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CHAPTER I

INTRODUCTION

The philosophy for the protection of synchronous machines is
essentially based on preventing as far as possible failures of any type,
or, if any do occur, to limit the damage to the absolute minimum, There
has been much emphasis on the importance of providing for the best protec-
tive devices, The capital cost of these devices can be looked upon as in-
surance premium to guard against possible damages or probable troubles,
Damage to a single coil may develop into a fire which may require the major
replacement of stator windings and laminations, In addition to the cost
of repair, there is also a loss of revenue during the time for which the
unit is out of service,

With the rapid and continued growth of the demand for electricity,
the size of generating unifs is progressively increased, Therefore, more
attention needs to be directed towards the protection problems of these
units, The heavy investment represented by la}ge units justifies increased
emphasis on methods of prdtecting against possible sources of danger, These
sources of danger can be divided into two types:

a, External sources such as voltage surges due to atmospheric
conditions, dangerous temperature rises due to overloads or
systems short circuits and dangerous voltage rises due to
sudden loss of load,

b. Internal faults such as inter-turn short circuits, phase

short circuits, or ground faults of the stator windings,
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When an internal fault occurs in an alternator, the main circuit
breaker and the field circuit breaker should be actuated to open the re-
spective circuits, In addition, the field of the machine should be sup-
pressed as quickly and completely as possible., Thus, the e.m.f of the
machine will have little possibility of maintaining the fault current,
This process of suppressing the field of the synchronous machine is called
"demagnetization" or sometimes '"de-excitation”,

There are various methods by which this process can be achieved
depending on the size of the units in question. A brief discussion of the
existing methods for demagnetization of synchronous machines will be given,
For details the reader is referred to the literaturea(l'7>

For small and medium size generators, an exciter-shunt field
switch in addition to a field discharge resistance, as shown in Figure 1
may serve the purpose, This has been adopted expecially in North America
particularly for hydro-electric alternators,

For larger size machines, a main-field circuit breaker as shown
in Figure 2 in conjunction with a discharging resistance provide more
rapid reduction in flux and consequently for the e.m.f , It is clear
that the field suppression is higher in the second case but this will
necessitate a higher interruption rating of the circuit breaker, In this
case, the decay of field current will be hastened by the introduction of
the field discharge resistance in the exciter field circuit, High values
Tor the discharge resistors seem favorable, but high transient voltages
across the field windings would result,. An optimum value exists for the
field discharge resistance value; this value allows a safe margin for in-

sulation breakdown from this transient voltage, This field discharge
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Figure 1. De-excitation system for small synchronous
generators with exciter-shunt field circuit
breaker,
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Figure 2, De-excitation system for larger size synchronous

generators with field discharge resistance
method,
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resistance method is widely applied in the United Kingdom as well as in
North America,

In Germany the oscillation resistance method suggested by
Rudenberg was successfully applied;(h’6’7) this method utilizes a resistance
that is inserted in series with the armature circuit of the d-c exciter,

A reversal in polarity of the armature voltage would cause the exciter to
temporarily run as a motor, Thus, part of the energy of the magnetic
field sould be converted to mechanical energy in addition to that part

of heat energy dissipated in the resistance,

In France and Switzerland, another method has been employed for
large units in which a pilot exciter is usually arranged to provide the
excitation for the main exciter, It is based on the idea of reversing the
pilot exciter voltage(5) so that the full armature voltage of the main
exciter is reversed., At a suitable instant this reversed voltage can be
removed by means of a suitable relaying arrangement. Obviously, this

would increase complexity of the circuit,

1.1 Statement of the Problem

Tn the last few years, new excitation systems have been applied
in industry. These include ignitron exciters, rotating rectifier brush-
less exciters, harmonic exciters, inductor alternator exciters, amplidyne
main exciters and a-c machine terminal voltage-current static excitersa(8)

Of special interest in this study, is the amplidyne application
to large synchronous machines, One of the important characteristics of
the amplidyne is ité high speed of response which makes its application

quite useful for power systems stability improvement., The elevation of

the excitation voltage up to its ceiling voltage provides a useful means
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of improving power systems stability, The amplidyne plays a useful role
is such field forcing because of its short time constant.(8’9)

It has been suggested(7) that the amplidyne could be utilized
to force the excitation voltage down to a zero value in a demagnetization
process, The generator field breaker, as well as, the main field discharge
resistor could be eliminated, Thus, the high voltage impulse, which is
applied across the machine field winding by using a high value of discharge
resistor could be avoided. Then, much of the uncertainties and arguments
about the optimum field discharge resistor value can be minimized.

The aim of this study is to analyze the amplidyne regulator ex-
citation system application in order to effect a demagnetization process
and to investigate the feasibility of adopting some particular schemes.

For this purpose, it is desired to establish mathematical models
for the synchronous machine as well as the excitation system, A unified
approach for studying the dynamic behavior of the total system is under-
taken which adopts control systems techniques and especially transform
methods and system functions,

The general differential equations of the synchronous machine,
formulated by R.H. Park in 1929,(10) have provided an excellent means for
‘studying any mode of machine operation, Full theoretical derivations
based on these equations ar= presented for a three-phase short-circuit
occurring from no-load conditions, There is much published material on

(11-17) but all of the derivations neglect the winding re-

this subject,
sistances in the first analysis so that the principle of constant flux
iinkages, first advocated by R.E. Doherty in 1930, could be applied. The

effect of winding resistance has been included in an approximate manner by
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assuming the components of the flux linkages of the winding to decrease at
a rate directly proportional to the product of winding resistance and d-c
component of current in the windingo(ll’lh)

In this work, the short circuit currents are derived without re-
sort to the principle of constant flux linkage, It is then not necessary
to neglect afmature resistance at any stage or to adjust for the decay of
short-circuit currents with the so-called '"decrement factors", The con-
ventional time constants that describe the machine behavior during the
transient period are introduced in a systematic and natural manner, The
solutions for the short circuit currents are arrived at using the ILaplace
transform method where initial conditions are continuously recognized,
This has an advantage over the Heaviside operational method where it is
usually necessary to use the form with zero initial values, and then to
ad just the final solution in the last stages, Equivalent sources to
represent initigl value contribution terms are conveniently introduced
throughout this treatment. A generalized solution for the three-phase
short-circuit condition is established and the agreement of the solution
utiiizing certain assumptions, with the previously established expres-
sions proves interesting, It is anticipated that for some applications
where a certain degree of accuracy is desired, this generalized solution
will be of value,

All the input=-output relationsips in this thesis are described
by "System Functions", This is believed to be more indicative of the

actual situation than other nomenclature systems (e.g transfer functions,

operational impedances or operational admittances),



1,2 Outline of this Study

This study is concerned with the analysis of an amplidyne regu-
lator excitation system application for the demagnetization of large
synchronous machines, Usually, the excitation system incorporates an
amplidyne used as a pilot exciter to supply power to the field of the
main d-c generator exciter, In this way, the d-c generator that supplies
field excitation energy to the synchronous generator is controlled by the
amplidyne control windings,

For very accurate representation of such a system, one has to
consider nonlinearity and saturation effects of the individual components,
However, this will complicate the analysis and a linearized model for the
whole system permits much simplification,

Chapter II introduces the mathematical models to represent such
a linearized system, A preliminary investigation is considered in which
the synchronous machine is open=-circuited at rated voltage., The speed and
effectiveness for some suggested schemes utilizing the amplidyne excitation
system for demagnetization purposes could then be investigated, Thus, an
appraisal of the value of such schemes can be acquired in a rather simple
manner,

In Chapter III, the analysis is extended to cover the actual and
more important case when the unloaded synchronous machine is subjected to
a three-phase short circuit directly at the end terminals of the machine
winding, This case is more complicated because of the couplings between
the different circuits involved, Reasonable assumptions are stated so
that further simplifications may be carried out, The same physical opera-
tions suggested in Chapter II are performed and relations showing the

speed of response of the decay of currents are obtained,
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The experimental results are presented in Chapter IV and a com=-
parison with the theoretical results is also given,

In Chapter V, the methods are applied to a large synchronous
machine of typical parameters in order to evaluate such schemes suggested
in this thesis, This machine has specifically been studied(6’7) for 4if=~
ferent existing methods of demagnetization,

A summary of the analytical and experimental work of the pre-

ceding Chapters is given in Chapter VI, together with the conclusions,



CHAPTER IT

THE UNLOADED SYNCHRONOUS MACHINE

2,1 Introduction

In order to evaluate the effectiveness of different methods of
demagnetization, the synchronous machine is first analyzed under an open-
circuit condition, The exciting field current has a value just sufficient
to generate rated voltage at rated speed, It should be realized that the
transient behavior under fault conditions for the unloaded machine would
be different from the open=-circuit case,

For an excitation system utilizing the amplidyne as a pilot ex-
citer, one of the control field windings, say A-winding, provides the
necessary excitation to produce rated voltage at the synchronous machine
terminals, Therefore, any desire to remove the excitation from the syn-
chronous machine would naturally involve de-energizing the A-winding in
the control fields, To accelerate this operation, a negative voltage
may be impressed across one of the control fields at the same instant
when the excitation is to be removed from the A-field winding, Thus,
the stored magnetic energy in the field of the d-c machine can be dissi-
‘pated in relatively shorter time, The magnitude of this negative volt-
age may be adjusted such that it would produce a zero terminal voltage if
acting in conjunction with the original excitation, A reasonable procedure
to accelerate the process would then be, to remove the original excitation
from the A-winding and at the same time to excite another control field
winding on the amplidyne, say B-winding, negatively, However, there will

be some difficulty regarding the removal of the negative excitation before

..9-
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the terminal voltage starts building up after its zero value has been at-
tained, From pure theoretical considerations and in order to gain in-
sight into the performance under such a procedure, this case will be com-
pletely analyzed in Section 2.6,

Another arrangement that essentially depends upon feedback is
next analyzed in Section 2.7, The negative voltage across the B-winding
~in this case will be proportional to the value of the decaying field cur-
rent itself, Hence, as soon as the field current and consequently the
terminal voltage are forced to zero, there will be no possiblity for the
terminal voltage to build up.

Although it is not the purpose of this chapter to present an
extensive discussion of network analysis or of Laplace transform methods,
a short discussion will be carried out to introduce the approach that
will be followed throughout this thesis, The initial value contribution
terms due to initial conditions will be continuously identified as the
necessary derivations are made,

Finally, in order to analyze such arrangements, it is neces-
sary to represent each component of the total system by a methematical

model, This is undertaken in the sections to follow,

2,2 The Amplidyne

The action of the amplidyne can be visualyzed as two cascaded
d-c generators, It is therefore a two-stage generator, However, the
two stages are combined in a single machine with a single armature
winding, The construction, theory of operation, and applications of the

(17-23)

amplidyne are widely covered in the literature,
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As mentioned before, the Laplace transform method will be followed.,
Since the Laplace transform is a linear transform, the following assumptions
are made:

1. DNo consideration is given to hysteresis and saturation effects,
The hysteresis may be considered as a cause for an additional phase lag
between the input and output. Saturation due to the properties of the
iron comprising the magnetic paths results in a nonlinearity between the
generated voltage and excitation current., TIts main effect is to reduce
the gain, compared to that which would result if the nonlinearity did not
exist,

2, The eddy currents generated in the field poles whenever the
field current changes are assumed negligible, This assumption is reason-
able since in most cases all magnetic circuits of an amplidyne are lami-
nated, The effect of eddy currents can be accurately represented by a
multiplicity of closed circuits in the iron which are mutually coupled
to the field circuit as well as to each other, The effect of this multi-
tude of circuits can be lumped in a single equivalent eddy current cir-
cult which is coupled to the field circuit.

3, Brush-resistance drop is assumed to be a linear relation,

4, The brushes are located exactly on the neutral axis so
that mutual coupling terms are zero,

5., Commutation is assumed to be perfect and to take place at

one fixed point under the brush,

2,5 Circuits
In the amplidyne to be analyzed here, the principal circuits

as shown in Figure 3 are:
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Figure 3, Schematic Diagram of the Amplidyne generator,
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1. The control-field circuit, to which is applied the control
excitation voltage‘ec o

2, The quadrature armature ciréuit, a shoft-circuited path, in
where there is an assumed driving voltage eg (speed voltage) opposed by
circuit impedance drop.

3. 'The direct armature circuit which there is an assumed gener-
ated voltage ey, that balances the sum of the impedance drop and the
load terminal voltage Vg o Included in this circuit is the compensating

winding which is supposed to completely compensate for the load current.

The control-field circuit equation for the amplidyne generator
of Figure 3 is:

. di, L
€c = To ilp + Ly —— (2=1}

dt
where the mutual coupling voltage terms have been dropped out according to
the previous assumptions.

For the short-circuit path, the circuit equation is

: . dig | »
eg = Ko ip = rgig+ Ig — +K; 1 (2-2)
dt
where €5 1s proportional to 1, as a result of the assumed linearity

of the magnetization curve, The voltage term K summarizes the

L8
effect of the load in the short-circuited path, Ideally, this term
should be zero for a fully compensated amplidyne,

For the direct-axis circuit, one has

. . di, ‘
€g-a = Kglg = Tgip+ Iy T + (2-3)
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It is convenient in the Leplace transform notation to use capital
letters to indicate the ILaplace transform of a small-letter term. Capital

letters are understood to be functions of the variable s where
5§ = 0+ jw
is rather a generalized frequency,

2,4 Amplidyne System Function

By taking the Laplace transform of Equations (2-1) to (2-3) and
rearranging them in such a way as to solve for V, as a function of E, ,

I, and initial value contribution terms, one can write
(re+Les)Ig + (0)Ig + (0) V, = EBg + Lg 1(0) - (0) I,  (2-ka)

(“Ko)Ip + (rg+lgs)Ig + (0) Vy = Lg ig(0) = (Ky)I, (2-Lb)

(0)I, - (Kg)Ig + (1)Vy Ly 15(0) - (rg+lgs)Iy (2=ke)

In matrix notation, the above equations can be written as:

. - - - - . . i
To E. Lo 1,(0) 0
[z] Ig =10 +| Lg ig(0) | - | Ky Iy (2-kd)
v, I 0 | i Ly, iﬂ(O)_ _ra+Lan
where,
lrc+Lcs 0 OT
[Z] = -K, rgtlgs O (2-5)
i 0 -Kg l_




It is interesting to

following form,

where,
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note that the solution for Vﬂ

is the open=-circuit system function, and

is the initial value

2| -

il

can be written in the

Vg = 0.E, + Ej o - 251, (2-6)
Tot+los 0 1
Ko Tgtlgs 0 / | Z |
0 K 0
KX
rcrs (L+sT ;(l+ST ) (2-7)
cTs c s
r +L,s 0 Loia(0)
K,  rgtLgs  ILgig(0) | Zl]
0 “Ks  I1,(0)
. r . KeKg/Tor .
Lyi,(0) Ks/Ts Lyig(0) + —= o/ TeTs Leic(0)
‘ l+sTg (l+s1e) (L+sTg)
(2-8)
contribution voltage term, and
TotLles 0 0
-K. rg+lgs K, I ZI
0 K ro+lgs
X,K /r
478! "8
r, + Lgs + ~F—— (2-9)

1+ s7g

is the output system function for the amplidyne,
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Now, the first term on the right hand side of Equation (2-6) de-
termines the solution for the initially relaxed unloaded system, The second
term E; ., 1in the same equation is an equivalent input excitation term to
account for the initial values contribution terms, The last term -Z, I,
is to account for the drop in voltage of the loaded machine,

In the above form, one can easily determine the Thevenin's

equivalent circuit of the amplidyne, thus

Vo= - il E, (2-10)
(1+s7e) (1+s7g)

where,

K. K
Ky = ch rs (2-11)
I'cB I's

It should be noted that the capifal letters attached to the
constant "K" refer to the particular winding under operation, In
general, the value of these constants are determined by simple steady
state tests for the amplidyne under investigation,

The Thevenin's impedance is given by Equation (2-9) above,
Here, the first two terms represent the ordinary resistance and self-
impedance of the direct-axis armature of the amplidyne, The third
term represents the effect of improper compensation on the output im-
pedance, It can be represented(l9) by an R-C impedance circuit as in

Figure. 4 with the following values,

R = =24 (2-122)

RC = T (2-12b)
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Figure 4, Equivalent circuit of the amplidyne.
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A simplification for the output circuit of the amplidyne is shown in

Figure 5, It is based on the fact that the load on the amplidyne is usual-
ly an inductive load of much higher inductance than ILg , so that the ef-
fect of inductance L, as well as that of the capacitance C can be

neglected, Hence Z, 1s reduced to a pure resistance term Roe given by:

(2-13)

This resistance can be interpreted as an "effective'"resistance which takes
account for an uncompensated amplidyne. The value of this resistance can
be easily determined experimentally, For a fully compensated amplidyne,
Kﬂ is zero and the effective output resistance would be that of the
direct-axis armature circuit., This effective resistance can always be
lumped together with that of the load resistance, In case the amplidyne
is functioning as the main exciter, then the load will be the field ex-
citation winding of the synchronous machine, It may be the field winding
of a separately excited d-c generator that feeds the excitation energy
for the synchronous machine, in which case the amplidyne is considered as
a pilot exciter, For the amplidyne main exciter application the label

{ attached to the output direct-axis circuit of the amplidyne can
conveniently be changed to the label f +to agree with the standard
nomenclature in theisynchronous machine literature for the field winding.
Whereas, for the amplidyne pilot exciter application the label f at-
tached to the output direct-axis circuit of the amplidyne may convenient-
1y be changed to the label e indicating the excitation for the d-c
machine under consideration, The label f 1is then preserved for the
output load of the d-c generator which is the field winding of the

synchronous machine itself,
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Figure 5, Simplified equivalent circuit of the amplidyne.
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2.5 The Amplidyne-Exciter Combination

In the majority of power excitation systems, especially for larger
units, the emplidyne is used as a pilot exciter for a d-c generator of con-
siderable rating, In the following analysis the method will’be considered
in which the system function of the amplidyne will be extended to account
for the cascaded d-c machine case, The addition of the d-c machine will
undoubtedly introduce some difficulties in order to account for saturation.
However, the d-c machine will be idealized to the extent that the linear
theory will continue to hold,

Figure 6 represents the equivalent circuit of such a scheme where
the open-circult voltage of the amplidyne, Vo,c » can be interpreted as a
voltage behind the effective output resistance R,q of the amplidyne,

Thus a modified exciter field resistance r{ can be introduced such that
I‘e' = Ig + Roe (2'1&)

It is desired now to determine the system function which relates
Ip, the transform of the output field or excitation current for the syn-
chronous machine field, to the transform of excitation voltage E, . But
first an expression for the transform of exciter current I, is derived,

This is done by substituting R, for 2, in Equation (2-6) so that,
Vg = O0:Ec +Ejc - Roele (2-15)
From Figure 3 another expression for Vy can be written as

Vg = re(l+s Te)Ile - Le 1e(0) ‘ (2-16)
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re = To + Ry
= Equivalent resistance in the excitation circuit
of the d-c machine
Voo = Voltage behind the output resistance of the
amplidyne
rf = Trpe + Rof
= FEquivalent resistance in the field circuit
e, = Kgie
= Voltage behind the output resistance of the d-c
machine,
Figure 6, Equivalent circuit of the d-c generator ex-

citing the field winding of the synchronous
machine,
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Equations (2-15) and (2-16) can be equated to give an expression for I

as:
L. 1i.(0
Io = ~——-9————-Ec p—t Ei,c + —9——§£—l— (2-17)
ré(l+sTd) rd(l+std) (ré(Ll+std)
where,
;0. etlae nvle (2-18)
€ re ré

is a modified time constant for the exciter circuit including loading ef-
fects and assuming that the armature inductance in the diréct-axis is much
smaller than that of the excitation coil,

Now, if the initial value voltage term Iy ig(O) in Equation
(2-8) is replaced by the term Le ie(0) , and if Equations (2-8) and (2-9)
are substituted in Equation (2-17), one can write

I, = - a2 E.(0)
(1+s7c) (L+sTg) (1+sTd)

+ k2 E¢(0)

(L+stg) (L+sTd)

5 50

1
l+sTg

+

K
+ = B, (2-19)

(L+s7o) (L+stg) (L+sTgd)

where,

K., K
CA s (2_20)

K =
AL Tep Ts



Kyp = §$£ (2-21)
T e

Kgp = g?l (2-22)
Ky = rSKié (2-23)

K = = (2-24)
E,(0) = Lg 1.(0) (2-25)
E,(0) = Lg ig(0) (2-26)
E,(0) = Lg 1,(0) (2-27)

Because of the assumed linearity of the magnetization curve of
the d-c machine, the transorm of the generated voltage in the armature for

rated speed is given by:
E. = K. I (2-28)

where Ké is a proportionality factor for the d-c generator, In actual
practice r, , Ly the armature resistance and inductance of the d-c machine
are usually much smaller than the resistance and the inductance of the load
which will be the field winding of the synchronous machine, Furthermore,
a modified time constant T% for the field circuit can be introduced to

account for the effective output resistance in the field circuit so that

r' = r + R (2-29)
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Hence, E, as given by Equation (2-28) can be looked upon as a voltage

behind the output resistance of the d-c generator and one can write,

Kgle = r4(l4s74)Ip - Ep(0) (2-30)
where,
Er(0) = Lp 1p(0) (2-31)
Substituting Equation (2-30) into Equation (2-19) above, one has
X A
Ip = A3 E.(0)
(L+s7,)(L4sTg) (LasTd) (L4s74)
K
s - 2 B4 (0)
(L+stg) (L+sted) (LtsTé)
K
+ 2 Ee(0)
(L+s72)(L+sTs)
K
¢ —— E(0)
LtsTe
¥ s Ee (2-32)
(L+sto) (Ltstg) (LesTd) (LesTs)
where,
K. K
Ky = S22 (2-33)
r'
f
K, K
Ky = S (2-34)
5
K, K3 )
K = &= (2-35)



X, Kt
Ky = £33 (2-36)
I
Tr
. 4 -
K, ;; (2-37)

The block diagram representation of‘Figure 7 summarizes the above relation-
ships and identifies clearly the different parameters involved,

Finally, it is desired to obtain time-domain solutions for the
exciter and field currents, Before this is done;‘it is desirable to discuss
+re different factors upon which the solution depends. Equations (2-19)
and (2-32) show that the nature of solution will depend to a large extent
on the initial value contribution terms such as E,(0) , Eg(0) , E(0) ,
and Ep(0) , as well as, on the form and magnitude of the excitation trans-
form voltage E. that may be applied to winding B of the amplidyne, Con-
veniently, the time domain solutions for both the exciter and the field cur-
rent are best resolved into two distinct components, For the exciter cur-

rent, one has

i(t) = 12(t) + 15(t) (2-38)
) = 2l 2 E.(0)}
e B (Ltstg) (Lstg) (LesTd)
K5
¥ { (1+s7s) (1+sTéd) % (0) }
R S o) (2-39)

1
Ll+sTg
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Block Diagram Representation of Equation (2:32).
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. _ Pl Kpo
te(t) = 62? [(l+STc)<l+STS)(l+STé) E,] (2-40)

For the field current, one can similarly write

t) = i%(t) + ig(t) (2-41)

where

. -l Kp3
lf(t) B ‘Zf [{(l+STc)(l+STS>(l+STé)(l+ST£) Ec(o) }

{ 2
¥ (L+stg) (L+std) (LtsTs)

K3 ;
+{(l+sTé)(l+STf) 2e(0) }

+{1%¥ £¢(0)} ] (2-k)

and ' -1 K35

Es(0) }

E, 1 (2-43)

"
L
P
c+
N~—’
1

(L+s7,) (L+s7g) (LesTd) (L+sT4)

Tt should be noted that ig(t) and i4(t) are to represent those
parts of the solutions where a switching off operation is carried out from
the A-winding, The other parts of solutions as given by i and i#(t) are
to represent in this case a switching on operation for another excitation
winding say the B-winding. The final solutions for the exciter and field
currents are partly determined by the type of negative forcing excitation

voltage on this B-winding, Two different negative excitation functions

are analyzed in the following two sections,

2,6 Exciter and Field Currents with Negative Forcing Step Voltage:

It can be shown by simple partial fraction expansion operations
for Equations (2-39) and (2-42) that the time-domain solutions for the com-
ponents of currents due to the switching off process for winding A are

as follows:



1(8) = Kup Bg(0) [eg e/ Te 4y TS 4 oy 7H/TE)
e K E(0) Loy HTs 4 o et/
+ Ky Be(0) [og e t/Té] (2-L)
and
1(8) = K5 Bo(0) [eg ctTe " e-t/TSu+ cgve-t/Té . Cloe-t/Tf :
+ Ko ES(O) [eqy e / 5 +c1 e“t/Té + c13 e't/Tf ]
+ K5 Ee(O) [Clu e-t/Te' + C1g € /Tf'}
+ 5, Eg(0) [egg </ (2-b5)
where,
1 = c cp = Ts
(1) (Te-7¢) (Tg=To) (Tg=Ta)
: z
3 =
(Te'-T )(T'-Ts)
L 1
¢y = Ce =
)+ TS-Te' 5 Te"Ts
1
C6 = :F—e'-
] = T%
(R G [  Eatesy
2
08 = Ts
(TS'TC)(TS-T )(TS-T%>
C9 = Té2
(7m0 (1) i)
12
Tf
¢l0 = ) ) —
(1) (17 ) (7477
Tg :
‘n T T, ) (2-146)
' (Ts—Te)(Ts-Tf)
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A negative forcing step voltage is switched on to winding "B" at
the same instant when the switching off process for winding "A" is effected,
If the magnitude of this negative step voltage is V, , then the Laplace

transform of the input excitation to winding "B" is given by:
By = - —= (2-47)

In a similar manner, other partial fraction expansions for
Equations (2-L0) and (2-L3) after the value of E_ as in Equation (2-47)
has been substituted may be carried out, The components of currents re-
sulting from input excitation to winding "B" acting alone-initially re-

laxed system in this case - will be as follows:

-t/7e ~t/Ts -t/7é
i"t) = - V [l + cqm € + Cqq € $ Cqpn € ]
e B Ve 17 18 19 (2-18)

, ‘ -t/74 -t/74 -t/7¢ -t/7¢
£ B e 20 T ey € Tl € T Gz € )



where,
i
U S Y-y
:
8 T ) ()
7.2
BT ()
oy = — A (2-50)
(rora) (ramr) (emr2)
3
B ) () ()
c -TéB
T e ) (e ) (rer)
‘5 = _Tg
(13 ) (rpmr) (rgr)

In the above, two switching processes in the input excitation
circuits of the amplidyne have been analyzed, If the two processes are
simultaneously initiated, then one can apply the principle of superposi-
tion to obtain the total solutions, It is clear that solutions for the
total exciter and field currents will start from some particular initial
values and will then decay towards some final steady state negative values,
The zero values of currents will occur at some instants on the time-axis
which will essentially depend upon the magnitude of the negative forcing
voltage applied, Obviously, there will then exist a requirement to re-
move this negative voltage at some suitable instant of time before both

the exciter and field currents start reversing directions,
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2,7 Exciter and Field Currents, with Negative Forcing Feedback:

The requirement of removing the negative forcing voltage at some
suitable instant of time as mentioned in the previous section poses some
difficulties, Some auxiliary equipment including under-current or under-
voltage relays in conjunction with some timing element may fulfill this
requirement. However, the system will be complicated and some sort of
automatic features may prove more favorable. A reasonable means is neces-
sary to assure that the negative forcing voltage to the B-winding is re-
lated to the decaying field current itself, Figure 8(a) is a schematic
diagram for such a provision and Figure 8(b) is a block diagram representa-

tion of it., This arrangement has the following advantages:

1. The negative signal is automatically removed from the "B"
winding at the same instant that the field current reaches its zero value
without the necessity of any auxiliary equipment,

2, The applied negative forcing voltage depends essentially on
the behavior of the field current, thus providing more bucking voltage with

increased field current values,

Tt will be evident that Figure 8(b) is very similar to that of
Figure 7 except for the feedback block represented by H ., The value of
H depends upon the parameters of the B -winding as well as upon the value
of resistance Ry 1in the field circuit across which the negative voltage
is taken,

Therefore, by closing switch s;, and opening switch s, simul-
taneously, a negative voltage signal from the decaying field current will
be applied to the B-winding, This negative voltage should evidently decay

as fast as the field current itself,
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Figure 8a, Schematic Diagram for Negative Forcing Feedback Method,
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Figure 8b, Block Diagram Representation of Figure 8a,
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Physically, this arrangement amounts to forcing the field current
to its zero value by utilizing the decaying positive energy in the,output
field circuit, Thus, by reversing this positive energy, thé decay of field
current will be accelerated,

It should be mentioned at this occasion that the only restriction
on such a procedure is to limit the value of RS so that the system sta-
bility will be maintained,

The determination of exciter and field currents with such an ar-
rangement will be somewhat moré complicated because of the equivalent inputs
injected Between individual blocks., However, for th¢ linearized system,
one can apply superposition to determine the components of currents due to
each input acting alone, Figure 9 shows the individual block diagram re-
presentations that will yield responses of different inputs acting alone,

It will be seen that the total exciter and field currents are given by,

Ip = Iy + Igp + Iz + Iy - (2-m1)

It is more convenient to solve for the field current components
first, Next, the corresponding exciter current components can be easily
determined, Before this is done, an expression for H the feedback loop

system function can be shown to have the following relationship:

"H = R M (2..53)
,S KA3(1+STCB>

where it is assumed that the B-winding has no shunting effect on - Rg since

ZB is much greater than Ry . For the case where the time constants of
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both windings are equal, Equation (2-53) for H reduces to the simpler

relationship

H = Ry 22 (2-54)

Referring back to Figure 9,it is clear that Ifl will be

given by the following relationship,

oG o
Ifl = l+GH EC(O) (d 55)
where,
G' = G Gy Gy G
K
- B (2-5¢)

(Ltste) (1+stg) (LsTd) (L4sTi)

By substituting the value of (' and H as given by Equations(2-56) and

(2-54) respectively, one has

K
I, = = By(0) (2-57)

fl «
Kps Rg + (Lesr,) (Lesrg) (Lestd) (LesTs)

In a similar fashion and by referring to Figure 9 again for the other field

current components, one can show that

Ko(Ll+sTe)
T, = E,(0) (2-58)
- Kpz By + (l+STc)(l+STS>(l+STé)(l+ST%)
If5 _ K3(1+STO)(1+STS> . ‘ Ee(o) (2_59)
' Kpz Rg + (L+s7o)(L+s7g)(Llestd)(LesTs)
Ifu ) Ku(l+STc)(l+STS>(l+STé)v B(0) (2-60)

Kgs Bg + (l+STC)(l+STS)(l+STé)(l+ST%)
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Now, the polynomial of the denominator for all the above expres-
sions as given by Equations (2-57) to (2;60) are the same, All of the
terms agree with that of the opened-loop system except for the addition
of ‘KBE Ry ‘to the absolute term, However, the numerator in each of the
above expressions is different from the other, This difference will change
the values of the coefficients in the partial fraction expansions, but the
form of solution will be the same,

Evidently, the increased value of the absolute térm in the
denominator will move the location of the roots from the real axis, It
will be shown later for a specific practical application that the result-
ing quartic equation for the denominator will have two pairs of conjugate
roots, As a result, the time-domain solution for the field current com-
ponents will be composed of damped sinusoidal and cosinusoidal terms, The
rate of decay of the total fieid current will be governed by two effective time
constants one of which is shorter than the field circuit time constant,

Finally, by referring to Figure 9, one can show that the ex-

citer current components are given by:

Kpo

Te1 = T (L+s7h) Iy (2-61)
Kpz
K'. : v -
e -y e (o-2)
K'
Lez = 2 (l+sTF) I3 | (2-63)
K3 |
R. K
_ B Ko Ky 1 -
o Kps  (Les7c)(Lesg) (14s7¢) Ik (2-64)

where it can be seen that the time-domain solution for the exciter current

component terms has: the same form of solution as the field current terms,
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Later in Chapter IV, where numerical values will be assigned

for a specefic application, more insight will be gained for such a procedure,

2,8 The Total System - Synchronous Machine ~ D,C Generator-Amplidyne Com-

bination,

As a final step, it is beneficial to include the a=-c terminal
voltage of the synchronous machine in the analysis, For the unloaded syn-
chronous machine, the terminal voltage is more indicative of the potential-
ity of such a method than are the field or exciter currents, There exists
however, a slight difficuity due to the induction of secondaty currents in
the field poles and damper paths as a result of changes in field current,
For accurate calculations, one has to account for a large number of closed
circuits mutually coupled to the field circuit as well as to each other,
However, a single closed equivalent circuit
of resistance 1y , and inductance Iy
has been found to be a satisfactory represen-

tation for these circuits, The situation

is depicted in Figure 10 where M 1s to
represent the mutual inductance coeffi-
cient between the equivalent eddy currents
and damper paths, and the field circuit,

It should be realized that the

induced secondary currents will tend to

: Figure 10, FEddy currents
sustain the flux at its initial value for equivalent circuit,
some time, The terminal voltage being

proportional to the air gap flux will accordingly lag in time, It is shown
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in Appendix A that the effect of an equivalent "eddy-current circuit" is
to increase the time constant of both the field circuit and the terminal
voltage, Thus, at least to the accuracy of the assumptions made in this
development, an effective time constant Téo would be more indicative of

the actual behavior than simply e where,
? — -
Tdo = Tr T Tra (2-65)
In other words; the open circuit time constant ! for the

do

synchronous machine may be looked upon as the equivalent field circuit

time constant including eddy-current delay effects, According to the re-

(24 e

commended IEEE (AIEE) Test Code for Synchronous Machines, do

defined in Article 1,910 as follows:

"The direct-axis transient open-circuit time coﬁstant is. the
time in seconds required for the rms a-c value of the slowly
decreasing component present in the direct-axis component of
symmetrical armature voltage on open-circuit to decrease to
1/e or 0,368 of its initial value when the field winding
is suddenly short-circuited with the machine running at rated
speed, "

The same reference under Article 1,911 describes how to deter-
mine this time constant by test, Appendix A is actually a theoretical
derivation for the ahove described test with the major assumption of
representing the eddy-currents and damper effects by a single closed

circuit, Tt is convenient to re-write the final expressions for if(t) ,

in(t) and vi(t) as derived in Appendix A in termﬁ gf T4, SO that,
do
T T
1(t) =22 i0(0) (£ ¢ Tdo + e ] (2-66)
't el



t Téo
sl L
) =\ gy 7, 0 [ o - e ] (2-67)
. : -t/ ' ' ' '
vi(t) = KNg ig(0) € do (2-68)

it is desired to examine the above expressions more carefully,
Equation (2-66) for the transient field current is described by two com-
ponents governed by twce different time constants, The first component
is decaying at a slower rate and it haé a more pronounced effect particu-
larly a few moments after the transient current starts decaying, In some
applications, the second comﬁonent may be completely neglectedeithouf
| affecting the accuracy of the results very much, If this assumptibn is
carried out, then Equation (2-62) for the field current reduces to the

simplér form:
. . -t/T' .
lf(t) = lf(o) € do (2-69)

The eXpressions already derived in the last two sections fof field cur-
fent Would then still hold except that Téo the effective time constant
should replace T, . As a result of this consideration and having de-

termined the field current response, the terminal voltage response could

easily be determined by referring to the open=-circuit magnetization curve

for the synchronous machine, if(t)
o
It is instructive at this KTxa
stage to draw some interesting con-
clusions for the experimental plot Kp

of the decaying field current that

may be cbtained during the same

T"'SGCO

test carried out to determine Téoo
Figure 11. Field Current Decay.
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Figure 11 is a rough representation of the decay of field current as given
by Equation (2-66), The first component of the field current decays with

a time constant given by:

T =T 4T
do f Kd

whereas the second component is decaying with a time conétant given by:

OT, T
f Kd

—2 ¥ o, (2-70)
Tdo

The relative magnitudes of the second to the first components for the
initial values of field current as given by Equation (2-66) is seen to be
in the ratio of Te TR - This suggests an elegant method to determine
TXa from the experimental plot of the decaying field current, The im-
portance of the parameter TKd will be realized later in Chapter III when
the occasion arises to determine‘the transient short circuit field current.
Moreover, the leakage coefficient represented by ¢ can be

determined from a semilogarithmic plot of the first component of the de-

caying field current.



CHAPTER III

THE SYNCHRONOUS MACHINE UNDER THREE-PHASE SHORT=-CIRCUIT

3,1 Introduction

In the previous chapter an analysis for demagnetization of the
unloaded synchronous machine was carried out, The response in which the
currents is forced to zero value, was derived for two cases, In both
cases, the normal input excitation winding of the amplidyne was de=-
energized and at the same instant, a negative forcing voltage was applied
across another winding of the amplidyne, 1In one case, the forcing voltage
was a negative step while in the other case, it was a negative voltage
proportional to the decaying field current of the generator,
In order to account for the actual performance, it is necessary to extend
the analysis to include the synchronous machine under fault conditions.
The field current will be shown to be the most important quantity for
studying the effectiveness of demagnetization operations for different
schemes, Hence, the field current will be used to formulate the equations
under fault conditions, The results can thus bekexpressed in terms of the
field current when a three-phase fault occurs at the machine terminals,
Moreover, expressions will be given for the field current during the de-
magnetization period, It should be pointed out that the three-phase case
is considered because it represents the most severe condition as far as

the field current response is concerned,(l’e)

3,2 The Ideal Synchronous Machine
The machine will be idealized to the extent that the transient
phenomena associated with fault conditions can be emphasized. The coupled

wl] =



T

circuit approach is followed where the machine can be looked upon as sets
of linear circuits in relative motion, The stator consists of three
identical circuits symmetrically distributed and the field winding is on
the rotor, Fach winding of the actual machine is represented by a single
coil, Thus, there are three distributed armature coils a, b, and ¢
displaced 120 electrical degrees from each other as indicated in Figure
12, The magnetic axes of the phase windings are assumed to coincide with
the coil axes, The field winding is assumed to be symmetrical about the
direct axis. Generally, a synchronous machine has additional circuits cal-
led damper or amortisseur circuits, There are also eddy=-current paths in
the iron, whether the rotor is solid or laminated, In order to represent
the effects of these circuits in detail, a very large number of equations
would have to be included, However, the effects of these circuits are
usually lumped in one equivalent damper coil Kd on the direct axis and

(10-15)

one equivalent damper coil Kq on the quadrature axis, It should

be realized that the damper circuits in turbo-altermators consist of eddy-
current paths in the solid rotor body. In such cases, the damper circuits
are not well defined and the problem becomes more involved. The derived
equations can be applied to both nonsalient-pole as well as salient=-pole
machines provided suitable parameters are used in the approximate equiva-
lent circuits,

The rotor is assumed to rotate in the clockwise direction, and
@ is the angle from the axis of phase a to the d-axis, The correspond-

ing angle from phase b to the d-axis is ©-120° while the angle from

phase c¢ is 6+120°,
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Figure 12, Equivalent Circult Diagram of Synchronous Generator,
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Each of the circuits a , b, ¢, Kd, Kg and f has its own
resistance, self-inductance, and mutual inductance with respect to every
other circuit., However, the circuits f and K4 are assumed to have
no inductive coupling with the circuit Kg.

Saturation is neglected although i1t can be accounted for in an
approximate manner by assigning different inductance values according to
the degree of saturation., Since the coefficients of the differential
equations describing the system areﬂperiodic functions of the rotor angle
@ ,their solution will be rather involved and difficult, To simplify the
analysis, use will be made of Park's dqo transformation of variables such
that with reasonable assumptions the resulting differential equations are

linear with constant coefficients, These assumptions are<lonl7)

1. The @rmature windings are sinusoidally distributed to the
extent that in practical machines the harmonics are usually minimized,

2, The effect of stator slots is neglected so that the self-
inductances of the rotor circuits are assumed constant,

3, The space M,M,F, and flux waves are sinusoidally distrib-

uted,

13) in which the stator

Usihg the sign conventions proposed by W,A. Lewis<
circuits are considered as sources and the field circuits as loads, one

can write the following set of equations:

ar,
Vo = "G ~f1la (3-1a)
ax
v, = - =271 i (3-1b)
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| an o o
v = - "-E' - T iC (5-10)

‘ dAp . .
Vf = -aft—- + rf lf (3-1(1)

dAgq

Fraiy U ! (3-1e)

dXg
0 = e d—— d + I i (j-lf)
at Kq “Kq
For the flux-linkage relations, with the assumption that the flux linkages

of a circuit due to a positive current in it are also positive, one can

write

aa 1a * Lap Ip + Lge fc + Lap ip+ Lggq Ixka + Lakq kg (3-2a)

4

Moo= Ipg 1g + Ipp Iy + Ipe 1o + Ifr ip+ Ipgg igg + Ipgg 1gg  (3-2b)

Ao o= Lgg 1+ Deply v Lo Io 4 Lip Tpt Lgg g + Degg lgg  (3-2¢)
Ao = Lf',a ia + Ll;b ib + LILC ic + Lf',f if+ Lf"Kd in +0 qu (3-2d)
Ma = Igaa'a * Lkav'o * Dgacle * Igarlet Igxa Ixa + 0 1gg  (3-2e)
qu = LI'{qaia + LI'{qbib + LI'{qcic +0 140 ipg * LRKq qu (3-2f)

According to the previous idealizing assumptions relative to sym-
metry of the rotor and the sinusoidal winding distribution, the stator
self-and mutual inductances depend upon rotor position, The self-induct-
ance of any stator phase will consist of a positive fixed component plus

a second-harmonic variation effect because of the different permeance



values in the g- and g-axes, The mutusl inductance between stator phases
will also have g Sécond-harmonic term whose coefficient is the same as
that of the self-inductance, but with different phase shift angle, The
mitual-inductances between stator and rotor circuits are Seen to vary

in & sinusoigal fashion with the angle ¢ sattaining g maximum valye when
the axis of the rotor winding is lined up with the axis of any coil in

the stator.(l5’l6) This again ig based on the classic assumption of con-

Ly, = Loggo + Loy cos 29 (3-3a)
Ly = Loao + Loay cos (26 + 120°) (3-3b)
Lic = Logo + Lygy cos (26 - 120°) (3-3¢)

ab = Iy = - Labo + Lagy cos (26 - 120°) (3-34d)
Ibe = Ly = - Ibeo + Laay cos 28 (3-3¢)
Ly = Lie = - Leao + Lgg, cos (26 + 120°) (3-3f)

af = Lfa = Lyp cos 6 (3-3¢)
Ibr = Lty = Lp cos (s - 120°) (3-3n)
Lip = Li, = Lyp cos (6 4 120°) (3-31)
aka = Dggg = Ly cos o (3-35)
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Loxa = Dgav =]£mf”3(@’lg*> (3-3%)
LéKd = Lkdc = Ly COS (6 + 120°) (3-31)
LéKq = qua = - LaKq sin © (3-3m)
Lqu = qub = = Lggg sin (6 - 120°) (3-3n)
LéKq = L%qc = - LaKq sin (6 + 120°) (3-30)

Substituting the inductance values as given by Equations(3-3g)
to (3-30) in the rotor flux-linkage expressions as given by Equations

(3-2d) to (3-2f) results in the following equations:

. . [+ . o] o >

Ao = L [1a cos @ + i cos(6-120°) + i cos(6+120°)] + Lep 1o + Lpgn 1pg
(3-ka)
. . - o R ) . .

Mg = LaKd[la cos 6 + i cos(6-120°) + i, cos(6+120°)] + Learte * Iexa 1xa
(3-Lp)
kg :__LaKq[ia sin 6 + iy sin(8-120") + i, sin(6+120°)] + Lixq qu(5-uc)

Equations (3-4) lead to the familiar Park's transformation of the form:

i, = K [ia cos @ + i cos(6-120°) + i, cos (6+120°))(3-5a)

iq = - Kq[ia sin 6 + 1 sin(6-120°) + i, sin(6+120°)]
(3-5b)

i, = Ky [ig + iy + i) (3-5¢)

where Ky and Kﬁ have the value '\ﬁg in order to maintain reciprocity
for the mutual inductances between the field and armature circuits as

suggested by W.A. Lewis,<l§) K, 1is assigned a value of W/g \
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It should be realized that the newly introduced variables id P
iy and i, transform the 6-dependent terms as given by Equations (3-1)
to new variables that are independent of 6 , The relation between the

old and new variables 1s determined by the following equations written in

matrix form:

iz cos @ - cos(6=-120°) cos(6+120°) ig
i = -\£§ -sin 6 -5in(6-120°) - 5in(6+120°) iyl (3-6)
. 1 1 .
i L = = i
° 2 2 2 |
or
1'] = [elt (3-7)
The inverse relationship is given by:
o -l O}
i] = [e]™7[4 (3-8)
where,
. 1
cos 6 sin @ -\/;;
[c]“l = §- cos(6-120°) - 5in(6-120°) 1V/§; (3-9)
2
cos(6+120°) - sin(6+120°) '&{E{
v

By substituting Equations (3-5) in the flux linkage equations as

given by Equations (3-4), one obtains,

] ; . . )
A, = > Lip Tg + Dpp 1o + Lppa ipg (3-10a)
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3 , , ,

Ma = .—VG; Loxa %a * Lxar Ir + Igka Ixa (5-10D)
Ay, = 'VEZI, 1,4 Lpy, 1 (3-10c)
Kq 2 TaKq “q KKg “Kq

By analogy to Equations (3-5), the dgo flux linkage variables can be

defined as,

\g = jJé: [A, cos @ + A, cos(6-120°) + X cos(6+120°)]
3 a fo) c
: (3-11a)
g =.:\[§- [Ag sin @ + Ay sin (6-120°)+ A, sin(6+120°)]
: (3-11b)
Ao = \/% [hg + 2p + Al (3-11c)

The flux-linkage relations as given by Equations (3-2a) to (3-2c) can be
substituted in Equations (3-11), and by substituting the inductance para-

meter values as in Equations (3-3), one ends up with the simpler relation-

. 3 . b} .
o= Lgig+ —Vgilhf lf'+—\£glbxa g (3-122a)

ships given by:

Moo= I iq +'\/§ Lokq ixq (3-12b)

Ay = Lj i (3-12¢)
ﬁhere,

Ly = Dgao # %’Labo + %’Laav ’ (3-12)

Lq = Lgao +‘§ Lavo = % Loav » (3-13Db)

Lo = Laao (3-13c)
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The quantities Lﬁ" Lq and L, are defined as the direct-axis syn-
chronous inductance, the quadrature-axis synchronous inductance, and the
zero-sequence inductance(l6) respectively, and can be easily determined

by test,

3,3 The General Voltage Equations,

It can be proved that the choice of the transformation matirx

[c] is such that it defines a Hermitian orthogonal one such that
-1 *
[e] ™ = [ely (3-14)

In this case the voltages transform by the same law as the cur-

rents so that
Vg = 'Vﬁg [v, cos & + vy cos(6-120°) + v, cos(6+120°)] (3-15a)

vy = —ch [v, sin 6 + v, sin(6-120°) + v, sin(6+120°)] (3-15b)

v, = ’V[%T[va + vy + vc] (3-15¢)

By substituting the voltage expressions as given by Equations (3-la) to

(3-1c) into Equations (3-15), one has the following set of equations:

5 ar, an, | ax,
7] =._’Vﬁ; [cos @ = * cos(6-120°) rral cos(8+120°) az—] - Tig (3-16a)
ax dx ax
v, = -7\/§T[sin 6 —= + sin(6-120°) =2, sin(0+120°) —<] - ri_ (3-16Db)
9 3 at at at q
o
V. = = =—2-r1i (3-16¢)
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Differentiating both sides of Equations (3-1la) and (3-11b) gives

da dx d\ da
4o [2[cos e =2+ cos(6-120°) -2 cos(0+120°)—2 ]
at 3 at at at
- '\/%T[Ka sin © %% + Ap sin(6-120°) %% + Ae 5in(6+120°) %% ]

Substituting the value of A, as given by Equation (3-11b), the above

q

expression reduces to:

ax ax dx aix
d 2 a oy b o c de
— = — |cos @ — + cos(6-120°)~— + cos(6+120 —_— - A, — -1
—\/P-[ dt ( ) dt ( ) dt ) q gt (5 7)

Similarly, one can write for the quadrature-axis the following equation:

axi dx dn d
9 _ 2|2 [sin 6 —2 4+ 5in(6-120°)—L 4 & oy _¢C e iz _
5 - WJ;i[51n O =+ sin(6-120°) = sin(6+120°) I I+ % (3-18)

Equations (3-17) and (3-18), can now be used in conjunction with Equations
(3-16) to write the following simplified forms for the direct and quad-

rature-axes voltage equations as:

Vg = ot lgesTi (3-192)
ax
= - .9 - i -
Vg = =+ Ag @ = T ig (3-19b)

3,4 The Synchronous Machine System Functions,

In order to adopt the same approach followed in the previous
chapter, one should perform the Laplace transform operations on Equations
(3-10a) to (3-10c), (3-12a), (3-12b) and (3-19a) to (3-19e), and by iden-
tifying the initial value contribution terms, one has the following set
of equations:

b 2
Ay = V;Laf Ip+Ig Ig + V“g" Laxa Txq (3-202)



Aq = Ly I+ %LaKq Tkq (3-20D)
Ap = Lop Ip+ %Laf I, + Leys L (3-20¢)
Mg = Ixar Ie ¥ % Loka Ta * Ixxa Txa (3-200)
Agq = Lggqg Ig + @ Lakq Iq (3-20e)
and
shg +why + T Ig = = Vg 4 23(0) (3-21a)
shg— g + T I = -Vg+ Kq(O) (3-21b)
shp + Telp = Ve + 2p(0) (3-21c)
shes + Ty Ixa = de(o) (3-214)
sAgq + Tkq Ikg = qu(o) (3-21e)

Equations (3-20) and (3-21) constitute the starting point for any general
transient analysis of the synchronous machine under different types of
faults, For any mode of machine operation, different initial value con-
tribution terms can be assigned from which the solutions may be estab-
lished, For a three-phase short circuit, the tgrminal voltages v, , Wy
and v, are all zero, and consequently Vg and Vq can be substituted
by zero in Equations (3-2la) and (3-21b) for this type of fault, Further-

more, the initial value contribution terms in Equations (3-21) will as-

sume the following values:

1 (0) = -\E. L. 1,(0) + Ty 15(0) (3-228)



xq (0) = Lq iq(O) (3-22b)
Ao (0) = Lpp 1p(0) +1VC§'Laf 1,(0) (3-22¢)
Mal®) = Igge Tl +‘\E:La1<_'d a(©) (5-220)
qu(o) = \ELaKq iq(O) (3-22¢)

where all the currents in the damper winding assume zero values at the
instant of short-circuit,
Substituting the values of flux linkages as given by Equations

(3-20) into Equations (3-21) yield the following set of equations:

(sLg#r)Ig + (0lg)Iq + (-\E sLor)Ip + é\]% sLoxa) Ixka + (\/_ngm{q)IKq:xd(o)
‘ | | (3-23a)
(-wlg)Ig + (sLq+r)Ig + ( \[_ olgp)Ip + (-wlg'wLaKd>IKd+éd_ sLaKq)IKq~kq(O)
' (3-23b)
(—\E_.sLaf)Id + (0)Ig + (sLeptre)Ip + (sLegg)Igg + (0)Igq = Ve + 2p(0)
| (3-23c)
(@ sLaKd)Id + (o)Iq + (sLde)If + (sLKKd+rKd)IKd + (o):tKq = de(o)
| (3-234)
0)1, + (Wﬁg-sLKKq)Iq + ()T + (0T + (shgeg#ryg)Tgg = Mg (©)
| | (3-23€)

The above relationships between currents and initial value contribution

terms can be expressed in matrix form as:

KdKq KaKq
Zagr Tage = Vage t M.v (3-24)



where,
3 13 3
5 Lg+ T WLy \/; s L, 5.8 Loy 59Tk
3
- de S Lq + T ’:\EwLaf —\/-;w Laxa ‘\/gs LaKq
KdKq 3 : '
= 2 0 L L 0
2aqr 5 8 Lar Shep * Tp 8 lrg
3
'\/: s Laxa 0 8 Lyar S Lyxa + Txa 0
b)
0 > s LaKq 0 0 SLKKq+5®
RS
(3-25)
Iy 0
I 0
. q
= Ka Ip (3-26) v = | Ve (3-27)
dqf dof
Tea 0
0
24(0)
24(0)
= -28
N g 1.(0) (3-28)
My (©)
0
()

Equation (5-2&) is a rather general representation for the transient be-
havior of the synchronous machine, For the particualr case of a three-
phase short-circuit at the machine terminals, quf and A; . assume

the values given by Equations (3-27) and (3-28) respectively, Thus, by

some matrix manipulations, expressions for I , Iq and I can be
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easily obtained, Howevér, it is desirable to identify some particular

(11,12)

system functions commonly called operational impedances, This can

be accomplished by resolving Zgigq iq a manner thatiwill yield these
functions, The main purpose of this development is the simplicity of ex-
pressing these_s&Stem functions in terms: of well-established*énd familiar
machine constants that can be experimentally determined by means of stand-
ard tests,

| Before carrying this out, the initial value flﬁx linkage terms
as given by Equations (5-22) are simplified for the particular applica-
tion of the unloaded synchronous machine subjected to a three-phase short-
circuit at its terminals, In such a case, id(O) and iq(O) assume zero
values and Equations (3-22) reduce to the following:

2a(0) = V2 ta 15(0)  (5eom)

q0) = 0 | | (3-290)
2p(0) = Lpp 14(0) | (3-29¢)
;Kd(o) Lear 1p(0) (3-29d)
g(0) = 0 (3-29%)

Moreover, assuming no voltage regulator action for the few moments after

short-circuit is effected, then
Vp = Ty | (3-30)

In order to express IKq s IKd and If as functions of I and Iq s

one substitutes Equation (3-29e) into Equation (3-23e) so that



-\fg-s LKKq

g = - I . (3-31)
- ® Ixkqtkg
Substituting Equation (3~29d) into Equation (3-23d), one can write:
WJB s Lakd
= akd s L L
Ly = = oo I = i1 K (0) (5.32)
SLkKa+TKa sLKKA+TKA sLKKA+TKd

Substituting Equation (3-32) into Equation (3-23c) and using Equations

(3-29c) and (3-30), and arranging terms, one has,

ig(0)
Ip = =8CGI;+ ~fs (3-33)
where,
¢ =1J5'%W®Hmfﬁ@)'ﬂm@%m‘ o (3-3Y)
2:2
2 (sLpptre) (shyga#Tya) = 8 Logq

is the first identified system’function to express Id as a function of

I (11,12)

£ in operational notation and is known in the literature,
Substituting the value of I, as given by Equation (3-33) back
into Equation (3-32), one has the following relationship,
2
s lxar G - Wf%-s Laxa
- I3

'8 LKKd+ rKd

Ixgg =

(3-35)

By substituting Equations (3-31), (3-33) and (3-35) for Igq » Ip and

T respectively into Equations (3-23a) and (3-23b) and using Equations

Kd

(3-29a) and (3-29b), one can arrive at the following two simultaneous

transform equations in I3 and I, as follows:

q

(r+sXq)Igq + (wxq)Iq =0 (3-36)
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(- wXg)Ig + (r+sXg)Iq = NE; €igo (3-37)

Drey 2 3.2 3
s [Ld(LKKdef-LfKa)]+S[rf(LdLKKa~§L§Kd)+rKa(Ldef-§L§f)]+Ldrera

2 2
s<[L -L + s fLKKd+r L + ey

KKd ff de Ka ff " Kd

(3-38)

is the direct-axis system function with the subtransient reactance defined

as:
x" = (L)L” . Limde
a T d @ smw
L2 L L2 Loon = 2L_oLepaL
o 3 Yaftkkad T “akd“ff af-rKd"aKka
= CU[Ld_ -y ]
: Igaler - Loxa
(3-39)
and
) 3 .2
s(Lqlgkg - 5 Slakg) + Tkolk
Xq = = (3-1!-0>
sLKKq + qu
is the quadrature-axis system function, and
w L
af . ‘
®iq0 © j/é 1f(0) (3-41)

is the quadrature-axis internal voltage and 1s equal to the open=-circuit
voltage at normal speed operation,

It should be noted that capital letters are méant to indicate
transform quantities so that X4 (or 'Xd(s) rather) is understood to be
a function of s as in the Iaplace transform notation, It is to be
noted also that the subtransient reactanée xg as given by Equation

(5~59) is introduced by utilizing the initial wvalue theorem, so that it
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would be the appropriate parameter to determine the initial value of cur-
rent, Finally, by solving Equations (3-36) and (3-37) simultaneously, one

has the following expressions for the direct and quadrature-axis currents:

X
s
Id. = - - S 2 \/-3 eiqo 3 (5-)+2>
(r+sXg) (r+sXq) + 0°XgXg
1
=(r+s
1, - Frok) ey (3-15)
(r+st)(r+sXq) + wEXqu

The field current may be evaluated by substituting Equation (3-42) for the
direct-axis current back into Equation (3-33), This results in the fol-

lowing expression:

i.(0) GX
L = S —% s VEngafif(O) (5-Lk)
s (r+sXg) (r+8Xq) + wKaXq |2

3,5 Time Domain Solutions for Short~Circuit Currents,

In the previous section the transform direct, quadrature-axis
and field currents have been expressed in terms of recognized system func-
tions and the initial value of field current, It is clear that the no-
load internal voltage 1s itself a function of the initial value of field
current, In order to get the time-domain solutions for the currents as
expressed in Section 3,4 above, one needs to arrange these expressions in
partial fraction form, This can be accomplished by factoring out a fifth
order polynomial in the denominators, Although this can be carried out
by a standard digital program for individual applications, yet some de-
tailed specifications for self=-inductances and mutual-inductances ap-
pearing in system function expressions are necessary, Some of these

parameters such as LKKd ) Tpa 2 LaKd s ooo. €tc, are difficult to obtain
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either by calculation or experiment, To overcome this difficulty, some
simplifying assumptions(lg) with simple manipulations as shown in Appendix
B lead to the following simpler expressions for the system functions:

¢ - (leKdS) )W[B:L_ail) (3-15)

(Lrps){l47gs) 12 r

f
X = (l+Td'S)(l+Td'S) L., (3-46)
T (Larps) (Largs)
and \
1 "
x = =219 (3-47)
4 1+ T&OS 4

It should be noted that the assumptions as stated in Appendix B are such
as to identify certain parameters known as '"machine constants"sthat can
be experimentally determined by standard tests, The oscillographic plots
of phase currents resulting from a three-phase short-circuit test usual-
ly provide enough information to determine these constants, This informa-
tion is obtained from an investigation of defenite regions in oscillo-
graphic plot of the short~-circuit current,

Upon substituting the above expressions for system functions as
- given by Equations (3-45) to (3-47) into the current expressions given by
Equations (3-42) to (3-44) and utilizing the approximate expression for
the common denominator "D" as given by Equation (C-6) in Appendix €, éne

can show that:

) P (1478 8) (147§ 8) 5 Cigo
Id. = = 5 3 * §)
s(1+74s) (Le1d 8)[(s+ :=)+o ] Xy



w(l+tdss) .
Iy - — ER (3-49)
L L X
(L+7gs) [(s+ Ta) + o) q
1.(0) WP (14T, )
L - = (4077 1¢(0)
: Y 192 4 0P
(l+Tds)(l+Tds)[(s+ = (3-50)
with,
12
%ﬁd Y orl-g (3-51)

= T o
Equations (3-48) to (3-50) may be expanded in partial fractions so that

the respective currents assume the following form:

Lo t’eu L o5 Ces  Corf+C8 | g Cigo
da - " ’
l+1ls 14+7's 1.2 2 *a
-5 (Lergs)  (Lrgs) {(s+ 27 + 0 } (3-52)
poo [, B0 f T g fi (3-55)
4 (l+7)s) 1.2 5 Xq ’
q {(s+ =) to
i.(0) C c c Car |
If - f< )-l' 52 5?' 34 s+ 55 ' (T' Td)lf(o>
5 (147is)  (L+7fs) {(s+ 12, w’ai,
Ta (3-54)
where

Coy = 1,
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_ do " !
Cog = ;g"("'do q)
1 "
do do
027 - Tt g ’
‘a4

Ozq = o 22
31 . T& ’
Cp = 1,
. - Td " Txxa
33 = T ’
d

.

KKd
Cz) = -
3L T

Ta "a

¥ 0 -

Css (3-55)

It is to be noted that in the evaluation of the above constants it was
assumed that the subtransient time constants could be neglected with re-
spect to the transient time constants, Moreover, some constants were as-
sumed to be zero especially when such constants will be divided by

w =377 rad/sec to get inverse lLaplace transform of sine functions as will
be done in the coming development, By substituting the above values for
the constants as given by Equations (3-55) into Equations (3-52) to (3-54)
and by performing inverse Laplace operations, one can get the familiar

time~-domain solutions for the currents as follows:



-t/T'
ld = = [\/_3 _lqo + \/_5 elqo (}%d'_- = }'%') € d
1 _ 1 't/Tg _ igo ‘t/ a
+3 €140 (}?é' ﬁ) € V3 B € cos wt]
(3-56)
.. ) 4
1= V3 290 ¢ t/Ta sin wt , (3-57)
q X"
g
-t/7 T t/td  Trka -t
if=i(0)+i(0)(do d) /4 (1-@)e/d-—-@{—de /Tacoswt]
f iy T " 7
C'a d - d
(3-582)
Equation (3-58a)is conveniently re-written in the following form:
-t -t/74 -t
ip = 1p(0) + it e /74 - if e AL =i, 0 € /78 cos wt
(3-580)
with,
T =T
. a a .
i = ————=1,(0) , (3-59a)
£ " £
da
T! -7 T
‘1 d d dy .
o= 2222 a0, (5-59b)
T4 &
T! =T, T
. do d 'KKd .
ig.e = , — ip(0) (3-59¢)
Ta Ta

Finally, by substituting the values of
(3-56) and (3-57) above in the inverse

(3-8), with 6 = wt + 65 , one has the

id and iq as given by Equations
relationship as given by Equation

following expression for 1, :

- 1 - "
i, = - J2 e; [+ (;L - 4£) € t/Td + (jL - e t/Td] cos (wt + 6,)
go % x! x " x! 0
~d d d d d
XH + X” _‘b T
+-JE e, —9——-g € / a cos ©
lqo 2X " H
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XH - X!l

+2 ®i g0 49 e't/Ta cos (2wt + 6,) (3-60)

n 1"
2xdvxq

The expressions for i, and 1, may be obtained by replacing wt with wt

-120° and ot -240° respectively in Equation (3-60). Egquation (3-60)

can be simplified by assuming x& = X} , so that with 6, =0 , one has

q
-t/ -t/74
ia = - \/_2 eiqo ['}“ + (..l".. - -'J:-) € a + (ln - l! € d‘] cos wt
3 *a %A 3 X
=t/7
w2 e, w%T € /T (3-61)
igo xj

Equation (3-61) is conveniently re-written in the following form:

- ! - u -
i, = -V2(i+1' e &/74 +1i" € t/Td) cos wt + 1g . € t/7a
(3-62)
e.
io= = (3-632)
*a

= steady-state short circuit current,

o .1 -
tF eiqo (xé Xd) : (5-650)

initial transient component of short=-circuit current,

i

(£ -1 (3-63c)

e.
190 1
R

= initial subtransient component of short=-circuit
current,
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V2 (i + 1" +i")

Jo Sigo (3-63d)

"
X
d

maximum possible initial value of d-c component of current,

3.6 Energy Considerations,

In the preceeding sections, short-circuit currents in the
armature circuit and the field current have been derived, The derivations
pertain to an idealized synchronous machine, A single.effective time con-
stant was introduced in both the direct and gquadrature axes to account for
the demper windings and eddy current paths, The effect of damper windings
is seen to be accounted for by a subtransient term in both the d=-c and
a~-c components of field and armature currents respectively., Also, the
amplitude of the d-c component in the armature circuit and the a=-c com-
ponent of current in the field circuit are modified by subtransient terms,

It turns out that, even with this approximate representations
of the eddy current and damper windings effect, it is difficult to apply
the derived results for the machine under two distinct transient stages,

The first stage starts from the instant of short-circuit and continues until
the demagnetization process is initiated, This stage is assumed to end
after a period of time t; = 0,1 second which is customarily considered(192>
as a reasonable amount of time to actuate the circuit breaker trip coil

and for the switches indicated in Figure 2,6a to function, During this
stage, the leakage flux is continuously changing due to the almost en-
tirely demagnetizing action of the armature current, The changing nature

of leakage flux, which accounts for the change in the reactance is
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described in an approximate manner by introducing the system functions
X3 » Xq and G . When the second stage starts after t; = 0,1 second,
other switching operations are carried out to initiate the demagnetiza=-
tion process and the analysis tends to be more involved, It is not es-
sential to obtain the short-circuilt currents in the second stage with
extreme accuracy., If it were attémpted to obtain complete rigorous
solutions, the methods would become exceedingly difficult and require
an undue amount of time, Actually, the situation is such that it would
be almost impossible to get these rigorous solutions, In the first stage,
many assumptions and simplifications were carried out and experience has
shown that these approximate methods are sufficiently accurate for engi-
neering purposes, In other words; emphasis will be on a more or less
rigorous mathematical development and on obtaining a fundamental physical
understanding of the system so that the extension of the theory is reason-
ably manageable, In order to achieve this and gain more insight to the
overall physical nature of the problem, a complete energy account of the
system will be considered, Thus, based on this physical approach, the
short-circuit current expressions may be modified and fitted to yield the
desired solution,

Originally, for an open circuited stator but with rated voltage

on the terminals, the stored magnetic energy in the field winding of the

synchronous machine is given by:

=
i
o
[
-
—
(@]
~r

(3-6ka)

22(0) (5-61b)

I
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where,

if(O) = field current value necessary to generate rated volt-
age at the stator terminals, and

kf(O) = initial flux linkage value of the field winding and
is given by Equations (3-29c).

It is evident that the stored magnetic energy as given by Equa-
tions (3-64) undergoes continuous variation as soon as the machine is
short circuited., The field self-inductance is continuously varying and
the field current itself follows a pattern as described by Equations (3-58).
At the beginning of the second transient stage, the subtransient components
T -t/T,’ ] -t/Té' . . .
ig e’ and 1" e in Equations (3-62) and (3-65) will have almost
decayed to zero values, This means that the armature and field currents

(11,14) Consequent -

approach values as given for a machine without dampers,
ly, the subtransient terms may be neglected and the uncertainties about
accurate representation of damper windings and eddy current paths will
have been nearly eliminated., Also, the stored magnetic energy will be
less than that given by Equations (3-64) at the beginning of the second
transient stage., It should be pointed out that the second transient stage
is more influential than the first one as far as the demagnetization pro-
cess is concerned, During the first stage, there is no control whatso-
ever on the decay of short-circuit currents, but fortunately, the decay

is naturally accelerated in the subtransient interval, The major effort
should then be exercised at the beginning of the second transient stage
where the decay is relatively slower, Thus, any method of demagnetiza-

tion should logically aim at accelerating the decay of the stored mag-

netic energy after 0.1 second from the instant of short-circuit,
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Before proceeding further with this energy consideration, it is
worthwhile to consider the electromagnetic torque under three-phase short-
circuit conditions, The instantaneous value is given by the following

genral expression:(llﬁlY)

T o= gl -2 g (3-65)

An approximate expression for the torque during a three phase short-

circuit is derived by Concordia(ll) and it can be generally separated into

four components:

1. A fundamental frequency component,

2. A unidirectional éomponent of torque proportional to field
ii,c To loss, where 1, . 1s the a-c component of rotor current, or the
d-c component of stator current,

3. A unidirectional component of torque proportional to the
stator ilr losses, where 1 1s now the a-c fundamental frequendy com-
ponent of armature current,

4, A double-frequency component of torque, which is due to

saliency,

‘The energy required to compensate for the copper losses cited under the
above second and third items must be supplied from some source, In the
second item the torque corresponds to the a-c component of rotor current
and flux linkages, or equivalently to d-c component of stator current and
flux, Looking upon the stator as if it were supplied with d-c excitation,
then due to the relative motion, an a-c component of current is induced

in the rotor., Obviously, this component must be supplied by the prime
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mover and has nothing to do with the stored magnetic energy in the field,
However, the stator torque cited under the third item, is entirely deter-
mined by the direct components of 14 , iq , or the fundamental frequency
component of stator current, Since in the present case, the latter com-
ponent of the stator current depends only on the d-c field current i.(0)-
which flows irrespective of any relative motion - then the stator i2r
losses must be supplied by the stored energy in the magnetic field of
the machine, In other words, due to the fact that the rotor and stator
windings are magnetically coupled, the stored magnetic energy is dis-
sipated in the stator by transformer action and appears as heat energy,
This is not desirable, and every successful method for rapid demagnetiza-
tion should result in minimizing the time integral of the stator 1%y
losses, In order to accomplish this, a considerable portion of the stored
magnetic energy may be diverted by some means or other to prevent much
damage to the armature windings, The field discharge resistance method,
for example, introduces the discharge resistance across the field winding
for this purpose. In the negative forcing voltage method, introduced
in Chapter II, some of the stored magnetic energy is extracted by reversing
the polarity of the armature of the d=-c exciter, This results in the
machine running as a motor so that the stored magnetic energy may not only
be dissipated as heat energy, but also as mechanical energy returned to
the shaft,

Since the stored magnetic energy is generally proportional to
the square of the magnetic flux; an acceleratioﬁ of the decay of flux is

obviously necessary. It is only after the flux linkage value is reduced

to zero, that the prime mover will stop to supply the torque as given by
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Equation (3-65), Needless to say any effort to accelerate the decay of
field current after the second transient stage starts would also apply to
the flux except for an amount of time lag, Due to the above considera-
tions, the field current will be considered as the basic quantity around
which the results will be formulated,

3,7 Extension of the Results of Sections 2,6 and 2,7 to the Machine Under
Three Phase Short-Circuit,

In the previous sections; sufficient of the theory of synchronous
generators was given to make clear the part played by the dynamic character-
istics of the machine in determining the short-circuit currents. An energy
consideration has been accounted for in Section 3.6 and an effort was made
to grasp the overall physical picture in terms of two distinct transient
stages, At the beginning of the second transient stage, the a-c component
of field currént and the d-c component of short-circuit armature currents
are considerably reduced since both are decaying with the armature time
constant which is rather small, This is why all the theoretical methods
of analysis of demagnetization have always considered the d=-c component
of transient field current or the related fundamental-frequency a-c cur-
rent alone, Moreover, the subtransient terms are usually assumed to be
negligible by the end of the first transient stage,(ll}l5> and the effec-
tive time constant for the decay of the d-c component of field current is

given by:

(5-66)

351 M
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This means that for larger units where the transient reactance tends to.be
smaller, the chances for a quicker decay of field current are greater than
for lower capacity units, Conséquently, all the previous equations de-
veloped in Section 2.6 can be applied for this case except that the time
constant for the field circuit should be modified from T% to Té as
far as the decay of the d-c component of field current is concerned, It

should also be realized that in applying Equation (2-41), the value of

E¢(0) in the last term will be given by:
Ef(o) = Lp [if(o)]o,l second (3-67)

where,

[ip(0)] ip(0) + if e'(o°l)/Té (3-68)

0,1 second

and, i; 1is as defined by Equation (3-59a),

The value of Té should, obviously, replace that of T% for
determining the component of current resulting from the input excitation
to winding B acting alone as given by Equation (2-45), The law for the
decay of the a-c component of field current will remain the same as that
of Equation (3-58b).

In order to extend the results of Section 2,7 for the machine
under fault conditions, but with negative forcing feedback, it is con-
venient to consider the negative forcing voltage as composed of two dis-
tinct terms, Thus, at the beginning of the second transient stage, when
the subtransient terms have almost decayed to zero values, two equivalent
ekcitations are suddenly applied to the B winding of the amplidyne, These

two excitations are proportional to the d-c and a~c components of the
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negative value of field current respectively, By using superposition for
the linearized system, the closed loop response may be determined by add-

|

ing two separate solutions each derived alone, However, there will be
somé difficulties in extending these results and the block diagrams of
Figures 9 should be modified, The field circuit of the synchronous machine
was represented in Chapter II by the 'Gu block, in which the principle
parameter was the time constant 74 ., The situation is not exactly the
same under short-circuit conditions because of the various couplings which
tend to reduce the time constant of the field winding to an effective value
of Té as far as the d-c éomponent of field current is concerned and to
a value of T, 88 far as the a-c component is concerned, Not only this,

but also the field current at the beginning of the second transient stage

is constrained as given by the following equation;

i, = 1(0) + if e-t/Té - i, e_t/Ta cos ‘wt (3-69)

where, as mentioned before, the subtransient term is neglected. Equation

(3-69) has the following transform value:

1
1 (S+;-57—)
1¢(0) L 0,15 ¢ 'a’ -0.1s
I = - ] e - (3-70)
1 1o 2
5 -8+ = (s+ =—)° + o
Ta a
where the exponential terms e"o‘]"S in the Laplace notation indicates

a delayed response of 0.1 second, It is clear that the system function

Gy of Chapter II should be modified to Gj or Gj depending on

whether the d-c or a-c component of field current transform value is con-
sidered, For any of these components of transform field current, the mod-

ification . should be such that when the input voltage before Gh is
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multiplied by Gi and Gﬁ , then the proper transform field current should
be as constrained by Equation (3-70) above,
It is thus convenient to substitute Eq(0) in Figure 8b by

Efeq(o) where,
Epeq(0) = E£(0) + E£(0) (3-71)

keeping in mind that EL(0) is the equivalent input voltage before G},
to account for the d-c component of short-circuit current, Since the
governing time constant is till Té ; then Gi is equal to Gh and
E%(O) will be given by Equation (3-67). Thus, all the basic equations

developed in Section 2,7 can be applied provided Té replaces that of

!

ch

On the other hand, the equivalent input voltage due to the a-c

component of field current is given by

i
E'(0) = - 28 (3-72)

In order to have the transform field current value as constrained

by Equation (3-70) above, G will have the following value

1
Ky (84 wz)
G - —t—2 (3-7)
(s+ ;—)2 + o
a,

Therefore, the response due to the total equivalent excitation

is given by

ey = In+ Ipy (5-4)
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where, I%h and IEA are the respective closed loop responses with
EI;(O) and Ei’j(O) acting alone, It should be noted that the block dia-
gram representation of Figure 9 will apply also when E%(O) is acting
alone, As far as Igh is concerned, the block diagram representation
of Figure 13 would be the proper one,

More insight will be gained when numerical values are sub-

stituted in Chapter V,
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Figure 13, Block diagram representation for If), and TIg), with negative
forcing feedback with the machine under fault conditions.



SHAPTER IV

EXPERIMENTAL RESULTS

4,1 Introduction

To verify the theoretical results of Chapter II, some exper-
imental work has been carried out on a system involving an. Amplidyne
generator used as the pilot exciter for the separately excited d-c
generator,

The theoretical results are obtained by substituting appropriate
values of the different operating parameters in the derived expressions.
To make a quantitative comparison between the theoretical predictions and
the recorded results, all the parameters for the machines constituting the
system must be known, Appendix D includes all the name plate data for
these machines as well as the machine parameters used in the theoretical
calculations, Brief descriptions of the necessary tests for determining
these parameters are also presented in the same appendix,

The experimental verification of the derived results in Sec-
tions 2,6 and 2,7 was made on a scale model turbine generator in the
Power Systems Laboratory, This is a specially designed machine that
simulates a typical large one, It has approximately the per unit mechan-
ical and electrical characteristics of a large cylindrical rotor power plant
machine, except that the field resistance is too high and time constants
correspondingly shorter,

The fact that the experimental machine has much faster response
than conventional large synchronous machines should not present much dif-

ficulty as far as the verification of the theoretical results of Chapter II

-75-
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is concerned, However, with the machine under three-phase short-circuit,
the governing time constant in the field circuit, Té , replaces that of
Téo and is even smaller, In such a case, the slightest error in measur-
ing time quantities from the oscillographic plots would seriously impair
the validity of the results, This difficutly may be overcome by employ-
ing a time-constant regulator,(25) which introduces a negative resistance
into the field circuit., Thus, the effective field resistance can be re-
duced to any desired value in order to yield a reasonable simulation for
large machines,

It should be pointed out, however, that the three-phase short-
circuit expressions as presented in Chapter III, have been thoroughly
discussed and subjected to experimental verification, Moreover, J,R. Hill
et gl.(z) have extended the experimental procedures to include the second
transient stage under which the machine is subjected to the demagnetiza-
tion process. In spite of the limitations of the theory that were brought
out, particularly in regard to mégnetic saturation and representation of
all eddy-current paths by an effective time conétant in each axis, these
expressions were regarded as satisfactory. Therefore, it has been de-
cided to assume reasonable validity of the mathematical model to represent
the synchronous machine when subjected to three-phase short-circuit as
given inﬂChabtef II1.

It is to be noted that thevderived equations in Section 2,7 are
not in a closed form so thét it will be neéessary to factor out the de-
nominator for each individual case with different sets of parameters., This

- would then require much labor., Therefore, a standard digital computer

program can be conveniently utilized to reduce the amount of labor, The CSAP(25)



for example, is based upon a program obtained from the IBM and is placed
as a subroutine on the library desk, This subroutine is a general com-
putational aid and can perform many tasks. It has been used for the
computation of the transient responses of Section 2,7, This program can
also produce one page printer plot for each individual response so that
the time responses can be directly obtained from the transform quantities.,
The predicted transient currents according to the developments
of Sections 2,6 and 2,7 together with the actual currents as obtained from

the oscillograms are presented in the following two sections,

4,2 The System with Negative Forcing Step Voltage

Tests were performed on a system constituting the laboratory
turbogenerator in order to compare the experimental results with the pre-
dicted ones, The schematic diagram of the system is shown in Figure 8a,
The synchronous machine was driven by a d-c motor at synchronous speed
during the tests, Oscillograms were taken for the exciter current of the
d-c generator and the field current of the synchronous machine,

Excitation for the A-winding by means of one of the control
field windings, EB- F) , was first adjusted to maintain approximately
the rated voltage at the synchronous machine terminals, The correspond-
ing exciter and field currents and voltages were recorded, The different
time constants in the system were modified as necessary to account for
any resistances used to get signal voltages across the input terminals
of .the oscillograph,

The basic equations derived in Section 2,6 for the exciter and

field currents after removing the excitation from the A-winding are



' -t/7¢ -t/ -t/7¢
i = KA2 EC(O) [cl + ¢, + C ]
+ k' E (0) [c e-t/Ts +c e-t/Té]
s p)
+ K& E(0) [cg e't/Té] (4-1)
and
-t /T =t/7/ -t/ 7}
if = K3 EC(O) [c7 € /Tc +cg € 'S 4oy e /Te +¢qg € /TP]

- - f o
+ Ky Eg(0) [cqq e t/7s Cip € t/7e c13 € t/Tf]

-t/ /1!
t K E,(0) [cy), ¢ /Te +opg € /7 ]

+ K, Ep(0) [eqg e't/Tf} (4-2)

Initially, the exciter and field currents have values of 0,335
and 1,725 amperes respectively and this gives a terminal vaoltage of 225
volts across the synchronous machine terminals, The corresponding control
and quadrature-axis currents of the Amplidyne were 0,053 and 0,25 amperes
respectively., When the above data for the system and the numerical values
of the relevant constants are substituted in the above equations, the

transient currents are

it = -1.822 e_lB'Qt + 1,621 e-ll'8t + 0,536 ¢
e

-27,8t (4-3)

and

=L, 15t -18.2% -11.8t -27.8t
i% = 3,791 e 2 + 2,521 ¢ - 4, 1k6 ¢ - 0.4 ¢ [
(L-k)
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Figures lha and 14b show plots of these calculated transient
currents, together with the actual currents obtained from the oscillograms.
For convenience, the amplitudes of currents are given in percentage of
their normal rated values, This procedure will be followed for succeeding
cases, The main difference between the predicted and the test results
appears in delayed responses due to the effect of eddy current paths in
the system and in the final values attained, Due to hystresis effects,
the exciter and field currents attain nonzefo values at the end of their
decay,

With the A-winding ﬁnexcited, a negative forcing voltage of
-4,9 volts was then applied to the B-winding, The corresponding exciter
and field currents and voltages were recorded, The different time con-
stants were also adjusted as in the previous case, The basic equations
derived in Section 2,6 for the exciter and field currents after the ne-

gative excitation is applied to the B-winding through F7 - Fg are

- - -t/
ig = = KB2 v, [1+ cy7 € t/Tc + Cig € t/7s + Cpg € /Te]
(4-5)
and
-t/T -t/T -t/7! -t/7!
e C S e Ir
i, = - KB3 Vc[l t ey € te, € + ey € tCpz € (14-6)

The final values of exciter and field currents are =-0,35 and
-1, 74 amperes respectively which corresponds to a terminal voltage of
226 volts across the synchronous machine terminals, If the above data
for the system and the numerical values of the constants are substituted

in the above equations, the transient currents are
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Figure 14, Transient currents due to removing excitation
from EB -Fy .
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i1 = -0.35 - 1,898 S o TIRBE L g (2TO
(4-7)
and
. -l ' 18,1t -11. -27.8t
1" o= = 1,7k + 4,11 € bATE + 2,75 € - k47 € 1.8¢ -0.42 ¢ 27.8¢
£ (1-8)

Figures 15a and 15b show plots of these calculated transient
currents, together with the acutél currents obtained from the oscillograms.
The main difference is also due to eddy currents and to hystresis effects,
By constraining the final values of exciter and field currents to be -0.35
and -1,7L4 amperes respectively, then KEE and Kf} Should be modified
from 0,0944 and 0,44 to 0,0715 and 0,355 respectively,

Finally, by simultaneously removing the excitation from the A-
winding and applying the negative forcing step voltage to the B-winding,

the total exciter and field current responses are given by

and

C_ g e .
L, i+ ig (4-10)

where the individual component transient currents are given by Equations
(h-1), (4-2), (L4-5) and (4-6) above,

The exciter and field currents have initial values of 0,335 and
1,725 ampereszrespectively and this gives a terminal voltage of 225 volts
across the synchronous machine terminals, The corresponding control and
quadratﬁre-axis currents of the Amplidyne were 0,053 and 0,25 amperes re-
spectively, The final values of exciter and field currents have values

of -0,335 and -1,665 amperes respectively.
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If the above data for the system and the numerical values of

the constants are substituted in the above equations, the transient currents

are
i = - 0,335 - 3.602 000 43 oy TLLOE g gop (72788
(4-11)
and
i, = - 1625+ T.631 h 16t 5.089 18,150 8.557 116t ?L?ig)e-27o8t

Figures 16a and 16b show plots of these calculated transient
currents, together with the actual currents obtained from the oscillograms,
Similar results to those of the component currents response may be seen,
The reasonable agreement between theory and experiment justifies the as-

sumptions of Chapter II, particualrly that linear theory can be applied,

L.3 The System with Negative Forcing Feedback

The same type of experiments were carried out except that the
negative forcing voltage is now proportional to the decaying field cur-
rent, The schematic diagram of the system is shown in Figure 8a, 0Oscil-
lograms of the exciter and field currents were taken for three different
values of Rg ., For each value of Rg , the effective time constant of
the field circuit has to be ascertained, The experimental procedure was
to remove the excitation from the A~winding and to simultaneously apply
a feedback signal voltage with proper polarity to the B-winding., This
was done by closing both switches s, and 8o at the same instant, The
oscillegrams of the corresponding exciter and field currents were taken,

The basic equations derived in Section 2.7 for the transform

of component exciter and field currents can be manipulated to show that
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the total transform exciter and field currents are given by

Ie = Ne / De ' (k-13)
and
I, = No/ Dy (4-1k)
where,
K R E.(0) K,, E_(0)
. y Ko B Be A2 ¢
Ne = [{ ==} + { (s + =)}
TcTsTeTf TcTsTe Tf
K5 Eg(0) K4 E.(0)
{ (s+ (s + 20} + { 22 (s¢ 2)(s+ L) (s+ D)}
TsTe T Te Te T Te Ts
(4-15)
N. = { KA3 EC(O) } { K ES(O) *J;_> }
£ TeTgTeTf TgTeTf Te
kz E,(0) K), E(0)
e { 2 (o Bi(er B} + { 2 (o D)o Dy(se D)
. ef c s f c s e
(4-16)
and
ok 101 1 1.3 ¢ L .1 . 1 . 1 . 1 4.
=) = Df = S + ["T'E'f TS + Fe,— + @] S + [TCTS ‘TcTé ¥ TSTe@ + <7‘éT-f'b L e'rif_‘“
1 1 1 1 1
+ £ — + T + —r + x,r]s - ,‘xvrl“i'K X!
ToTsTe  TeTsTf  Tcle't  TsTe'r TeTsTaTs B3 ?h-l?3

The CSAP(25) digifal computer program was again used to compute
the numerical values for the inverse functions of the transform exciter
and field currents, Three different values of Ry , as in the experimen-
tal procedures, were used and for each value, different sets of data and
adjusted values of constants were introduced, The corresponding transforms

for these cases are as follows,
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Case 1: Rg = 2,16 ohms

The exciter and field currents have initial values of 0,335
and 1,67 amperes and the corresponding control and quadrature-axis cur-
rents of the amplidyne were 0,05 and 0,25 amperes respectively, The

transform exciter and field currents in this case are given by

I, = [ - 1620 + 78.7 (s+4.,07) + 5.3 (s+4.07)(s+27.8) + 0.335 (s+4.07)

e ‘

(5427.8)(5+11.8) 1/ [s™ + 61.85 83 + 1283 s2 + 10228 s + 43.400]
; T s

and
I, = [1527 + 102.8 (s427.8) + 6.51(s+27.8)(s+11.8) + 1,76 (s+27.8)

(s+11.8)(s+18.18)] / [s* + 61.85 &3 + 1285 s° + 10208 s + 13, 1400)
(4-19)

Case 2: Ry = 3,09 ohms -

‘The exciter and field currents have-initial v;lues of 0.338 and
1.725 amperes and the corresponding controi and qﬁadrature-axis currents
of the amplidyne were: 0,05 anqlo;EOlE‘ampe}es respectively, The trans-

form exciter and field currents‘in this case are given by

Io = [ -2203 + 78.7 (s+4.19) + 5.3 (s+4.19)(s+27.8) + 0.338(s+4.19)
(s+27.8)(s+11.8) 1 / [s” + 61,97 & + 1289 8% + 10346 s + 52.250]
(4-20)
and
Ip = [1520 + 102.7 (s427.8) + 6.56 (s+27.8)(s+11.8) + 1.725 (s+27.8)

(s+11.8)(s+18.18)] / [s* + 61.97 &0 + 1289 2 + 10.346 s +(Eé.2?o]
21
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Case 3: Ry = 6,34 ohms

The exciter and field currents have initial values of 0,395 and
1,788 amperes and the corresponding control and quadrature-axis currents
of the amplidyne were 0,06 and 0,30 amperes respectively, The transform

exciter and field currents in this case are given by

I. = [ = 4910 + 85,4 (s+h,62) + 6.35 (s+4.62)(s+27.8) + 0.396 (s+k,62)

e

(s+27.8)(s+11.8)] / [su + 62,4 s+ 1315 s© + 10800 s + 83, 478]
(4-22)

and

Ir = [1832 + 123 (s+27.8) + 7.67 (s+27.8)(s+11.8) + 1,788 (s+27.8)

(5+11.8)(s+18,18)] / [s* + 62,4 &3 + 1315 s + 10800 s + 83, 478]
(4-23)
Figures 17 through 19 show plots of the transient currents as
obtained from the output of the digital computer, On the same figures,
the actual currents as obtained from the oscillograms are also plotted.,
It is seen that the agreement between theory and experiment is reasonably
good, Although the theoretical curves are not exactly the same as the
experimental ones, the comparison shows, however, the same type of varia-
tion for the theoretical and experimental results. The main discrepency
is in the delay effect due to eddy current paths and hystresis effectsg,
It can be seen that saturation has very slight effect due to the lower
levels of voltages used,
It is to be noted that increasing the value of Ry tends to
accelerate the decay of current but there is an upper bound for the value

of R, at which the system will start oscillation, The effects of vary-

S

ing RS will be considered further in Chapter V,
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CHAPTER V

APPLICATIONS AND RESULTS

5,1 Introduction

Haviné verified the adequately of the mathematical models to
represent the system described in Chapter II, it is desired to apply the
method to a typical power systems generator to test its potentialities,

This is achieved by applying the equations derived to the
265-mva generator used by X.S, Raman,(6> This method will also be com-
pared with the oscillation resistance method, which is consedered as one
of the best known methods of field suppression, For convenience, the
constants and data for this machine and its excitation system are listed
in Appendix E,

However, an amplidyne generator is used as a pilot exciter for
the d-c main exciter generator unit, An AM-617, 7.5 kw, 250 volts
amplidyne model has been chosen from technical information provided by
the manufacturer.<27) The relevant constants and data are also listed
in Appendix E, It has been assumed that the field windings of the main
exciter unit can be redesigned so that the excitation flux and the time
constant of the excitation winding will correspond to the original values
in spite of the change of voltage level from 500 to 250 volts, This is
necessary to provide a common basis for comparing results that essentially

depend upon time,

5,2 Demagnetization Under Open=-Circuit Conditions

5.2,1 The System with Negative Forcing Step Voltage

The main excitation, being supplied by the A-winding (F1~Fb) s

is adjusted to maintain rated voltage at the synchronous machine terminals,
-91-
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The exciter and field currents have values of 5 and 935 amperes respec-
tively and the corresponding céﬁtrol and quadrature axis currents of

the amplidyne are 0,0341 and 0,413 amperes respectively., If the above
data for the system and the numerical values of the relevant constants are

substituted in Equations (4-1) and (L4-2), the transient currents are

-1,183 ¢ -1,667 t

19,1 ¢ - 14,1 € (5-1)

|
I

and

-0,172 t . 6-1.667 t

- 526 e-1a185 t

it = 1197 ¢ 26k (5-2)

i

It is to be noted that the exponential terms of the short-circuited path in
the amplidyne have been dropped out, This can be justified since the as-
sociated time constant is much smaller than the other time constants.

A negative forcing step voltage of -3 volts, sufficient to
maintain rated voltage at the méchine terminals may be applied to the

B-winding (F - F If this value and the numerical values of the con-

9 10

stants are substituted in Equations (L4-5) and (4-6), the transient cur-

rents are
1= 5489 T 5 g RO (5-3)
and
i; = =813 + 950 €-0.172 v 164 e'1'667 t + 27 e'u°76 ¢ (5-4)

Here,again the exponential terms of the short-circuited path

have been neglected for the same reason as stated above,
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By simultaneously removing the excitation from the A-winding and
applying the negative forcing step voltage to the B-winding, the total

exciter and field current responses are given by

ie - -54+19.1 e-lo'l83 t - 5.2 6-10667 % - 3.9 e-u°76 t
(5-5)'
and
i, = - 813 + 214 (FOITRE gy SLOETE 506 st o7 JhTO
(5-6)"

If the negative forcing step voltage is increased from -3 volts to -6 volts,

then the total excitéer and field current responses are given in this case

by
b= 104190 P E L 5y SHETE g g RTEE
(5-5)"
and
o = - 1626 + 3097 O 1TE T gy LBt opg 1183t o) k76T

(5-6)"

Figﬁres 20a and 20b are plots of these transient currents in

which the amplitudes are given as percentages of their normal rated values,

5.2,2. The System with Negative Forcing Feedback

The procedure for this method is explained in Sections 2,7 and
4,3, However, Equations (4-13) to (L4=-17) should be slightly modified to
account for this application where the system function H is as original-
ly given in Section 2,7 by

4 KB3(1+STCA)

H S
KA5 ( l+STCB)
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The basic equations derived in Section 2,6 for the Laplace transform of
component exciter and field currents can be manipulated to show that the

total transform exciter and field currents in this case are given by

N
e
Ie = D (5-8)
and
N
L = = (5-9)
Dp
where,
N, = [- K, K Ry Ef(O) <l+STCA) + X, EC(O) (l+STcA)<1+ST£ )
+ K3 Eg(0) (L4step)(l4step)(14s7y)
+ K3 E,(0) (Lsto,) (Lst g) (L4s7 ) (LesTf) ], (5-10)
Ne = [KA5 EC(O) (l+STcB) + K, ES(O) (l+STcA)<l+STCB)
+ K3 E.(0) <l+STcA)(l+STCB)(l+STS>
+ X Ef(O) (l+STCA)<l+STcB)(l+STS)(l+STé)] (5-11)
and
D, = Dp = [(l+STCA)(l+STcB)(l+STS)(l+STé)(l+ST%)+RSKB3(l+STCA)}
(5-12)

It is to be noted that the transform voltage Ep across the

field winding of the synchronous machine is given by

E = (Rf + 8 Lf)I - E_(0) (5-13)

T iy f(
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Digital calculations were again carried out to determine the
response of the exciter and field currents as well as of the voltage across
the field winding, Different values of Rg were substituted and the con-
stants were adjusted accordingly. Results of digital computer runs for
Ry = 0,074 Re , Rg = 0,1 Rp , Rg = 0,11 Rf and Rg = 0.1k Rf are re-
produced in Figures 21 through 24, For convenience, the amplitudes of

ie s if and ep are given as percentages of their normal rated values,

5.5 Demagnetization Under Short-Circuit Conditions with Negative Forcing
Feedback

The discussions in Section 3,7 lead to substituting Ef(O) in

Figure 8b by Efeq(O) where

(0) + E7(0) (5-1%)

(0) = E! .

f

For d-c component of short-circuit cﬁrrent, E%(O) is the
equivalent input voltage before Gi with Té now as the governing time
constant, Therefore, as far as the d-c component of short-circuit cur-
rent is concerned, Equations (4-13)to (4-17) still hold except that T3
replaces T% and Lf has a value of 0,141 H., instead of 0,93 H. 1In
this case the d-c component of field current attains a value of 5610
amperes at the beginning of the second transient stage, i.e after 0,1
second from the occurrenée of the fault, The corresponding exciter, con-
trol and quadrature axis currents have the same values as in Section 5.2.1.
The first three values for Rs in Section 5,2,2 were used to calculate
the corresponding responses as given by Equations (4-13) to (L4-17), but
with Té replacing T% . Results of the calculations are reproduced in

Figures 25 through 27, where the amplitudes are given as percentages of

their normal rated values,
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On the other hand, Eg(0) , the equivalent input voltage due to

the a-c component of field current is shown in Section 3.7 to be given by

Ep(0) = - 22 (5-15)
Ky

Figure 13 is a block dilagram representation for the resulting component

transient currents for this case, The system function Gﬂ is given by

o Ky(s+ =) (5-16)
L,_ =
(s+ %;)2 + o

It can be shown that with w = 377 radians/second, the closed loop system
of Figure 13 can be approximatéd by an open loop system having a value of
G . This means that, as far as the a-c component of short-circuit is
concerned, feedback has no influence whatsoever on its response, There-
fore, the a-c component.of short-circuit current assumes its original value
as dictated by Equations (3-58) and (3-59). For this reason, only the

d-c component of short-circuit currents is being considered,

5.4 Discussion and Comparison of Results

Results of digital coﬁputer runs for the 265 mva machine, using
the amplidyne method of demagnetization, have been reproduced in the
figures of the previous sections, It is the purpose of this section to
discuss these results and then ultimately to compare them with the oscil-
lation resistance method,

Figures 20 through 24 show‘the results undér open=-circuit con-
ditions, In particular, Figure 20 shows the results when a negative

step voltage is applied to the B-winding at the same instant when the
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excitation to the A-winding is switched off, For a negative forcing step
voltage of =3 volts, Figure 20a indicates the reversal of exciter cur-
rent occurs after one second counted from the beginning of the switching
operations, The generated field current decreases to about 53 percent
of its original value at t = 2,8 seconds, However, for an increased
negative step voltage‘of -6 volts, the field current decreases to about
30 percent of its original value at t =2,8 sec;ondso Compared with a
field discharge resistance of Rfd =1,5 Rf , the field current reaches
about 32,9 percent of its original value at t = 2,8 secondsa(7) By ap-
plying higher values of negative step voltages, quicker responses can be
achieved,

It should be realized; however, that the above method necessi-
tates the adoption of some relaying equipment to cut off the negative step
voltage at a suitable instant before the terminal a-c voltage starts build-
ing again, As mentioned before, the feedback method of negatively excit-
ing the B-winding, does not require any such equipment. Results of the
feedback methods are shown in Figures 21 through 24 for the switching
operations when thelmachine is originally under open-circuit conditions,
In Figure 21 with Rg =.0,07h Re ; the exciter current passes through
zero after 0.43 seconds from switching and the field current passes through
zero after 3,65 seconds, The voltage across the field winding in this
case attains a maximum negative value of about 59 percent in about 1.5
seconds, It then decreases very quickly and demagnetization is complete
in about 10,5 seconds, If the rate of demagnetization is to be increased,
a higher value of Ry must be used, In the last case shown in Figure ok

with Rg = 0,14 Rp , the field current passes through zero after 2,07 seconds
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and a maximum negative value of about 104 percent across the field wind-
ing 1s reached in aboutbl,S seconds, The field current becomes in-
creasingly negative and this is favorable for eliminating the action of
the damper windings that tend to resist flux changes. Consequently,
quicker acceleration for the flux is achieved,

The above results are summarized in Table 5,1 together with the
results already obtained by K.S, Raman(7) by means of the oscillations
resistance method, For comparable amounts of time through which the field
currents pass through zero, the maximum negative voltage across the field
winding is somewhat higher by the Amplidyne method than with the oscilla-
tion resistance method. However; even in the last case, the maximum
negative voltage has notiexceedéd 104 percent and the high negative values
have lasted for no more than half a second.

Finally, a study of Figures 25 through 27 for the machine under
short-circuit conditions occurring at no-load condition, shows that the
exciter currents change polarity in a shorter time than under open-circuit
conditions, Hence, demagnetization action is more intensive and quicker
responses result, The currents are of a more oscillatory fashion and
more forcing action is effected, Table 5-2 summarizes the results ob-
tained from Figures 25 through 27; together with those obtained by the
oscillation resistance method, In the amplidyne method of application,
the passage of currents through zero occurs earlier but are somewhat
oscillatory in nature, Also, the field currents attain higher negative
values and this again would tend to eleminate the delaying action of

damper circuits, Thus, more rapid reduction of the magnetic energy is

achieved,
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TABLE 5,1

SUMMARY OF RESULTS AND COMPARISON,
OPEN-CIRCUIT CONDITIONS

Time in sec, at Maximum Maximum
Initial value Initial value which ip passes value of value of

Method of i in % of if in % through zero  io in % ep in %

Amplidyne

(feedback)

R, = 0,07k Rp 25,0 28,5 3.65 -56.0 -60.0
Rg = 0.1 Re 25.0 28.5 2.78 -74.0 -77. 4
Rg = 0.11 Re 25.0 28.5 2.50 -80.1 -8h. 7
R, = 0,14 Rp 25.0 28.5 2.07 -99.1 -103.8
Oscillation

Resistance

R, = Rp 25.0 28.5 3,7k -27.5 -41,2
R, = 1.5 Rp 25.0 28.5 2.80 -37.0 -63.6
Ry = 2 Ry 25.0 28.5 2.60 -45.0 -6k, 5

R, =3 Re 25.0 28.5 2.06 -55.0 -86.2




-108-

TABLE 5.2

SUMMARY OF RESULTS AND COMPARISON,
SHORT-CIRCUIT CONDITIONS

o

s

Initial value

Time in sec.

at Maximum

Initial value which ip passes value of

Method of i in % of ip in % through zero ig in %
. Amplidyne
(feedback)
Ry = 0.0T4 Rp 25.0 184 0,82 -174.0
Rg = 0.1 Ry 25.0 184 0.73 -230.0
Ry = 0.11 Ry 25.0 184 0,71 -238.0
Oscillation
resistance
R, = Ry 25.0- 184 1,10 -55.0
Ry = 1.5 R 25.0 184 0.86 -70.0
R, =2 Rp 25.0 181 0,82 -80.0
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CHAPTER VI

SUMMARY AND CONCLUSIONS

The main purpose of this study has been to develop a theory
for the application of the amplidyne excitation system to effect a demag-
netization process for a synchronous machine and then ultimately to de-
termine the potentiality of such a method,

A unified approach using linear theory has been followed. The
Laplace transform method has béen shown to be a powerful tool for ana-
lyzing such a dynamic system, Equivalent sources to account for initial
value contribution terms have been conveniently adopted, The application
of control system techniqueé usch as system functions and block diagrams
has facilitated the utilization of feedback concepts., One advantage
of using feedback is to reduce the time response of the sysfem under
dynamic conditions and this is obviously, quite desirable,

In Chapter II, certain assumptions have led to the develop-
ment of the mathematical model to represent the system under open=-circuit
conditions, Two methods for accelerating the decay of field current have
been introduced, In the first method, a negative forcing step voltage
is applied to one of the amplidyne auxiliary windings at the same instant
as the excitation is switched off the main winding, In this method,
quicker responses can be obtained by increasing the magnitude of the
negative step voltage, InAthe second method, fdrcing action is obtained
from the negative voltage across a resistance Ry in series with the
field eircuit, In this case, quicker responses can be obtained by in-

creasing the value of the resistance R but the field winding is sub=-

s 7

jected to higher voltages so that a compromise has to be achieved,
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In Chapter III, the classic expressions for short=-circuit cur-
rents have been developed using the same approach followed in Chapter IT,
Thus, there has been no need to resort to the constant flux linkage
theorem with the usual assumption of zero resistance and then the modifi-
cation of the expressions by decrement factors, This development has
proved to be rather systématic and straightforward, An energy considera-
tion has been also presented so that the physical situation may be grasped
more readily. Based on this consideration, some assumptions have been
stated in order to extend the theory of Chapter II to the important case
where the synchronous machine is under fault conditions,

In Chapter IV, some experimental work has been carried out on
a scale model synchronous machine in the Power Systems Laboratory. The
agreement between the thebry developed in Chapter II and experiment has
proved to be reasonably good,

In Chapter V, the method is applied to a large synchronous
machine having typical values of machine parameters, In particular, it
has been compared with the results already obtained from the oscillation
resistance method by another investigator, Compared with the oscillation
resistance method, the feedback method produces quicker responses but
the field winding of the synchronous machineiis subjected to higher volt-
ages, Since these transient voltages are of exponential character and
very short duration, the insulation would not be stressed as severely as
for a high-potential test of the same crest value, Moreover, it should
be noted that the probability of developing the maximum three-phase short-
circuits, during which the field current is highest, is very low, Less

severe faults would result in decreased negative forcing voltages across
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the auxiliary control winding of the amplidyne, The demagnetization ac-
tion is thus made to be graded in accordance with the severity of the
fault, Indeed, this 1s another advantage of emplying feedback,

It should be noted that both the oscillation resistance method
and the feedback method require the same auxiliary equipment such as a
breaker and a resistor in the field circuit, With the negative forcing
step voltage scheme, some relaying equipment is required to cut off the
negative step voltage at the instant when the demagnetization is complete,
This would complicate the circuiltry but the breaker and resistor used in
the other schemes could be dispensed with, It should also be noted that
in both methods suggested, the switching operations at the amplidyne con-
trol fields are carried out easily since the power requirements there
are small, |

In conclusion, it can be said that the forcing action inherent
in an amplidyne regulating system can provide an effective, powerful and
flexible means for accelerating the decay of the stored magnetic energy
in demagnetization of large synchronous machines, This forcing action
decreases the time response according to the increased forcing voltage,
However, the voltage across the field winding of the synchronous machine
is somewhat higher, The analysis presented in this thesis provides a
sound basis for the design of the optimum solution provided that the
significant data are available, The formulation of the methods sug-
gested is general and the computational requirements can be met by means
of a standard digital computer program such as CSAP used in this study

and cited under Reference 26,
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APPENDIX A

EDDY CURRENTS AND DAMPERS EQUIVALENT CIRCUIT

In order to investigate the effect of eddy currents and damper
circuits, it is desired to derive expressions for the transient field cur-
rent ip(t) as well as for the hypothetical equivalent eddy currents and
damper circuit current in(t) when the IEEE(AIEE) tests as described in
the code and quoted in Section 2,7; Chapter IT is‘performed,

If the number of turns of the field circuit is Ny and if the
effective number of turns of the equivalent eddy currents and dampers cir=-
cuit is de , then one can write the following set of equations to des-

cribe the behavior as soon as the field winding is short circuited:

- di di
. T Kd
Rflf+Lf-a—£—'Mdt = 0
ai di
. Kad T _
Rpq ixq + Ixa = -M&-t—— = 0 (A-1)
K(Nf 1o = Ny le) = v

where the sense of the equivalent circuit is assumed to give a negative
sign for M which results in the opposite effect for in relative
to that of 1ip .

. Taking the Laplace transform of the above set of equations and

rearranging the terms, then in matrix notation, one can write:

Ro(L+stp)  -Ms 0 FIf Leip(0) - M igg(0)
-Ms Ra(1#57q) O |Tga| = | -M1p(0) + Lyy gy (0)
-KN Klyeq 1 Vy 0

- - - = T-2)
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Thus, I¢ » Ixg » and V. can be determined directly in the following

fashion,
I, = E£ I = ég and Vv, = éz
r - A K& -~ A t - A
where,
Le ip(0) - M in(O) -Ms 0
0 Klg g 1
Rp(1+s75) Le 1,(0) - Min(O) 0
A, = -Ms M 1p(0) + gy iga(0) 0 (A-3)
Re(l+sTe) -Ms Le 1p(0) - M 1xq(0)
by = -Ms Rya (L+sTyg) M 1p(0) + Iyg irq(0)
and
Rf(l+STf) -Ms 0
A = | -Ms RKd(l+STKd> ol (A-L)
-KNf KNKd 1

The denominator A , which determines the natural behavior of the

system may be written as:

e

A = Rf RKd[(Tf TKd - R—-—'——'fRKd) 52 + (Tf + TKd>s + l] (A"'S)
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Considering the coefficient of s@ , 1t may be written as:

2 2
- o) e Tra(l - -
Re Byg Le Lyg

]

)

(Tf‘TKd

n

Tf TKd g

where,

_ 2
A = Rg RKd[U Te Tgg S° * ('rf + TKa)S + 1]
0 Lo Ly (s - sl)(s - 32) (A-T7)
where,
P N P N d -
(7e+7eq) i\f(Tf”Kd) - b o ey
8 5 = (A-8)
J

20 TeTRa
Usually, the two circuits are tightly coupled and the leakage is negli-
gible so that in actual practice the roots may be distinguished as a
small one and a large one, The small root is obtained by considering the

positive sign in Equation (A-8) and by assuming

20 TeT
f'Kd
ﬁTf+ TKd.>2 - )‘"'U TfTKd g (Tf+ TKd.) {l O i —————

2
+
(Tf TKd)

then,

T+ kg
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, . . . 2 .
t is obtained < , _ -
The larger root is obtained by assuming k4o TeTra (Tf+TKﬂ) in Equa

tion (A-8) so that

Tf + TKd

: (A-10)
O TTKa

one

5o

Expanding Al s A? and A3 as given by Equations (A-3) and substituting
the values of s; and sé as given by Equations (A-9) and (A-10) in

Equation (A-7) for A , one can show that

. 1 .
) 1p(0) [Ly Ly 0 (s+ mrp)] - 1,,(0) By, M
If = ) (A-ll)
o Ly Lgg (s+ ) (s+ Ii—iIK@-)
Tf+TKd o TfTKd
. -1.(0) [RMI+ 1,,(0) [RpLyq+ s(LfLKd-M2)] (3-12)
Kd - T + T -
0 Lo Lyg(s + 1 )(s + £ Kd)
Tf+TKd o) Tf TKd
and,
v, = K(Nf Ip - Neg IKd) (A-13)

Partial fraction expansions may be carried out and some of the result-
ing coefficients may be completely neglected if the following assumptions

are made;

1. The terms involving 1iy3(0) are much smaller than those
multiplied by ip(0) .

2. Perfect coupling exists between the two circuits implying
the following relationship

(g2 | £ (A-14)
Nka Lxa
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Hence, by performing the inverse Laplace transform, one can show the

time-domain solutions to be given by the following set of equations:

N t(Te+7a)
T . T G g
Kd | £ £+7xa £7Ka
in(t) = == 1p(0) [ ¢ + € 1 (A-1k
£ T T (A-1L)
% t(Tf"'TKd)
T sl s
ig(t) = - Ef——@ L0) [e TEL - T Ky (a-15)
"Kka Tt
ST
Te+T
v (t) = KNpig(0) e & (A-16)



APPENDIX B
SYSTEM FUNCTIONS,TIME CONSTANTS AND REACTANCES OF THE IDEALIZED
SYNCHRONOUS MACHINE
It is desired to simplify the expressions for the system func-
tions X9 » G and Xq . Considering Xy first and dividing both the

‘numerator and denominator of Equation (3-58) by L.r_.r_ and assuming

d Kidf
that
L2 L
2 _aKd « K
2 Txa g Tk
in the numerator, one has
" _ 72 2
Li(la Ler ~ Loy o, Bee 3 lap . Diy
3 5= + {( - =5 ) + s + 1
- 4 Yk 'r It 2 'r 1 Tkd
1 L Ler - L L L
__[{ KKd “ff de} 2 4 {_££ + KKd} s + 1]
I TKKd Tf T Tkq
THrl s 4 (1) 4+ 1) 41
d ‘d d KKd.
= [ " 2 l] L (B_:L)
e Tao & e * Tig) St
where,
2
L
" =7 - TK (B-2a)
do KKd  Txq Ler
Tgo is the direct-axis subtransient open=~circuit time constant,
2
L
3 “af ;
o= T, -2 (B-24)
d T 2 e Ly
Té‘ is the direct-axis transient short=-circuit time constant,
MLy Lep = 12 )
croo 4 KKA T fKd (B-2c)

3 1°

d
r . (L. L 5

i A e A
=117~
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T& is the direct-axis subtransient short=-circuit time constant,

Equation (B-1) for Xy may be factored out by assuming that

Té + T Té + Ta P

and

ne

£ Ka T ¥ Tao

since T& and Tgg are small with respect to 74 , and Tgg and Tao

are both small with respect to Tp , so that

(1L + 748)(1 + 748s)
AL il ah X (83)

(1 + TfS>(l +Tdos)

Considering G and dividing both the numerator and the denominator parts

of Equation (3-34) by r.. r. and assuming that

Ka °f

L

LaKd

KA L

« X
rka  laf Txa

in the nomerator, one has the following expression:

o

L
KKd s + 1 }

G rKd TF Laf
2 2 re

- Lep - L L L
11 KK3 “ff de} 24 £F KKd} oo

- 4
r

Tka Tr Tka

(l + qu{d S) 3 La.f

T ——

2r
f

2
Te Tao 5 * (Tf + TKKd) s + 1

e

(L+7 s) L

(L +7108)(1 + 75 s) 2r

T do T
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Similarly, by dividing both the numerator and denominator parts of Equa-

tion (3-40) by r,,. , one has

———-

KKq
L I°
KKq _ 3 "aKg
¥ - TRKq 2 Txglg
q T L d

' T e s 4+ 1
Tkq.

s +1

where,

o= XK (B-6a)

T&O is the quadrature-axis subtransient open-circuit time constant,

2
L L
Tc'i = KKq - 2— aK% (B_6b)
r r
Kq Kq q

T& is the quadrature-axis subtransient short-circuit time' constant

It should be noted that the final expressions for the system
functions as given by Equations (B-3) to (B-5) agree with those given by
(12) except that in both the denominators of Equations (B-3)
and (B-l), 7 replaces T4, . It is believed that the difference
between these time constants should be distinguished as was brought out
in the previous appendix, |

Finally, the reactance expressions for the idealized syn-
chronous machine may be best obtained by applying the initial and final-

value theorems as used in the Laplace transform theory for the respective

system functions, = It should be realized that the initial-value theorem
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is applied twice in order to identify the three regions of the short-
circuit currents decay. In other words, after the subtransient currents
have died out, the initial-value theorem is applied again for the transient
currents as commonly done in synchronous machine literature, The react-

ance expressions will assume the following values:

.Xd = O)Ld
X3 is the direct-axis synchronous reactance,
T'
d
x! ¥ x
o} d !
“do
2
L
af
= oltg -3 )
‘ f
" - n
d (DLd
T”
= Xé—g—
n
Tdo
1 n
_ g a
= dT.' "
‘do do

x!" is the direct-axis subtransient reactance.

d
Xq = W Lq
Xy is the quadrature-axis synchronous reactance,
ot L2
xg = Xg e = %0 '%—%&—)
40 FMixg

‘x" is the quadrature-axis subtransient reactance,
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APPENDIX C

SIMPLIFICATION OF D

It 1is desired to simplify the denominator part of the transient
currents solutions as given by Equations (3-42) to (3-44), For conven-

ience, the denominator D 1s rewritten in the following form:

2 1 1 2 2

D = r"+srX X (=+-=)+X X (s°+w C-1

F D K % () ()

In order to have D in a factored form, it is customary (Ref=-

erence 11,12) to assume that the terms multiplied by s and the absolute
2

terms can be neglected with respect to the terms multiplied by s“ in

Equations (3-46) and (5-&7); so that

S

i
&

and

ne

LH

Another way to state this assumption is to consider the initial values

of the above system functions so that the terms multiplied by s mod-

ify to:
1 1
SI'Xqu (Eg-i-rrr)
. q

Furthermore, neglecting the r2 term in D while retaining the term

multiplied by (s + oF) as it is, Equation (C-1) may be rewritten as:



-122-

D = [s2 +8T°T (&b + 2;) + a?] X3 Xq
" n
Li Ig
= (s - 5))(s - 5,) X3 Xq (c-2)

where,

—‘/ 2

1 1 Al 2 r ;1 142
s = (= + =) + jlYoF - =— (= + =)
l 2 1 H — " n

’ 2 Ly L boyooig

AeR 1o
te

The imaginary part of these roots can be also approxiamted by neglecting

the second term under the square root sign with respect to the w2

term, so that

~ 1 .
81,0 = "-tdo (c-3)
Ta
and
(s-s1)(s-s,) ¥ (s+ L2 4 R (c-k)
T
Ta
where,

2 n LH
Ty = —Z-éd—-—ﬁ (c-5)
r Ld + Lq

T, approximates the average armature time constant considering the two

axes, Substituting Equation (C-4) into Equation (C-2), one has



APPENDIX D

EXPERIMENTAL MACHINES DATA

A commercial Amplidyne is used as the pilot exciter for excit-

ing the separately excited d-c generator,

and tabel D-1 gives its parameters as used in the calculations,

Machine rating 1.5 Kw
Voltage 250,0 Volts
Current 6,0 Amperes
Control Field Ohms 50°C Max, Amp, Max, Volts
Fl-F2 2.57 2,1 5.k
FB-FLL (A-winding) 11.07 1.0 11.07
F5-Fg 50.5 0.25 12,62
F7-F8 (B-winding)  418,0 0.15 62.7
TABLE D=-1
Parameter Value Determination
Ky1 12k Amp, /Volt Steady state test for e, vs egp .
T 0,036 Sec. Oscillographic plot of 1i,, after
cA application of a step voltage to
the A-winding.
Loy 0,4 H, Calculated from r,, and Top -
Kp1 16 Amp,/Volt  Steady state test for e, vs e.g .
T 0,036 Sec, Oscillographic plot of i after
cB } . ¢B
application of a step voltage to
the B-winding,
L.g 12,65 H, Calculated from r,g and Top -

-1_25 -

Below are the name plate values
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TABLE D-1 (Cont'd)

Parameter Value
K 460 Volts/Amp,
cB
Roe 12.6  Ohms
Tq 0,085 Sec,
Kq 200 Volts/Amp,
rg 13,6 Ohms
L 1.155 H

Determination

Steady state test for e, Vs icB'

Slope of ey vs 1, with e, fixed
for different load resistances at the
Amplidyne output circuit,
Oscillographic plot of ey after ap-
plication of a step voltage in series
with 2 Mohms in the control circuit,
Steady state test for ey vs 1ig ,

Calculated from Equation (2,11,

Calculated from re and Tg .

For the d-c main exciter generator, coupled to the synchronous machine

shaft, the name plate values are as below, Table D-2 gives its parameters

as used in the calculations, This table includes also the load on the d=-c

machine which is the field winding of the synchronous machine,

Machine rating 1 Kw
Voltage 125  Volts
Current 8  Amperes
Exciter current 1,2 Amperes
Excitation field resistance r_(50°C) = .146  Ohms
Alternator field resistance rp(50°C) = 25.5 Ohms
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TABLE D-2
Parameter Value Determination
Te 0.073 Sec, Oscillographic plot of 1. after ap-

plication of a step voltage to the
excitation field winding.

L 9.35 H, Calculated from r (20°C) and T¢ .
K 14k Volts/Amp. Steady state test for ey vs i .
Te 0,33 Sec, Oscillographic plot of 1ip after the

field winding has been suddenly short-
circuited, The field current being
already adjusted for rated terminal
voltage at the synchronous machine

terminals,
Le 9.1  H, Calculated from rp(20°C) and Tp ,
KA5 Constant calculated from Equation
(2-30a.)
KB5 Constant calculated from Equation

(2-30D)



APPENDIX E

THE 265-MVA SYNCHRONOUS MACHINE DATA

In Chapter V, a 265 mva; 20 kv synchronous machine with a
1500 kw exciter, already chosen for different demagnetization studies,
has been selected fro comparison with the amplidyne method as suggested
in this thesis, The constants used have been based on actual designs
and were considered to be typical of machines of these ratings, For
amplidyne excitation system application, a 7.5-kw amplidyne used as a
pilot exciter for the main exciter has been chosen from some technical
information provided by the manufacturer,(27) The relevant constants and
data for the synchronous machine and the Qhole éxcitation system are

given below,

Synchronous Machine

265 mva, 20 Kv

Xd = 1.69 pouo
X} = 0,256 p.u,
x§ = 0,157 p.u,
= 1,64 p,u,
Xq P.u
x" = 0,1 » U
q 55 p
Tio = 5,82 seconds
T4 = 0,88 seconds
" = 0,049 seconds
do
Tg = 0,03 seconds
T, = 0,27 seconds

-126-
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Téo and T, are based on winding temperature of 75°C,

0,93 henry

Open=-circuilt inductance L of generator field
Generator field resistance rp = 0,16 ohms

0,00232 ohms,

Armature resistance Ra

Main Exciter

1500 kw 5000 Amperes 500 volts

9 h

Inductance of shunt field

Resistance of shunt field 15 ohms

26 volts/ampere

Voltage constant K,

Residual voltage = 20 volts

Number of turns in shunt field winding is to be adjusted in design so

as to maintain the original flux as mentioned in Section 5,1,

Pilot Exciter

AM 617 7.5 Kw 2-pole Group 9 without quadrature series

field,
Winding Turns/pole Ohms Max, Continuous Amp,
F, -F, (A-winding) 200 20 1
F5- 5 105 9,04 1.3
F,-Fg 105 9,0k 1.3

F9-FlO(B-winding) 370 149 0,32
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The total control field inductance in henries for 1000 turns
per pole is 93 for the above type, From the typical saturation curves
supplied by the manufacturer, KAl and Kﬁl are found to have values

of 100 and 25 respectively, Other constants are given below

Inductance (h.)  Resistance (ohms) Time Constant (sec,)
L, = 18.6 21 T = 0.845
Lyg = 34,4 164 Tg = 0.21

]
il

L 0,072 0.9 Tg 0.08

S
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