  480-204 186

2. 88



Rb . 84x3.56  _ 208 . 2. o

The time current relationship becomes

t=0,2 [2.58 logel 111 =1ogeos O+ -1, 5610ge

186 - 84 1
112, 5

Assuming different values for 1, the time

t required for the current to rise from 4, =0.9 amps

to {1 can be found. Details of calculation are shown

in the following table,

TABLE NI
(1) Lo L, S Yaxe
¢ oottt |25800 0w |Z52E | 7520 18E -84y |98 e X ] IS
Je Je } ot o 186~841¢ | .= % Volts)
|44 4| 25 bl Tl = 'n msecs (VolTs

"Has
1’0 | 0104 0268 —+02—002 | 0906 |-0153 | 802 108

P e

12 | 0285 | 0665 |ror |ooég| o755 |-0440 | 2004 | 124

I'4 | 00438 | 1'130 I'ns (0140 | 0610 -0'777 3534 138

16 | 0577 1'490 1’17 | 0157 0'462 - 1220 510'6 150

'8 | 0639 | 1’790 | 120 | 0182 0312 |-1850 6916 /58

I'9 | 0’747 1’930 | r23 | 0207 0231 -2'310 8066 161

In the last column e has been wtitten
corresponding to the current 1 from magnetisation
curve, The actuasl response curve can be plotted

with reference to the last two columms of e and ¢,
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The following table gives the rise in

armature voltage of the exciter after a certain Lime

as calculated by 3 different methods and as obtained

by actual oscillograph.

TABLE YII
t e e e € From
millisecs | Lst Method | 2,4 Method | 3yd Method Osc}/logra,ok
100 112 112 110 1z
200 124 125 123 123
300 135 137 133 135
- 400 145 /145 142 144
500 152 151 149 152
600 158 156 154 i 158
700 161 160 1568 -

: f-—t
| soo | 162 ——f—1s2 [ 16! -
t— - !

o

Following the method given in chapter 1 -

section 1.5 the nominal response ratio has been

found by all the three methods and has been calcu~-

lated out

as

1.14 units
1,16 units
1,08 units
1.1 units

by lst method
by 2nd method
by 3rd method,
by oscillograph.
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% EFFECT OF CEILING VOLTAGE ON RESPONSE OF
SE LLY BXCITED EXCIT

Using the exciter machine as a separa-
tely excited exciter oscillographs of the responses
were taken corresponding to ceiling voltages of 169
volts and 143 volts. In chapter IV it was seen that
the response rate can be varied over wide limits by
varying the ceiling voltage in case of separately
excited exciter whife in case of self excited excit-
ers it is limited by the field resistance of the
machine., The nominal response ratio was calculated
in both the cases and was found to be 1.23 units far
cieling voltage of 143 volts and 2.13 units for ceil-
ing voltage of 169 volts. 4 study of figs 7,7 which
i1s a plot of the two responses shows that the rate
of response is also higher than that in case of self
excited exciter, The shape of response curves is in
comformity with the theoretical consideration outlined
in chapter 1V while comparing the rQSponse of self

and separately excited exciters,

-
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A EFFECT OF CEILING VOLTAGE ON RESPONSE QF
ISEEAEAEEL! EXCITED EXCITER]

Using the exciter machine as a separa-
tely excited exciter oscillographs of the responses
were taken corresponding to ceiling voltages of 169
volts and 143 volts. In chapter IV it was seen thgt
the response rate can be varied over wide limits by
varylng the ceiling voltage in case of separately
excited exciter while in case of self excited excite
ers it is limited by the field resistance of the
machine, The nominal response ratio was calculated
in both the cases and was found to be 1.23 units far
cieling voltage of 143 volts and 2.13 units for ceil-
ing voltage of 169 volts. 4 study of fig, 7.7 which
is a plot of the two responses shows that the rate
of response is also higher than that in case of self
excited exciter, The shape of response curves is in
comformity with the theoretical consideration outlined
in chapter 1V while comparing the response of self

and separately excited exciters,
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CONCLUSIONS

The scope of a dissertation on 'Calculation

of kxciter Response and its Field of Use' was more in
the nature of a systematic presentation of all the
methods of calculation and the factors which effect
the calculation rather than a concentrated study of

a certain aspect of this quite vast field, Before an
actual calculation could be attempted it was necessar;
to outline methods of solution of differential equat-
ions of nonlinear circuits which are characterised by
variable coefficients whereby the calculation of res-
ponse could be carried out, The method which uses a
constant lezkage inductance of the field winding neg-
lecting the effect of saturation on leakage field flw
necessitates an accurate estimation of Lg, This can

be accurately calculated only if the details of field

poles and their stempings are available. For a mache
ine which has been assembled, the assumption of cons-
tant coefficient of dispersion needs only the open
circult characteristics of the machine ahd the nomi-
nal fileld inductance to be known for the exciter res-
ponse to be calculated. The nominal field inductamce
could be easily calculated by knowing the field time

constant of the machine from an oscillograph of the
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build-up of field current in case of a step input
of the voltage to the field winding, Basically the
three methods e.g. point by point solution method

of graphical integration, and the method of Formal
integration are different mathematical approaches

to the same solution, The analytical method incor-
porating actual solution of the differential equat-
ion by representing the magnetisation characteristi-
¢5 by an approximate equation becomes quite lengthy.
This requires an exact representation of magnetisa-
tion curve by an equation, Frohlich equation repre-
sents the curve only approximately and at higher
saturations it becomes quite inaccurate, Anglytical
method using Frohlich equation gives only an approxi-
mate scolution though the calculations involved are
quite cumbmsome. If however it is attempted to rep-
resent the characteristics by modified Frdhlich equ-
ation or some other accurate representative equation
then the integration of the @ifferential equation
and its subsequent calculation would become too cume-
bersome to be carried out, The graphical solution
involved in adapting the form of the differential
equation to a convenient form and subseguently plot-
ting the integrand and evaluating the integral by
measuring areas. This could be c¢arried out with suf-

ficient ease and accuracy by counting little squares



100
on the graph paper. The method involving point by
point solution is more readily and easily adaptablé
to any transient problem of a linear or a nonlinear
circuits In case of exciter analysis this gives the
easiest solution even when finding out solutions for
the alternator field current or for kq' etc,

Results obtained by the three methods and
also that obtained by actual oscillograph record
were quite in comformity with each other.

It was only possible to consider theoreti-
cally the effect of exciter response on transient
and dynamic system stability. Both these farms of
stability are affected considerably by the build up
and bulld down response rates of the exciter, Since
i1t was not possible to take an oscillogram of Eq' in
case of a sudden symmetricsl three phase short circu-
it both with and without exciter response, further
experimental work in studying the effect of exciter
response on translent stability could notvbe carried
out. 1t has been indicated in section 6.4 that if
Ueg, Ue, and T can be known from exciter response
characteristics then the internally induced e.m,f.
can be known as a time varying function. This when
substituted in the power equation and equated to the
equation of motion of the rotor would engble us to

study the dynamic stability of the system when exci-

danm mAacwmAamen e haac o e I I |



101

REFLRENCES

1. Kimbark E, W., ‘Power System Stability’
Volume III. John Wiley and Sons,
Inc., Nev York,

o, Dahl 0. G, ., Electric Power Circuits;
Theory and applications, Voi1,1I,
Pover Systen Stability,
HeGrawHi11l Book Co, Ney York,

3. Doherty R, E,, Trans, 8, 1. Bk, “Excita-
tion System. Vol,47, pp 944. 56,
July 1928,

4.9 Park R. H and Bancher E, H,, 'System Stgbi-
11ty as design problem'. A,I,E,E,
Trans, Vo1, 48, pp 170-5¢, 1929,

5. Jain G, C,, Design operation and Tecling
of Synchronous Machines,

6. Louis .A.y 'Quick Response oxcitation'.
Elcc.Joumal Vol. 31, pp 308-12,
August 1934,

7. Crary 8., Power System Stability Vo1, 11,

8. Bowklk 3E.,JIv We:s’\):ﬁb\av\a TVWMSSIJ;\:
& Destrulition Ref enoince B “Excgl—o.msypm,
Pf 195,



	Title
	Chapter 1
	Chapter 2
	Chapter 3
	Chapter 4
	Chapter 5
	Chapter 6
	Chapter 7
	Conclusions
	References

