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I. 1INTRODUCTION

A power system has two basic functions. It converts energy from one
form to another and transmits it from one place to another. Fundamental
emphasis in both the design of power system components and in their
operation is placed upon maintaining a continuous, orderly flow of energy.
On occasion, however, a power system is subjected to disturbances which
disrupt this orderly flow and which result in excesses or deficiencies of
energy in various system components. One of the more critical components
is the synchronous machine because it has the ability to store energy, in
addition to providing for the conversion process from mechanical energy to
electrical energy. Deficiencies or excesses of energy in the system are
compensated for initially by changes in the kinetic energy of the machine
rotors. The energy storage capability of the synchronous machine is
limited, however, and if the disturbance is sufficiently large, an unstable
condition will result causing the generator to lose synchronism.

Classically the question of power system stability has been divided
into two distinct areas of study, transient stability and steady-state
stability. Transient stability concerns itself with answering the follow-
ing question. Given a specified operating condition and impact, will the
generators remain in synchronism? The basic concern is to provide
sufficient restoring forces to cancel out relative machine accelerating
energies.

Steady-state stability implies that a generator will remain in
synchronism after being perturbed by some small random unspecified dis-

turbance.



Dynamic stability implies both transient and steady-state stability
and, in addition, adequate damping of oscillations (58).

One or more of the following approaches are generally used to increase
power system stability (58).

1. Reduction of disturbance both in magnitude and time.

2. Increasing natural restoring forces through strengthening of
the transmission system.

3. Injection of braking energy through fast prime-mover energy
control.

4. Cross field excitation.

5. Injection of braking energy through temporary switching of
resistors or other network parameters.

6. Increasing restoring synchronizing forces through transient

forcing of excitation and consequent boost of internal machine
flux levels.

Economic considerations dictate which of the above approaches will be
implemented in solving a particular problem. Certain generalizations may
be made concerning each of the above approaches as follows.

The effects of system disturbances may be reduced considerably by
using high-speed circuit breakers and associated relaying allowing faults
to be cleared in shorter time intervals. Development in this area appears
to have reached a plateau, however, with small improvements in fault
clearing time requiring relatively large additional costs.

The relative strength of a transmission system is determined largely
by economic rather than by technical consi&erations.

Presently the last four approaches offer the greatest potential for

economically improving system performance.




Modern steam turbine speed control systems have the capability of
fast control valve and intercept valve closure to prevent turbine overspeed
under load rejection conditions. Either or both of these valves may also
be closed upon the detection of a loss of load and then reopened, the
close-open cycle being referred to as "fast valving" or "early valving".
This process minimizes the excess kinetic energy acquired by the turbine
and generator rotor.

If "fast valving" is to be used, the boiler and turbine control
systems must be designed accordingly, and the logic controlling the fast
valving must prevent excessive operation which would result in severe
maintenance problems.

With single field machines the effectiveness of damping through
excitation control is related to the load angle of the machine. At no
load, changing flux levels does not change power output.

It has been shown that if a second field winding is added and the two
windings are properly controlled, positive system damping can be obtained
even during light or no load conditions (69). This approach appears
especially desirable for machines feeding cable networks because it pro-
vides stable operation under low leading power factor conditjions. An
additional field winding must be added to the rotor, however, resulting in
an increase in the cost of the generator.

The use of braking resistors of suitable size, switched at the
appropriate times, will theoretically eliminate transient stability prob-
lems (58), but because of the cost of resistors capable of dissipating the
required energy and the associated switching apparatus, there have been

few applications of this approach. Braking resistors could be particularly



desirable when used on hydrosystems where hydraulic turbine gates and
water inertia do not allow measures analogous to fast valving as in the
case of steam turbines (4l1). Switching of series capacitors in the
transmission system to decrease line impedance has also been shown to be
effective in increasing transient stability. The cost of the capacitors
and switching apparatus is high, and the logic necessary to determine the
optimum time for insertion is complicated.

Transient stability may also be improved by excitation system forcing.
The benefits that can be derived by this technique depend upon how fast and
how high the excitation system can boost machine flux linkages. Higher
response ratio exciters increase synchronizing torques thus helping the
transient stability problem, but at the same time decrease damping torques,
thus contributing to the dynamic stability problem. In the limit an ideal
excitation system, one with no time delay and infinite gain, would hold
the terminal voltage constant and destroy all natural damping of the
machine (58).

When high-speed excitation systems are adjusted to utilize their
small time lags, there is often a need to increase system damping. This
may be done by deriving a stabilizing signal from speed or some other
machine-related variable and, after appropriate phase compensation, feed-
ing this signal back into the excitation system which provides increased
damping torques.

Networks to accomplish the above are available commercially and are
called power system stabilizers. In recent years they have found wide
application in areas with dynamic stability problems which are generally

those areas with appreciable hydrogeneration (31, 46, 64).




Power system stabilizers provide a good way of combating dynamic
stability problems because they are relatively inexpensive and they may
be installed on existing equipment with little modification.

The stability problems of synchronous machines result from the
inability to control their energy input and output quickly and accurately
enough. The energy input is controlled by the turbine governor system
which is mechanical and has appreciable time lags. The instantaneous
power output of the machine may be modified by the excitation system which
is electrical in nature, and, compared to the governor, it is very fast.
Thus considerable effort has been directed to improvements in the excita-
tion system and auxiliary control éystems assoclated with it. In this
dissertation several possible improved control systems are developed and

their effectiveness is compared with that of presently used systems.



II. REVIEW OF LITERATURE
A, System Modeling

Studies concerning various aspects of power system stability are
intimately related to the problem of determining an appropriate mathemati-
cal model to represent the system and measuring or calculating the various
parameters which are used in the representation.

A significant simplification in synchronous machine modeling was
achieved by Park in his development of a two-reaction theory of synchronous
machines (90, 91, 92). A Park-type transformation in its orthogonalized
form transforms a set of differential equations containing time dependent
inductances into a set containing asymmetric speed voltage terms which
considerably reduces the mathematical complexity of the representation (7).

Prentice (97) carefully studied the various aspects of determining
synchronous machine reactances and Rankin (99, 100) and later Lewis (75)
developed techniques for normalizing the equations describing a synchro-
nous machine. Synchronous machines have been extensively analyzed and the

literature on this subject is quite extensive (1, 24, 27, 35, 45, 73, 76).
B. Analog Computer Simulation

The differential equations developed in studying a particular problem
may be solved either by digital or analog computer, but for studies involv-
ing detailed representations of the synchronous machine, the analog
simulations have distinct advantages. Nonlinearities are more easily
represented and parameter optimization is generally more easily and cheaply

accomplished.



Riaz (101) proposed an analog computer simulation of a synchronous
machine suitable for voltage regulator studies; and, in a discussion of
this paper, Thomas suggested a model based on the flux linkage form of the
synchronous machine equations. Krause (68) developed this form further
and Nandi (86) converted the representation to conform to proposed IEEE
definitions (59). Numerous other studies using analog computer representa-

tions are to be found in the literature (2, 3, 8, 10, 15, 109).
C. Linear Studies

Linear modeling has been extremely popular because of the relative
ease in testing for stability by use of such techniques as eigenvalue tests
or the Routh-Hurwitz criterion, and has been used by many authors in
studying various aspects of the stability problem (23, 31, 83, 120).

Other linear methods of analysis and synthesis such as root-locus
plots and Bode plots, which have been extensively used in control systems
engineering for many years, have found little application in the solution
of power system control problems as evidenced by the small number of

articles found which have used these techniques (94, 113).
D. Synchronous Machine Control Systems

The first control loop to be added to a synchronous machine was the
voltage regulator. Its inclusion made it possible to maintain much tighter
control of the machine terminal voltage and markedly increased the avail-
able synchronizing torques, thus increasing the steady-state stability of

the synchronous machine (23).



Stability first became important about 1930 with the development of
hydrogeneration sites located some distance from the metropolitan load
centers. The power systems were well damped, however, and voltage regu-
lators were slow acting so the negative damping contributed by the voltage
regulator presented no problems. In fact, stability studies were conducted
in two parts. If the machine exhibited transient stability and steady-
state stability, it was assumed that adequate damping was present to
insure that the machine would settle down to a steady state after the
disturbance (58).

Higher capacity generators with larger per-unit reactances and lower
inertia constants, longer transmission lines, more numerous interconnec-
tions, and voltage regulators with shorter time constants all contributed
to the dynamic stability problem and made it desirable to develop improved
excitation systems for the synchronous machine.

One of the first researchers to recognize the desirability of
improved control systems and to develop them was Gabriel Kron (70). The

basic system which Kron patented is shown in Figure 1.

auxiliary
signals
v -
ref amplifier .| lead-lag || amplifier o @xciter |1 synchronous Ve
+ "1 network machine

Figure 1. Excitation system patented by Kron in 1954



Kron recognized that the phase lag caused by the excitation system
decreased system stability limits and he introduced a phase lead network
in the forward loop to counteract this effect. Kron indicated that it may
be desirable, although not essential, to overcompensate with the phase lead
network. For example, he indicated that typically the phase lag introduced
by a system employing an electronic pilot exciter and rotating main
exciter was approximately 45°, and the phase lead network should introduce
approximately 65° phase lead at the natural frequency of the machine for
this condition, thus providing an anticipatory effect.

Kron also recognized that machine excitation should be controlled
jointly in response to variations in terminal voltage and in accordance
with rotational transient movements of the machine rotor produced by
changes in the electrical load of the machine. He developed several
circuits to generate the necessary auxiliary signals.

In the preferred form of the invention, an auxiliary signal was pro-
duced by adding voltages proportional to the rate of change of both
synchronous machine field voltage and field current. The signal propor-
tional to field voltage was degenerative, that is, an increase in field
voltage generated an auxiliary signal which tended to decrease field
voltage, and the signal proportional to field current was regenerative,
that 1s, an increase in field current caused a signal which tended to
increase field current further.

A slight modification of the above scheme allowed the generation of
a signal which was proportional to the rate of change of flux linkages and
was fed back degeneratively along with a regenerative signal proportional

to field current.
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Kron also developed circuitry to generate a stabilizing signal
derived from such sources as the component of armature current in phase
with armature voltage, synchronous machine power output, rotor speed, and
load angle, and he suggested more complicated sources for the stabilizing
signal, such as making it responsive to the difference in momentary speed

changes between the generator and its load.
E. Development of Auxiliary Control Systems

Interconnection of both public and private utilities west of the
Rocky Mountains in the mid 1960's and subsequent power and frequency
oscillations on the interconnected systems generated intense interest in
the development of auxiliary control systems for synchronous machines.

Initially, oscillations occurred at a frequency of about 5 cycles/
minute and auxiliary control systems applied to the governors of selected
machines were capable of controlling the power swings, although continued
movement of hydraulic oil, servo pistons, and wicket gates caused severe
maintenance problems (67).

Closure of two 500 KV lines interconnecting the Pacific Northwest and
Southwest increased the oscillation frequency to approximately 25 cycles/
minute and it was agreed that turbine controls and amortisseur windings
would be ineffective in damping intertie oscillations at these frequencies.
It was known that the instantaneous power output of a synchronous machine
could be altered by excitation control, so various control loops were
developed to feed an auxiliary signal into the synchronous machine excita-
tion system to improve system damping (17, 19, 41, 50, 52, 107, 109, 113,

126).
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The problem of generating an appropriate stabilizing signal was
explored analytically by deMello and Concordia (31) in some detail. The
authors represented a synchronous machine connected to an infinite bus with
a fourth order linear model, and, by varying tie line impedance and machine
parameters over a normal range of values, they were able to make scatter
plots of the gain and phase angle of the stabilizing function necessary to
satisfy a given damping criterion. From these scatter plots the authors
were able to deduce the form of a stabilizing network which they contend
is almost universally applicable.

The cumulation of the previously mentioned research efforts has been
the development of commercial power system stabilizers by both Westinghouse
and General Electric (46, 64). Both power system stabilizers have a

transfer function of the following form:

KTIS (1+T2$) (1+T4S)
(1+Tls) (1+T3s) (1+Tss)

where range of parameter adjustment is as follows:

Parameter Westinghouse General Electric
Lead time constants Ty, T4 .2 - 2 sec. .2 - 1.5 sec.
Lag time constants T3, T5 .02 -~ .15 sec. .02 - .1 sec.
Signal reset time constant T1 .05 - 55 sec. .1 - 50 sec.
Stabilizer gain K .1 - 100 p.u. 2 - 100 p.u.

Limit of stabilizing signals '
effect on terminal voltage .02 - .25 p.u. .02 - .1 p.u.

Speed input signal solid state tachometer
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Both stabilizers are equipped with limiting to prevent excessive
excursions of terminal voltage. Should the supplementary signal go to the
limit and remain there for a time interval from 2 to 60 seconds, a failure
of the stabilizer is assumed and its output is disconnected from the
voltage regulator.

The Westinghouse system obtains the frequency deviation signal from
solid-state circuitry driven from the secondary of one of the machine
potential transformers. The General Electric system uses a turbine-
mounted tachometer to generate the input to the supplementary control or,
in the case of hydrogeneration, an appropriate signal is obtained from
the 3-phase potential transformer secondary.

Many power system stabilizers are presently installed and, if they
are properly adjusted, they are capable of adding sufficient damping to
the system to cancel the negative damping resulting from the high-speed
exciters.

The trend toward larger machines, higher system reactances and faster
excitation systems will, in all probability, continue to necessitate

further improvements in synchronous machine excitation systems.
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T s [ep L1« [ |  rad

A 5 Ms s

E' K _ Ke “t + Vref

q 3 -

. ’. Efd 1 +ST( +
]+$ K3 TdO
- K6

T . .

Kl =t E' change in electrical toréue for a change in rotor
q angle with constant flux linkages in the d-axis

K2 = EE—$ s change in electrical torque for a change in d-axis
q flux linkages with constant rotor angle
Ky = impedance factor
oE!
1(4 = ﬁ demagnetizing effect of a change in rotor angle
3
vy
K5 =35 B change in terminal voltage with change in rotor angle
q for constant E'
avt 4
K, = =+ change in terminal voltage with change in E' for
6 JE 8 q
q constant rotor angle
Tc’lo = field open circuit time constant
K3Tc’io = effective field time constant under load

Figure 2. Block diagram of linearized synchronous machine
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ITI. DEVELOPMENT OF BASIC CONCEPTS

Insight into various aspects of the stability problem can be developed
by considering a linearized model of a synchronous machine connected to a
large system through a transmission line (31, 111). The model may be
developed from more complicated representations by neglecting amortisseur
windings, armature resistance, derivatives of armature flux linkages, and
saturation (see Appendix B). The model and definitions of various
parameters are shown in Figure 2. For simplicity the entire excitation
system is represented by a first order system having gain K_ and time
constant Te‘

The torque-angle loop of the model is shown in Figure 3. Although
nonexistent in the linearized model, the feedback path through block D
has been added to facilitate comparison with the standard form of the
characteristic equation for a second order system and to develop the

concepts of synchronizing and damping torques.

.Kl
.
ma p 1 “a [377 °a
2 2Hs 3
D

Figure 3. Torque-angle loop of linearized synchronous machine model
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The closed-loop transfer function for the system of Figure 3 is

377
SA _ 2H [1]
T K377
mbd  2_pD p_1
s“+omsty

Comparison of the denominator of this transfer function with the

characteristic equation of a second order system

2 2 _
s+ 28w s+l =0 [2]

shows that the natural frequency of the system is

K1377
2H

o = \/2 [3]

which for a typical machine has a value between 0.5 and 2.5 Hz.

The damping ratio is

=D /2. 1 4
RN 2HK, 377 t4)

which is very small, normally between 0.03 and 0.05.

Figure 3 also serves to illustrate the concepts of synchronizing and
damping torques. An increase in mechanical torque, TmA’ results in an
increase in wa which is fed back through block D and results in a retard-
ing torque at the summing junction. Such a torque which is in phase with
speed will be defined to be a damping torque. Another component of

retarding torque is fed back through block K., from GA. Such torques which

1
are in phase with GA are defined to be synchronizing torques. Stability
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can be endangered by a lack of either, or both, synchronizing or damping
torques.

In Figure 4, the effect of armature reaction is expressed as a
demagnetizing influence resulting from increased rotor angle feeding back
through K,. The effect of this component of torque can be seen from the

transfer function relating change in torque to change in angle.

'_r_ = -K2K3K4 [5]
GA 1+s Tdo K3
pr "
A
K2 K 4
K -
| 3

Ttk T’
1+s K3Tdo

Figure 4. Block diagram showing torque developed as a result of armature
reaction
The coefficients are always positive, so at steady state this feedback
loop produces a synchronizing torque which is opposite in sign to that
produced through Kl. The familiar steady-state stability criterion with
constant field voltage defines the stability limit as the condition for
which the steady-state synchronizing power coefficient Ky - K2K3K4 is zero.

At frequencies where w >> 1/K3T&o’ the phase angle of the above
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expression is +90°, which means that at these frequencies the torque due to
this loop is almost entirely damping torque. A typical value of l/K3Téo
might be 1/.3410(6) = .486 radians. If w = 10/K3Téo, for example, this
would correspond to a frequency of .745 Hz. Thus, this loop contributes
some damping in the range of frequencies near the natural frequency of the
synchronous machine.

Figure 5 shows the bloc& diagram after adding a simple voltage regu-
lator. Typical values for K€ and Te might be 25 and 0.05, respectively,
where Ke is the transient regulator gain, and is considerably lower than

the steady-state gain. The transfer function for this figure, neglecting

effects through KS’ is

Eé.g ) K2K4 [6]
GA KeK6(1 4+ s Tdo/K€K6)
5
A
K2
M 3 s
’
] + s K3 do Efd
Ke

Figure 5. Block diagram after adding voltage regulator
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Comparison of Equations 5 and 6 shows that at low frequencies, Equa-
tion 6 is smaller than 5 by a factor of 1/K6K3K6’ while at high frequen-
cies theitwo expressions become nearly equal. The net effect of adding
the voltége regulator is to reduce the component of damping torque coming
through K4 to a level where it is negligible.

The component of torque resulting from a change in angle with voltage
regulator effects included may be analyzed by developing the transfer
function of the block diagram shown in Figure 5. The resulting transfer
function, neglecting K4, is

T K KK

A
— - 7]
2 [
A (l/K3 + K6K6) + S(TE/K3 + Téo) + s T&o Ts

which at low frequencies reduces to

Ty XKs 8]
GA K6

for large Ks’ and this loop produces synchronizing torque. The total
synchronizing torque may be found by adding the signals through Kl and

the regulator loop

T = Ky - KKe/Kg (9]

For normal loadings K1 is high and TSA is significantly greater than zero.
At high system transfer impedances and heavy loadings, K5 may approach
zero or even become negative, and for cases where K1 is small, a negative
value of K5 increases synchronizing torque producing a beneficial effect.

1
The damping component of torque due to regulator action is
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]
Tan K KK (T /K, + T} Yu
= 2 2 Z 2
S (1/R3 + RKg - wiT} T)% + (T/K3 + T) )% w

[10]

When Kg becomes negative, the damping torque also becomes negative
which may lead to an unstable condition.

Thus, we have conflicting requirements. In the cases when KS is
negative, which are the ones generally involving stability problems, the
voltage regulator is of great help in producing synchronizing torques, but
in so doing it may add negative damping, causing the system to oscillate.

A satisfactory solution to the problem can normally be found by
adding just enough regulator gain to provide adequate synchronizing power

coefficient without cancelling all of the inherent machine damping.
A. Increased Damping Resulting From Auxiliary Signals

It has been recognized for some time that damping torques can be
increased by feeding an auxiliary signal into the excitation system of a
synchronous machine (70). This signal may be derived from a number of
sources, but because rotor speed is relatively easy to measure with
sufficient accuracy and has been found to be a suitable signal, it has
most often been used.

In order to cancel phase lag introduced by the regulating circuit,
the speed signal must be fed through a stabilizing function G(s) as shown

in Figure 6. The transfer function associated with this figure is

Tsigé_= G(s) KZKe (1]

w
A (L/Rg +KRg) + (T /Ky + T} ) + 57T} T,
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Tﬁg A
2 G(s)

1+s Ky Ty 1+sTe +

Figure 6. Component of torque produced from speed-derived signal as a
result of voltage regulator action
If TsigA is to provide pure damping, G(s) should be a function having
phase lead equal to the phase lag of Equation 1l. Ideally it would be of

the following form:

' 2m
c:(l/K3 + KEK + s(Te/K3 + Tdo) + s Tdo TE)
KKe

6

G(s) = [12]

Such a function is not physically realizable; therefore, some compromise
function must be developed which provides damping over the spectrum of
expected frequencies of oscillation. There are an almost infinite number
of functions which may be used for G(s) which provide increased system

damping. One form that has been suggested (31) is

k s(1 + sTp)?

G(s) = [13]

(1 + sT) (L + sTp)?
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where typical values of parameters might be

T 2 to 4
T2 .05
k/T 10 to 40

Since the machine and exciter K's enter into the expression for
an ideal G(s), it is instructive to observe how they vary as tie line
impedance and machine loading are changed. Appropriate equations for
the various K's are developed during the linearization process (see
Appendix B) and are listed in Table 1. A simplified phasor diagram is

also necessary to define the machine operating point, and is shown in

Figure 7.

d~- oxis

q - axis

Figure 7. Phasor diagram used to specify initial conditions of machine
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Table 1. Parameters of linearized synchronous machine model

Eo /3 V
= B
Kl = J*Q-A—— [RE sin 60 + (LDOLE +w°2.d) cos 60]
10 J3 Vg
T Lo (g g) Wolg t+woly) sin 8, = wo (Lt g)Rg cos 5]
K. = ReEqo 41 L4 wo(lq2g) (woly + “’oLq)
2 A qo A

' -1
(X3 - X)) (X, + Xp)
(- [po SaT ]

J3 v, (X& - Xy

K, = A [- Ry cos 6, + (X + Xp) sin §,]
_ VdomoLq
Kg __K;;— [/3 Vg sin 50 RE + ﬁVB cos 60 (“’OLE + wold)]

Vqo¥old .
+ JAV—-— [J/3 vy cos 6, &, - /3 V, sin 8, (ugly + wgly)]
to

Kg = v A + - A

_ VdowoLqRE Yq0 ) wold(moLE + woLq)
to vto

where

2
A= R + (woLE + mozd) (moLE + moLq)

In order to reduce the amount of labor involved in investigating a
large number of conditions, a short computer program was written to calcu-

late the K's for a given set of system parameters and the generator loading
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(see Appendix C). The system parameters and various machine power outputs

which were used to calculate the following curves are shown in Table 2.

Table 2. System parameters and machine power outputs used to calculate K's

Machine parameters X3 = 1.159 per unit
Xq = 1,136
] -
H = 6.7 sec.
' =
Tdo 6.0
Tie line parameters Rp + 3X; = 0.02 + 30.4 per unit
0.0 + j1.0
0.2 + jo.4
1.0 + j1.0
1.0 + j5.0
Machine loading per phase P+ jQ = 0.33+ jO0.0 per unit
+ §0.25
- j0.25
0.66 + j0.0
+ j0.5
- jo.s
1.00 + j0.0
+ j0.75

- j0.75
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Figure 8. Linearized model parameters as a function of power output for
various var loadings and tie line impedances
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The resulting curves are shown in Figure 8. From these curves it is
noted that Kl’ K2, and K4 vary over a rather large range, but, in general,
increase with increased machine loading. K3 and K6 are not greatly
affected by system loading or changes in tie line impedance, and KS’ the
parameter whose sign determines whether damping is positive or negative,
is, for this particular system, always negative.

B. Generation of Auxiliary Stabilizing
Signals with an Analog Computer

Although the linear model presented provides an excellent means to
define the problem and to develop concepts which may be used to increase
system damping, it is recognized that it neglects amortisseur windings
and other effects which may well be important. This fact, coupled with
the observation that the problem will involve optimization of various
parameters, suggests that actual solutions be attempted using the analog
computer.

We may conceptualize the problem as follows. The synchronous machine
may be represented as a black box with mechanical torque, Ty and the
terminal voltage reference, Vref’ as inputs, and rotor position, §, and

some auxiliary signal not yet defined as the outputs (see Figure 9).

T
m
Vief — | SYNCHRONOUS 0
MACHINE _
STABILIZING
SIGNAL
| ANALOG
COMPUTER

Figure 9. Analog computer used to increase damping
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A stabilizing signal from the synchronous machine is fed into the
analog computer where it is processed in some manner to generate an auxil-
iary signal which is fed into the excitation system of the synchronous
machine. It was noted earlier that the main cause of decreased damping
was the phase lag in the voltage regulator loop of the linear model, and,
in order to increase stability, some sort of phase lead must be introduced,
e.g., by an appropriate G(s).

Time scaling is readily accomplished on the analog computer. That is,
solutions may be calculated at speeds faster, equal to, or slower than a
system operating in real time. The above observations suggest that an
appropriate stabilizing signal might be generated by running an analog
computer simulation of a synchromous machine in parallel with the actual
system, but at a speed greater than real time. This idea is represented
in Figure 10. To determine if this scheme is an appropriate technique,
the transfer function of Figure 10 may be determined if the linearized
model of Figure 2 is inserted into the block labeled "synchronous machine'
and some unspecified transfer function Gl(s) is put into the analog com-

puter simulation block.

T

m,
T SYNCHRONOUS
ref MACHINE

lo

ANALOG COMPUTER
SIMULATION OF

SYNCHRONOUS MACHINE
RUNNING AT A SPEED ta
GREATER THAN REAL TIME

Figure 10. Analog computer operating in parallel with synchronous machine
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Block diagram algebra is used to simplify the representations, and
the result is shown in Figure 11, where A and B represent rather compli-~
cated transfer functions formed in the reduction process. The block
diagram of Figure 11 clearly shows that Gl(s) is not contained in the
open-loop transfer function of the system and thus it cannot be used to

modify poles and zeros of the synchronous machine.

Tnu; + + QA

1
G,B

Figure 11. Block diagram indicating parallel operation of synchronous
machine and analog computer after reduction

It was noted previously that w, Was an appropriate source of compen-
sating signals, so the approach to the problem is modified as shown in
Figure 12. To simplify analysis, the fourth order linear model of Figure
2 is again inserted directly into the box of Figure 12 marked "synchro-
nous machine". The box marked "analog computer simulation" is replaced
by the system shown in Figure 13. This is essentially the same diagram

as Figure 2, but it has been redrawn to show w, as an input and Vv, as the

A
output. In addition, a damping term, D, has been included, and a parame-
ter, K, has been added to represent the ability to change time scaling in
the analog computer model.

Using block diagram algebra, it is again possible to reduce the

system suggested by Figure 12 to a form suitable for analysis. The
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resulting open-loop transfer function has a numerator of fourth order and
a denominator of eighth order. The complexity of this system makes it
desirable to explore the system stability by root-locus techniques using
a computer program to plot the root-locus and calculate polynomial

coefficients.

T 6
mA ‘ A
. SYNCHRONOUS

w
V_"f?_.. MACHINE A
+

! | ANALOG COMPUTER [ |
SIMULATION

Figure 12. Analog computer producing stabilizing signal from speed

S 377K » . ‘ta
A S 5 / f—»
Kg
_ -K2K3Ke
e Kt Crow PR 30 ]

K = TIME SCALING
D = DAMPING TERM

K2.<._.__

Figure 13. Analog computer model of synchronous machine with input Wy and
output vip
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A root-locus plot of the system of Figure 2 is shown in Figure 14.
System parameters and generator loading have been chosen so as to provide
an almost oscillatory condition as evidenced by complex poles very near

the jw-axis.

jo
j204
i10¥C
torque - angle
loop
P R — L
-20 \ -15/ -0 -5/ 0
)gulotor -jlo"\
generator field
-j20+

Figure 14. Root-locus of system shown in Figure 2 with parameters chosen
to make system almost oscillatory

A pole-zero plot of the system suggested by Figure 12 is shown in
Figure 15. Comparison with Figure 14 readily identifies which poles and
zeros have been added as a result of adding the analog computer repre-
sentation. In Figure 15, sufficient damping was added to the analog com-
puter representation to move the complex poles of that representation to
a favorable position. Then K, the time parameter, was varied until the
complex pair of zeros was produced. The root-locus resulting from the
parameter choices mentioned above is shown in Figure 16. It is to be noted
that the poles associated with the torque-angle loop of the generator make
an excursion into the left half plane before they cross the jw-axis. Thus

damping is improved for certain values of regulator gain.
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Figure 15. Pole-zero plot of Figure 12

v

- j20

jlo

f’?‘*

T Y 66—
-20 ) -1I5 -10 -5 (o}
L

<r‘i'°

- = j20

Figure 16. Root-locus resulting from varying voltage regulator gain for
compensation scheme of Figure 12
Inspection of Figure 15 reveals that adding a feedback path through
an analog computer simulation adds four additional poles and four zeros.
The two additional poles on the negative real axes are located near two
of the zeros and comparison of Figures 14 and 16 shows that the introduc-

tion of these pole-zero pairs has little overall effect on the root-locus.
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The complex poles and zeros which have been added are, however, able to
pull the torque-angle loop poles into the left half plane before they
cross the jw-axis, thus increasing the stability of the system. It is
also noted that the complex pole-zero pairs which resulted from feedback
through the analog computer representation could equally well have been

added by a bridged-T filter with appropriately chosen parameters.
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IV. ROOT-LOCUS ANALYSIS OF A LINEARIZED SYNCHRONOUS
MACHINE AND EXCITATION SYSTEM

In order to study various control systems which may be applied to
the excitation system of a synchronous machine it is necessary to develop
a more detailed representation of the system.

The linear model of the synchronous machine analyzed in the previous
chapter may be combined with a linearized model of the excitation system
(see Appendix D) as shown in Figure 17. The model includes provision for
adding various types of compensation networks. LN and LD are the numera-
tor and denominator, respectively, of a series compensation network
inserted in the feedforward loop of the exciter. Similarly, RN and RD
result from a rate feedback loop deriving its input from speed deviation,
and Fh and FD are the numerator and denominator, respectively, of a
transfer function representing rate feedback from the excitation system.

Block diagram algebra may be used to simplify the block diagram of
Figure 17. Initially the takeoff point from wy is moved to § and the
torque-angle loop of the synchronous machine is closed as shown in Figure
18. The takeoff point for the feedforward loop through K6 may now also
be moved to 8, and, since signals through the Kg and K6 loops are then in
parallel, these may be combined. The feedback loop composed of K, can now
also be eliminated as shown in Figure 19. Finally, the takeoff point for
the excitation system rate feedback may be moved to v, as shown in Figure
20.

Further reduction is possible but the particular steps to be followed

depend upon which compensation networks and parameters are to be studied.
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Block diagram of synchronous machine and exciter
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Block diagram after moving takeoff point and closing torque-angle loop
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Elimination of feedback path through K
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LnKa K3 (=377 K,Kg + Kg (2HS' +377K,))
LI+ Ty ) (Kp+sTe) (1 + sK3Tgo (2Hs* + 377K|) - 3T 7K K3K4
regulator
Ke
1+ 8Tp

speed feedback

s RyKp

Ry (- 377K K +K HE+377K))

excitation rate feedback

Fry (T 8K T, XeHs +377K)-3 77K K3K,)

k 5
E_DKS (-377 KoKg + K6(2Hs +377K|))

Figure 20. Block diagram of synchronous machine and exciter after reduction

9¢



37

A. Development of the Open-loop Transfer Function
to Study Effect of Varying Amplifier Gain, K,

The transfer functions in the feedback loops of Figure 20 are put
over a common denominator, Figure 21, and the three feedback loops are

then combined. The open-loop transfer function which results is

voltage regulator

complex zeros speed feedback

L) ] I 1
LyKa [KR{ZHK632 + 377(K1Kg-KoK5) JRpFpK3 + sRyFpK3(1+Tgs)K,

excitation system rate feedback

g < 2 1
+ PyRp(1+Tgs) { (1+sK3T] ) (2Hs“+377K ) - 377K,K4K, 1] [14]

Lp (14T,s) (Rg+Tgs) {(Esz3Téo)(2Hs2+377K1) - 377K,R4K;} RpFp(1+Tps)

voltage
amplifier exciter generator regulator

complex torque-angle loop
poles and field pole

The accuracy of this transfer function may be checked by reducing

the generator model to a first order system as follows.

Set K;=0 =1 Ky=Kg
Ko=0 Ly=l 3Ty, =T¢
K4=0 FD=(l+TFs)

K5=0 Fyy=sKp
Kg=1 =0



CnKa

K3 (=37 7KaKg+ Kg(2Hs"+377K)))

LD(' + STA)(KE+ STE )

(1 + sK3Tg, ) (2Hs* +377K,) =37 7K KK,

regulator

KR{(— 37 7Ky Kg + Kg (2HS + 377K )R F oK

(1 +8Tp)(-377K, Kg + K(2Hs™+37 7K,)) RpFpKs

speed feedback

s RN K3FD (l +S-TR)K2

RpKaFp (1 +8TR)(=3 7 7KK+ K (2HEH3T7K)))

excitation rate feedback

£ -
FN(I + sTR)RD((I +s KSTG:) X2Hs' +377Kl) 37?K2K3K4)

RpKaFp(l +sTR) (=377 K£5+ K6(2Hs‘+377K,))

Figure 21, Block diagram of synchronous machine and exciter after putting
feedback loop over a common denominator

8¢
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Ky [(1+Tps) { KK 482} + 0 + Ky, (L+sTys) (1+sK,T ) (2Hs?) ]

OLTF =
(1+1,8) (Kg+Tgs) (1+sK4T ) (2Hs?) (1+Tgs) (1+Tgs)
K, [KgKq(1+Tps) + sKp (1+Tps) (1+sK4T4 ) ]
= '
(1+TA§)(KE+TES)(1+TR§)(1+sK3Td°)(1+TFs)
Replace K3T&° with T, and K3 with Kg-
e = K KK (14T8) + K Kp(14Tps) (14148)

(1+TA§)(KE+TES)(1+TR§)(l*sTG)(l+TFs)

F'R"G

T ATETRT TR (1/T  +8) (KE/TE+s) (l/TR+s) (1/TG+s) (1/TF+s)

_ K KpTT s(l/TR+s) (1/TG+s) + KAKRKGTF(I/TF-i-B)

A6 F G
T

WTeTe L Tie s(1/Tg+s) (1/Tgts) + KR/TR(1/TF|-3)]

(/T A+s) (KE/TE-l-s) (1/TR+8) (1/TG+s) (1/TF+s)

K K KT
T

This is the same expression for the first order model derived in
reference (7).

The open-loop transfer function of Equation 14 has the denominator
in factored form except for the third order polynomial arising from the
machine torque-angle loop and field poles. This loop has been closed
because arbitrary compensation networks cannot be inserted into it and
its closure simplifies the numerator of the open-loop transfer function.
The parameters of this loop are fixed for a given machine design and
loading condition, and thus once the polynomial is factored the pole

positions resulting from it are known and constant irrespective of
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various compensation networks placed in other loops. The numerator is not
in factored form, however, and zero locations are found by multiplying out

expressions, combining terms, and then factoring.
B. Uncompensated System

If all compensation is neglected by setting LN=LD=FD=RD=1’ and
FN=RN=TRf0 the resulting root-locus is shown in Figure 22 where the poles
and zeros resulting from various terms are readily identified. This root-
locus clearly shows the basic problem. The system response is dominated
by a pair of complex poles arising from the torque-angle loop of the
synchronous machine and a pole near the origin resulting from the field
winding. Small increases in amplifier gain Ky drive the complex poles
into the right half plane making the system unstable.

Note that if all feedback loops are removed by setting KR,&fﬁe
voltage regulator gain, equal to zero in Equation 14 and FD=RD=L§;}D-FN=1
and TR=RN=0’ a third order polynomial occurs in the numerator which will
cancel the one in the denominator of Equation 14 leaving an open-loop
transfer function of the form

K
a+ TAs)(KE + TEs)

having root-locus asymptotes of 90° and 270°, which is a stable configura-

tion for all gains.



|
i I
l(A =400 |
—_ UN UMFENSH;TEU SYSTEM
© | /K= 400
D
(Ve : \\\
1 torque—angle
w | loop
éd_ N}~ — — =) xl.___.__.__
exciter amplifier generator
E field :
a
=8 :
‘-ﬂ -
Ur}’— N
cC .
z ]
- |
b= |
- 1
'T LI T 1 k] I
-10.0U0 ~-8.00 -65.00 -4.00 -2.qau g.Qu
REAL AXIS 10!

Figure 22. Root-locus of uncompensated synchronous machine and exciter with K=K

A

1y



42
C. Rate Feedback

Consider adding rate feedback in the excitation system. The field
voltage is measured and fed back through FN/FD to the voltage summing
junction. One form of transfer function which has been used for this

feedback loop is
FN/FD = sKF/1+TFs [15]

The open-loop transfer function is found by inserting Equation 15 into

Equation 14 and setting Ry=0, RD=LN=LD=1. The resulting expression is
2
K, [Kp{2HKs® + 377(KK=KoK5) }(1+Tps)Kq

. ] 2
+ sKF(1+TRs){(1+sK3T do)(2Hs + 3771(1) - 3771(21(31(4}] (161

. ' 2
(1+TAs) (KE+TES){(1+SK3T do) (2Hs< + 3771(1) - 377K2K3K4}(1+TRS)(1+TFS)

This form is not appropriate for a root-locus plot using gain KF
because Kp does not appear as a product of all terms in the numerator.
An appropriate open-loop transfer function which contains KF multiplying
all terms in the numerator is developed as follows. The regulator loop of
Figure 21 is first closed, resulting in the block diagram of Figure 23,
and the resulting open-loop transfer function after combining the parallel
feedback branches is

' 2
K3LNKA(1+TR5){RDFN[(1+SK3T do)(ZHs + 3771(1) - 3771(21(31(4] + FDRNK2K3S} (7]

RpFpK3{Lp (14T s) (Rp+Tgs) (1+Tps) [(1+sK4T ) (2Hs? + 377K;) - 377K5KqK,]

2
+ KglyKaK4[2HK (s + 377 (K3K(-KoKs) 1}
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regulator and machine

K3LyKal2HKgs + 377 (K Kg- KoKs))(1+5Tg)

a [y
Lf +5T, WK+ ST (1 #5Ko T )(2HS + 377K )~ 37 TK, KoK )1 + STR) + KoL yKaKa (2HKg €437 7K K gKoKs )

speed feedback

SRNKZ

RD(ZHKG“'" 377(K| Ks" Kz Ks))

excitation rate teedback

Figure 23,

F ((1+ sK T')(2H§+377K|)-377K

2K3K4)

Fbxgznxs‘ﬁ 377K Kg- KoKg))

Block diagram after closing regulator loop
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The transfer function is again checked by reducing the generator

representation to a first order system as follows.

Set K1=0 =1
K2=0 LD=1
K3=KG FN=SKF
K;4=0 Fp=1+Tgs
K 5=0 =0
K3T4,=Tg Rp=1

Equation 17 becomes

KK, (14Tps) {sKy, (1+s'rG)(2Hs2) + 0}

Kg(1+T5s) { (14T, 5) (K+Tps) (1+Tps) (1+sT) (2Hs?) + KoK K 2Hs?)

" Kg(1+Tgs) { (1+T8) (KgTgs) (1+Tgs) (1+1gs) + KgkpKg)l

HG

Find the closed-loop transfer function.

K KA (14+T5s) (14Tos) K
CLTF = ARG R F G
KG(1+TFS) {(1+T As) (KE+TEs) ( 1+TRs) ( 1+TGs)+KRK AKG}-i-K 2K Kps ( 1+TRs) ( 1+TGs)

KAKGTRTF(I/TRﬂ'S) (1/TF+S)

T ATETRTGT'F{ (1/7,+s) (R /Ty+s) (l/TR+s) (1/T+s) (1/Tgts)

+ K AKGTF(I/TF+S)} + KAKFTR?GS(I/TRfS)(l/TG+s)
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) KAKGTRIF(IITRfs)(l/TF+s)

CT,TT T TR (L/T 4s) (Ry/Tyts) (1/Tyks) (L/Tg+s) (1/Tyhs)

A ey FRE /T +s) 1}
KT (1/T +s) + s (1/T_+s)(1/T +s)
T, T T I I, "RE F Kg R G

+

A5G 1 re) (1/Tke)
————— +

T (1/74%8) (Rg/Tts) (L/Tgts) (1/Tgts) (1/Tghs)

K,K K, K K.T.T
AG [ R °F F'R°G
+ == /T +s) + s (1/T_+s) (1/T +s)]
TpTETG TR Tp TrTg R G
K,K
T—:‘:——g— (1/Ty#s) (1/Tys)
_"A'FE

© (1/Tp+s) (Kg/Tgts) (1/Tgts) (L/Tgts) (1/Tyts)

KK, [K; T
+ AG[_FG

K
R
~=3g (1/Ty+s) (1/T+s) + — (1/T +s)]
TpTETe | Tp K¢ R G Tp F

This is the same expression derived for a first order model in

reference (7).

If the following substitutions are made in Equation 17, LN=LD=RD=1,

RN=TR50, FN=sKF, FD=(1+TFs), TF=.05, the resulting root-locus is shown in

Figure 24. Kp must be increased until the RHP poles move very near the

complex zeros at about * j19.6 to make the system stable, but at this gain

level the root-locus branches from the complex poles in the LHP have

already arrived near the second order zeros at the origin producing a poorly

damped response.
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For TF=10 (see Figure 25) the pole added by the denominator of the
excitation system rate feedback term lies between the two zeros near the
origin and a root-locus with different characteristics is obtained. The
generator torque-angle poles will move to the complex zeros, but the

poles on the real axis now move to the zeros near the origin and dominate

the response of the system.

D. Power System Stabilizer

Recently an auxiliary control system called a power system stabilizer
has been developed to combat dynamic stability problems occurring in
regions with significant amounts of hydrogeneration, or resulting from
high-speed excitation systems. This device is a rate feedback control
loop operating from a speed deviation signal. Lead-lag networks in the
feedback loop are adjusted to cancel phase lags of the excitation system.

One form of the transfer function often used is as follows,

Ry _ GRN s(l+sTp)?

Rp  (1+sT) (1+sT,) 2

where appropriate parameter values are suggested by deMello and Concordia

(31).
T1 = 0.20
T2 = 0.05 sec
T = 3.00

The open-loop transfer function with the above speed feedback is
developed from Equation 17 so that the effects of changing GRN may be

observed.
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If LN=LD=Fb=1’ FN=TR30 the resulting transfer function is

JGRN s2(1+s'rl) 2R K4

(1+8T) (1+5T5) 2{(1+4T,8) (Rp+Tgs) [(L+sK 4T ) (2Hs*+377K ) ~377K KK, ]

K

+ KgK K3 [sHKs2+377 (KyKg-KoKs) ]}

and the resulting root-locus is shown in Figure 26 for positive GRN and
Figure 27 for negative GRN.

The system response is again dominated by a pole very near the
origin in Figure 26. Figure 27 would lead to an unstable configuration
because of the movement of the complex pole pair farther into the right

half plane.
E. Bridged-T Network

As mentioned previously, the basic problem of the generator excita-
tion system is the dominant second order poles resulting from the torque-
angle loop of the machine as shown in Figure 22, Inspection of this
figure also reveals that if the complex zeros occurred below the complex
poles then the root-locus from the poles would break away into the left
half plane (LHP), a very desirable situation. The complex zeros result,

however, from the term
) .
[2m<6s + 377 (KKK ,K;) ]

of Equation 14 and are functions of machine and transmission line parame-

ters and machine loading and thus are not easily varied.
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The root-locus of Figure 22 and the analysis of the previous section
suggest that a bridged-T network in the forward loop with judiciously
placed zeros might cause the torque-angle loop poles to break away into
the LHP.

The appropriate open-loop transfer function is developed from Equa-
tion 14 by setting Rp=Fp=1, Ry=Fy=0 and LN=82 + rnugs + woz and
LD=32 + nmos-+w°2 and letting r=.1, n=2 and mo=23. The resulting root-
locus obtained by varying K, is shown in Figure 28. The torque-angle loop
breaks into the LHP as desired but the system becomes unstable at rela-
tively low values of Kp (KAfISZ).

The location of the complex zero pair of the bridged-T is also fairly
critical. For example, if Wy of the bridged-T = 19.7 rad/sec with the
same r and n as above, the root-locus of Figure 29 results and the torque~
angle loop poles again break into the RHP. Somewhat similar results occur
for the bridged-T tuned for a higher frequency wo=26 rad/sec and r=.4 and
n=2. chosen to move the zeros farther into the LHP as shown in Figure 30.

Intuitively, the effectiveness of the bridged-T may be explained as
follows. If damping were to be represented in the block diagram of Figure
17 there would be a feedback path from wy to the torque summing junction
with the gain of this path determining the amount of damping. Pure damp-
ing could also be obtained through the feedback path RN/RD if the phase
lag introduced by excitation system and generator field were zero. This
possibility will be explored later. The other possible path for damping
is through the voltage regulator loop. The takeoff point for this loop
is & which lags wp by 90°, and additional phase lag introduced by the

excitation system and field produces a signal at the torque summing
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junction having a detrimental effect on system damping. The bridged-T

filters out components of this signal near the natural frequency of the
machine, and as the root-locus of Figure 28 demonstrated, might be used
to improve stability and damping to some extent.

To find a source for additional damping signals we return to the
feedback through RN/RD,-and recognize that signals through this loop will
also be filtered by the forward loop bridged-T of the exciter which is an
undesirable situation if additional damping near the natural frequency of
the machine is desired. A solution is to move the bridged-T to the regu-
lator feedback loop. The root-locus for this condition with no other

feedback paths is the same as Figure 28.
F. Bridged-T and Two-stage Lead-lag with Speed Feedback

Additional compensation schemes may be explored after developing an

appropriate open-loop transfer function for a bridged-T filter placed in
the voltage regulator feedback loop as shown in Figure 31.

The resulting open-loop transfer function is

LK [KgRpFpK3{2HK ¢s 2+377(R Kg-KoKs) Hs2+BT1s+BT2}
+ sRK K F) (14Tps) {s24BT3s+BT2}

+ FyRp(L+Tgs) {(1+sK3Tq,) (2Hs2+377K;)-377K KK, s 2+BT3s+BT2} ]

. [18]
[[LD(HTAS) (Rg+Tgs) { (1+sK3T3,) (2Hs4+377K,) —377K2K3K4ﬂ

[RDFD(I-l-TRs) {82+BT3s+BT2 }]]



Vref

LNKAK3(2 HK s + 377(l<l Ke™ KZKS))

_ 3
Ly (1 +sT, )(KE + sTi)((l + sKsTd’J(ZHs‘-i- 377K|) - 377K2K3K4)

regulotor & bridged T

KaRpFpKs (2HKg 53+ 377(K Kg- Ko Kg))(s +BTIs + B12)

— T
RDFD K3(I + sTR)(ZHKGSAiQTT(KlKG 112:(5))‘5 +BT3s+BT2)

speed feedback

sRNK2 K3 FD (+ sTR)(s‘+ BT3s +BT12)

T _N2HK s+37 7K K — K_K ))(st+B13s+BT2)
RDFD Ka(l +sTR HK6543 Kle l(a K5 (s*+BT3s

sxcitation rate feedback

7 —X7PP X
FNRD“ +STR X+ sKsT‘b)(ZHs‘+377K') 377K2K3K4)(s +BT3s+BT2)

Figure 31.

K3 FDRD(l +sTg )(auxs st + 377("1 Ke— Kaxs))(s‘+ BT3s +BT2)

Block diagram showing addition of bridged-T filter to regulator feedback loop
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A two-stage lead-lag network is now added to the feedforward loop of

the excitation system by setting
Ly/lp = (T s+1)%/(1ys+1)? [19]
and speed feedback is added by setting
Ry/Rp = GRN [20]
The resulting open-loop transfer function is
(T126%+2T; s+1) [KgkqK ) {2HK 55 %4+377 (KK g-K K 5) H{s2+BT 1s+BT2}

+ sGRNK2K3KA(l+TR§){32+BT3s+BT2}]

(Tos2+2T9s+1) (14T,s) (Rg+Tgs)
{(1+sK3Té°)(2Hsz+377K1)-377K2K3K4}(1+TR§){32+BT3s+BT2} [21]

If the following values are chosen for the various parameters, the

root-locus shown in Figure 32 results.

w, = 21 rad/sec
r=.1
n=2

Tl = .2 sec

Ty = .05 sec

()]
2
It

3.3 pu

~
)

= KA pu
As will be shown later, the idea of Figure 32 results in a stable

configuration when it is applied to the nonlinear analog computer model,
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so this configuration is superior to that of Figure 28 because much
higher values of K, can be used resulting in a smaller steady-state error.

Also note that this configuration results in the movement of the
synchronous machine field pole away from the origin to a location where
it does not so completely dominate the system response.

Comparison of Figure 28 and Figure 32 also shows that the complex
zeros on the jw-axis have moved upward in the latter. Inspection of
Equation 21 shows that thése zeros result from the fourth order polynomial
in the open-loop transfer function numerator and, further, that the
coefficients of the numerator are functions of speed feedback GRN. Also
note that GRN does not appear in the denominator of Equation 21 and,
therefore, does not change positions of the poles of the open-loop trans-
fer function.

We now explore the effect of GRN on zero locations by manipulating

the fourth order polynomial of the numerator into a form appropriate for

a root-locus study as shown below.

GRN s{KsK3Ky}Hs2 + BI3s + BT2}(1+Tgs) 22]
=0 22

2 ) -
KEKSKA{ZHK6S + 377(K1K6—K2K5)}{s + BT1ls + BT2}

1+

The resulting root-loci for GRN positive and negative are shown in
Figures 33 and 34. A feedback path through a positive GRN is preferred as
shown in Figure 33 because the locations of all zeros remain in the left
half plane. The value of GRN used in the previous example was 3.3 pu.

This value was chosen because preliminary analog computer st&dies indicated

it provided a workable solution.
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G. Cancellation of Third Order Polynomial

Another approach to the problem may be explored by considering
Equation 14 again. The fundamental problem of compensating this system
results from the third order polynomial in the denominator of Equation
14. We note that this same polynomial occurs in one term of the numerator,
and it results from excitation system rate feedback. If it were possible
to add appropriate compensation networks such that the voltage regulator
and speed feedback terms could be combined and the third order polynomial
factored from the resulting expression, then this expression could be
cancelled from both the numerator and denominator, hopefully giving a more
advantageous pole-zero configuration.

An attempt to accomplish the above is made by developing an appro-
priate speed feedback transfer function noting that a third order
polynomial has four coefficients which will result in four equations and
thus the maximum number of unknowns is four. A third order expression is
needed, so looking at the voltage regulator term which is of order 2 let
RD=As+B where A and B are to be determined. This gives the desired third
order expression. Now set Ry=Cs+D to have a physically realizable network,
where C and D are also unknowns. The expressions are expanded and coef-
ficients equated as follows.

Numerator of Equation 14:

LyKa [KR{ 2HK 65 2+37 7 (K1K6—K2K5) }RDFDK3+S RNFDK3 (1+TRS ) Ko

+ FyRp (14Tps) { (1+sK,T 4 ) (2Hs 2H377K,)-377K KK, }] [23]
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The common factors from terms 1 and 2 are first factored out as

follows.

LKy [FDK3 [KR(As+B) {2HK6§2+377 (R1Kg-KoK5) 1+s (Cs+D) (1+Tgs)K, ]
+ FﬁRD(1+TRs){(1+sK3Téo)(2Hsz+377K1)—377K2K3K4{I [24]
Expand the above equation.

(2HK (AR T CK ) s >+ ( ZHK KB (T DK +CK ) ) 52
+ (377(K1K6—K2K5)KRA+DK2)s+377(K1K6-K2K5)KR§

= KgTgo2Hs> + 2Hs? + 377K K3Tgos + 377(KqKoKqK,) [25]

Equate coefficients.

2HKgKpA + ToKoC = K3Tgo2H [26a]
2HKKpB + TgKoD + K€ = 2H [26b]
377 (R KR K)KA + KD = 377K KT, [26¢]
377(K K g-K K KB = 377(R;K,K;K,) [26d]

Solve for A, B, C, and D.

From Equation 26d B = (K1-KoK3Ky) [27]
KR(K1K6—K2K5)

Multiply Equation 26b by -TR and insert Equation 27 for B and

add result to Equation 26a. The result is
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(K1K6—K2K 5)

[28]

!
ZHKGKRA - TRZKZD = K3Td°2H—2HTR +

Solve Equation 26c for D.

(377K1K3Tgo-377 (K1Kg-KoK 5)KpA)
K
2

[29]

Put Equation 29 into Equation 28 and solve for A.

1 1]
_ 3 77K1K3TdoTR2+2H (K3Td°-TR) (K1K6-K2K5) +2HK6TR(K1—K2K3K4)

[30]
2
(2HRKg + 377 (K Kg-K K )KpTp (K KK Kc))

From Equation 26a,

|
(K3T; 2H - 2HK KCA)

C =
TRy

[31]

If the linear constants resulting from Base Case 2 are substituted

in the above equations the following values result.

A= 2,57
B = .426
C=15.15
D= -765.5

So for cancellation under this operating condition the speed feedback
transfer function should have the following form.

Ry 5.15s - 765.5
Rp 2.57s + .462

_ 2 (s-149)
s + .180
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If TRfO, corresponding to a fast regulator, then the equations for

A, B, and D are simplified as follows.

equal to zero. Then
t
2HK6KRA = K3Td°2H
2HKgKRB + KoC = 2H
L
377(K1K6-K2K5)KRB = 377(K1—K2K3K4)
From Equation 32d

_ 377(K3-KgK3Ky)
377 (KKK KKy

From Equation 32a

t T
KyTgo®H _ KaTqo
2K K KeKp

A=
R

1
377K1K3Tdo-377(K1K6-K2K5)KRA

D=
Ky

3 ' 3 K3TC'10
77K)K3T 4 =377 (KKK KKy KX,

K,

t
377R;RyTy Ke=377 (R KK Ko)
KoKg

Set C =0,

C is indeterminate and may be set

[32a]

[32b]

[32¢]

[32d]

[27]

[33]

[34]

[35]
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The values shown in Table 3 result from the above equations for

various transmission line impedances and synchronous machine loadings.

Table 3. Third order polynomial cancellation

P .333 P .666 P 1.0 P .333 P .666 P 1.0 P .333 P .666
Q.0 Q.0 Q .0 Q .206 Q .419 0Q .62 Q-.206 Q-.419

RE= .02 XE= A
A 2,430 3.270 4.690 2.270 2.440 2.590 3.250 -11.30
B 0.408 0.210 0.030 0.680 0.501 0.425 0.156 0.54
D -731 -938 -531 -540 ~-729 -782 -1050 -3359

RE=0 XE= .4
A 2.400 3.290 4.840 2,260 2.400 2.590 3.260 -9.72
B 0.400 0.213 -0.030 0.683 0.501 0.423 0.150 0.61
D -723 -883 -355 -539 -717 -755 -1012 -3255

RE=-2 XE=.4
A 2,510 3.190 " 4.070 2.340 2.510 2.650 3.100 ~-148
B 0.430 0.235 0.161 0.7027 0.522 0.452 0.175 -2.60
D -762 -1250 -1425 -522.8 -774 =913 -1272  -3342

Rg=1.0 X;=1.0

A 3.820 4.500 5.400 3.580 3.740 3.850 5.990 -
B 0.719 0.433 0.249 1.020 0.870 0.797 0.220 -
D -583 -1042 -1268 -307 -473 -580 -1584 -

The open-loop transfer function that results after the third order

polynomial cancellation is

LNKA[FDK3 + FN(As+B)(l+TR§)]

OLTF = F L (T+T,8) (Rg+Tgs) (As+B) (1+1gs) [36]
which may be simplified by setting FD=LN=LD=1 and FN=TRf0. Then the
open-loop transfer function becomes
KyK3
[37]

TAIEA(L/TAfs)(KE/TE+3)(B/A*S)
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A root-locus diagram of this system is shown in Figure 35 where
K;KA. The root-locus of Figure 35 provides a workable solqtion. The
poles do not move into the right half plane until KA is greater than 400,
but for high KA the damping is rather poor. From Equation 36 it is noted
that two possibilities remain for adding additional compensation to the
system. LN/LD and FN/FD have not been specified. Ideally the number of
poles should exceed the number of zeros by two so that asymptotes lie at
90° and 270°. Because of physical realizability it is not possible to
add a zero without also adding a pole, so working with FN/FD appears to
be a better approach than trying series compensation using LN/LD.

If Fy and Fp are made first order then the open-loop transfer func-

tion has three zeros and five poles, a desirable configuration.
Let Fy/Fp = KFs/(s+1/TF) [38]

Arbitrarily pick 1/T; = 20 which adds a pole at (-20, 0) to the
F

open-loop transfer functionms.

Insert Equation 38 into Equation 36, setting Ly =Ly= 1.

KA[(s+20)K3+(KFs)(As+B)(1+TRs)]

OLTE = (s+20) (1+T,5) (K+Tys) (As+B) (1+Tp8) [39]
Since Ty is normally very small, set Tp=0, so
Kp [ (s+20)Kq+(Kps) (As+B
OLTF = al( YK3+(Kps) ( )] [40]

"~ (s+20) (14T 8) (Kg+Tgs) (As+B)

The numerator is second order and denominator is fourth order so

asymptotes are at 90° and 270°. Poles are at -20, -1/T,, Kg/Tg, -B/A.
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Explore movement of zeros in numerator as a function of KF. The

numerator is, neglecting K,,
Kps(AstB) + (s+20)K, _ [41]

which may be put in root-locus form as follows.

1+ s (astB) [42]
_ K3(S+20)
OLTF = XpAs (s+B/A) [43]
An arbitrary choice of constants
A= 2.6
B = .426
Ky = .262
results in the open-loop tramnsfer function
1/KF (.262/2.6) (s+20) l/KF (.164) (s+20)
= [44]

s(s+.164) B s(s+.164)

The resulting root-locus is shown in Figure 36 for positive Kp
and in Figure 37 for negative Ky. From Figure 36 pick Kp = .00362 as
a suitable value to give appropriate complex zero locations. Putting
this value into Equation 34 the root-locus of Figure 38 results where
K=K,.

The concept of cancelling the torque-angle loop poles and the field

pole with an appropriate speed feedback transfer function produces
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desirable root-locus plots as shown in Figures 35 and 38. Successful
implementation of this idea is difficult as will be shown later. Slight
inaccuracies in cancellation of the torque-angle loop poles can be
tolerated because the poles are fairly far removed from the origin and
the resulting residues are small. Extreme accuracy is, however,

required to cancel the generator field pole because of its proximity

to the origin. If this pole is not cancelled it will dominate the
system response, producing an extremely long settling time in the machine

terminal voltage.
H. Torque-angle Loop Pole Cancellation by Speed Feedback

It is also possible to develop a transfer function which, when
inserted in the speed feedback loop, will cancel the complex pair of
torque-angle loop poles. The block diagram of Figure 18 provides an
appropriate starting point. The takeoff point for the feedforward loop,
K6, has been moved to § in Figure 39. Parallel branches KS and K6 are
then combined and all feedback paths are moved to v, as shown in Figure
40. If the excitation system rate feedback loop is neglected, feedback
through K4 is moved to the input summing junction and all feedback paths
are arranged so they have a common denominator, the block diagram of

- Figure 41 results. The open-loop transfer function is
2
K3[KRKALNRD{2HK6S +377(K1K6-K2K5)}

+ sKAKzRNLN(1+TRs)—377K2K4LDRD(1+TAs)S§§fTEs)(1+TRS)]

LpRp (14T ,8) (Rg+Tps) (1+Tps) (1+sK4T ) (2Hs4377K,) 431
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High-speed exciters make feedback through K, negligible and its
effect may be neglected (31). Ty is also very small and for this

analysis is set equal to zero. The resulting open-loop transfer function

is then

2
KK Ly [KpR { 2HK s “+377 (R1K g -K 5K ) HsK,Ry ]

46
LpRp (14T, s) (Kp+Tgs) (1+sK3Tdo) (2Hs2+377K;) e

Let RN/RD = (Cs+D)/(As+B) [47]

This choice of rate feedback transfer function numerator and
denominator will result in a third order polynomial while the complex
torque-angle loop poles result in a second order polynomial, thus after
cancellation a first order zero will remain. Its location is left
unspecified by representing it as (Es+F).

The numerator of Equation 46 is now equated to the product of the

above zero and the desired complex zeros.

K (As+B) {2HK 65%+377 (R1Kg-KoKs) 18Ky (Cs+D) = (Es+F) (2Hs *+377Ky) [48]

If the expressions are expanded and coefficients are equated, the

result is

2HKpK A = 2HE [49a]
ZHK KB + KoC = F2H [49b]
377(K1Kg—KoK5)KRA+KoD = 377K E } [49c]

377(K1Kg-KyK KB = F377K, [49d]
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This system is solved yielding

E
A = Ko [50a]

K, F
B = WiKg—KKs)Kg [50b]

- 2HFK
C = S [50c]
(K1K6—K2K5)

377EK5
D=—7" [50d]

Ke

If the zero location is fixed at -5 and E = 1, F = 5, the resulting
values for these parameters for various tie line impedances and machine
loadings are shown in Table 4. The root-locus resulting from this

development is shown in Figure 42,
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Table 4. Torque-angle loop cancellation using speed feedback
P .333 P .666 P1.0 P .333 P .666 P 1.0 P .333 P .666
Q.0 Q .0 Q . Q .206 Q .419 Q .62 Q-.206 Q-.419
RE =,02 XE=j .4
A 1.576 2.118 3.06 1.47 1.58 1.68 2,10 -7.38
B 4.225 5.043 8.932 4.91 4.69 4.84 4,41 -3.49
C 5.740 4.240 2.99 5.27 4.35 3.76 5.13 7.82
D -472.9 -607.1 -344.1 -349.4 -471.8 -506.4 -679.4 -2173.6
RE=0 XE=j . 4
A 1.57 2.13 3.13 1.46 1.57 1.68 2,11 -6.29
B 4.26 5.24 10.55 4.94 4.74 4.92 4.54 -2.29
C 5.76 4.19 2.46 5.33 4.39 3.78 5.06 8.66
D -468.1 -572.0 -230.4 -348.9 -464.2 -488.8 -655.0 -2106.6
RE= 2 XE=j . 4
A 1.58 2.01 2.57 1.48 1.59 1.67 2,01 -93.6
B 4.00 4.03 4,80 4.71 4.35 4.31 3.68 116.1
C 5.51 4.36 3.76  4.70 3.99 3.48 5.48 7.96
D -480.7 -788.8 -898.9 -329.7 -488.4 -575.8 -802.8 -2108.2
RE= XE=j 1
A 1.31 1.54 1.85 1.22 1.28 1.31 2.04 -
B 4.51 4.28 4.62 4.99 4.76 4.65 4.31 -
C 5.14 4.94 4.47 3.10 3.06 2.84 7.95 -
D -199.2 -355.9 -433.0 -105.0 -161.7 -198.2 -541.0 -
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V. ANALOG COMPUTER RESULIS

The ideas developed in the previous section using linear analysis
techniques are now studied using a nonlinear analog computer model of a
synchronous machine connected to an infinite bus (see Appendix E). The
effects of the various compensation schemes are explored by making the
following changes in operating conditions of the synchronous machine.
Initially the machine is operated with Vref set as in Base Case 2. T
is increased from zero to full load (0 to 3 pu). Then T, is increased

to 3.3 pu and returned to 3.0 pu. Next Vref is increased and decreased

by 5% and finally, Tm is returned to zero.

The strip chart recorder has been operated so that the extreme right
and left portions of the graphs indicate zero levels. Variables are given
on the left side of the strip charts and recorder gains in volts-per-line
are given to the right. The positive direction of all variables is
upward. Each tick on the bottom edge of the strip chart pointing upward
represents one second of analog computer operation. The auxiliary time
markings pointing downward represent one second of operation of the
synchronous machine. The analog computer was operated in the fast-second
mode, thus one second of synchronous machine operation is simulated by
10 seconds of analog computer operation.

The results shown in the following figures represent a nearly opti-
mum choice of parameter values for each case subject to the constraint
that the excitation system amplifier gain remain at 400 pu.

Figure 43 shows the uncompensated system. A 10% increase in mechani-

cal torque results in growing oscillations and an unstable system. Thus
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the machine is operating near its stability limit under the conditions of
Base Case 2. The frequency of oscillation is about 21 radians/sec.

Figure 44 shows the results of adding excitation system rate feed
back. This control loop provides a considerable improvement in system
performance over the uncompensated system. However, as predicted by the
linear model, the response is dominated by a pole near tﬁe origin result-
ing in a long settling time in Avt. The field voltage reacts very slowly
to changes in both torque and voltage references and this long time
constant is reflected in both the terminal voltage Av, and machine angle
é.

Figure 45 shows the results of adding a power system stabilizer.
The damping of this case is considerably better than that provided by
excitation system rate feedback. The initial overshoot in tie line power,
AP,, resulting from the 10% increase in the torque reference is almost the
same in both cases. The response to a 57 increase in voltage reference
results in a much smaller overshoot in the case of the power system
stabilizer and the settling time is also greatly improved.

Figures 46a, 46b and 46c show the effects of placing a bridged-T
filter in the regulator loop of a synchronous machine tuned to 21, 23
and 19.7 radians per second, respectively.

Linear analysis of the previous section suggested a high degree of
sensitivity to the exact frequency to which the bridged-T was tuned.
This result is not confirmed here. The three cases, one tuned to the
natural frequency of the machine, one above this frequency and one below,

are very similar.
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If the filter is tuned to a higher frequency and if the attenuation
at the notch frequency is decreased as shown in Figure 46d, the result is
a more oscillatory response to a change in torque and a less oscillatory
response to a change in reference voltage.

Figure 47 shows the results of placing a bridged-T filter in the
regulator feedback loop, a two-stage lead-lag network in the exciter
feedforward loop and feeding an auxiliary signal proportional to rotor
speed deviation into the excitation system comparator.

Comparison of Figures 45 and 47 shows that the tie line power
resulting from a change in torque reference in the latter has less over-
shoot and is better damped than in the former. However, the reverse is
true for a change in voltage reference. The settling time and damping
of the terminal voltage exhibited by both are quite satisfactory.

Figure 48 shows the results of placing a transfer function in the
speed deviation feedback path designed to cancel the torque-angle loop
poles and the field pole. The initial overshoot is somewh;t smaller than
the previous cases and the oscillation is quickly damped out. Note that
the polarity of the auxiliary signal for this network is opposite to those
previously considered. That is, an increase in Aw results in a decrease
in field voltage, thus § is allowed to make large excursions. (Note the
scale change on § in Figures 48 and 49.) The settling time for .this
network is very long, indicating that the pole near the origin has not
been effectively cancelled.

If excitation rate feedback is added to the above configuration as

suggested by the root-locus diagram of Figure 38, Figure 49 results.
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An unstable condition resulted when the T was switched from zero to
3 pu with the above compensation network inserted. Therefore, the machine
was started and full load placed upon it with.the compensation network
removed. The network was then switched in and a set of changes in refer-
ence levels identical to those described previously was performed,
starting with a 107 increase in mechanical torque. The results are
comparable to those produced by excitation system rate feedback.

Figure 50 shows the results of placing a transfer function in the
speed feedback loop designed to cancel the torque~angle loop poles omnly.
A 107 increase in torque reference results in an overshoot which is less
than that observed for either the power system stabilizer or the combina-
tion of bridged-T filter, lead-lag network and speed feedback. The over-
shoot resulting from a 57 increase in Vref is slightly greater than that
observed for either of the above systems. As in Figure 48, which shows
an attempt to cancel three of the machine poles, the polarity of the speed
feedback causes a decrease in EFD for an increase in Aw leading to
excessive excursions in §.

The following figures show the operation of the synchronous machine
against a bus whose voltage is being modulated to produce a sinusoidal
variation between 1.02 and 0.98 pu peak value at an adjustable frequency.
For the studies involving a modulated bus voltage the generator is

operated under conditions of Base Case 1.

Figures 51 and 52 show the performance of the machine with the
bridged-T network in the regulator loop, a two-stage lead-lag network in
the exciter forward loop and speed feedback through a pure gain. Figures

53 and 54 show the performance of a power system stabilizer.
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The optimized parameters used for the compensation networks in the

first two figures are

Tl = 0.2 sec r = 0.931
Tz = 0.05 sec n=2.49
GRN = 0.3709 pu w, = 23.3 rad/sec

and the parameters for the power system stabilizer are
T = 3 sec T2 = 0.05 sec
Tq = 0.2 sec GRN = .7714 pu

In Figure 51 the bus voltage was modulated at a frequency equal to
the natural frequency of the machine, Wy = 21 rad/sec. To show how
machine performance was affected by a change in operating conditions and
the compensation network parameters, the torque reference was changed
from zero to 3 pu at point A. The torque reference was then increased
and decreased by 107 of full load at points B and C, respectively. This
part of Figure 51 is equivalent to the first part of Figure 47, with the
exception of the changes in operating conditions and parameters as
previously noted. At point D modulation of the bus voltage was begun.
The bridged-T network was removed at point E and replaced at F. Similarly
the lead-lag network was removed at G and replaced at H and the speed
feedback was removed at I and replaced at J. All three compensation
networks were removed at K and replaced at L. Finally the modulation of
the bus voltage was removed at M.

Removal of the bridged-T network at E increased the excursions of
the field voltage and approximately doubled the oscillations of tie line
power as shown by AP,. Removal of the lead-lag network at G resulted in

large excursions of tie line power and terminal voltage and also allowed
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large oscillations to develop in incremental speed Aw and machine angle §.
Removal of all compensation at K produced an even more severe condition,
but when the compensation networks were replaced, the oscillations were
damped out.

Figure 52 is similar to Figure 51 except that the bus voltage
frequency was reduced to 2.1 rad/sec. Removal of the bridged-T at E
resulted in large and high frequency field voltage excursions. Removal
of the lead-lag network at G produced results similar to those of the
previous figure. Removal of speed feedback when the system was being
perturbed at such a low frequency had little effect. Removal of all
compensation at K again resulted in large oscillations in the various
machine quantities which were damped out after reinsertion of the com-
pensating networks.

Figure 53 is similar to Figure 51 except that a power system stabi-
lizer was used for compensation. The torque reference was changed from
zero to 3 pu at A and was increased and decreased by 107 at B and C,
respectively. (Compare with Figure 45.) The bus voltage modulation was
added at D and removed at E. It was again added at F and the power system
stabilizer was removed at G and replaced at H. The bus voltage modulation
was removed at I and the torque refereﬁce was decreased to zero at J.

Removal of the power system stabilizer allowed the oscillations to
grow to comparatively large values, and after it was replaced, the
oscillations were again reduced to values comparable to those before the
network was removed.

Comparison of Figures 51 and 53 shows that the power system stabilizer

was not as effective in controlling either tie line power oscillations or
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the terminal voltage fluctuations as the compensation networks of Figure
51.

Figure 54 shows the results of modulating the bus voltage at 2.1
rad/sec. The modulation was added at A. The power system étabilizer was
removed at B and replaced at C, and the modulation of the bus voltage was
removed at D.

After removal of the power system stabilizer several seconds were
required for the oscillations to build up to appreciable levels. After
reinsertion of the power system stabilizer the oscillations were quickly
damped out.

The performance of five of the compensation networks is summarized
in Table 5 for various machine loadings. The compensation network
parameters were adjusted to produce the best response to a 10%Z increase
in torque reference with the machine operating under conditions of Base
Case 2. The settings used here are the same as those used for Figures
44, 45, 46a and 47, and were not changed as machine loading was varied.
The definitions of risetime, settling time and percent overshoot are those
given in reference (104). Omissions in the table are the result of an
unstable operating condition. The rows labeled AP, give the risetimes,
settling time and percent overshoot of the variable AP, resulting from a
10%Z increase in the torque reference. The rows labeled Avy give similar
data for the quantity Av, resulting from a 5% increase in Veeg®

Comparing the bridged-T, lead-lag and speed compensation performance
to the power system stabilizer, the following generalizations may be made.
There are no significant differences in the risetimes of AP, and Avt for

the two types of compensation. The settling time for AP, is generally



Table 5. Performance of various compensation networks

Uncompensated Excitation
system rate feedback
set- % set- %
rise~ tling over- rise~ tling over-

time time shoot time time shoot

T = 3.0, pf = .85 lagging

n AP, 0.06 0.22 ° 86.6 0.06 0.22 80.0
Av, 0.20 0.60 10.0 0.98 4.20 60.0
Tp = 2.0, pf = .85 lagging
&P, 0.05 0.26 80.0 0.05 0.25 80.0
Av 0.19 0.35 6.0 1.00 4.10 53.2

T, = 1.0, pf = .85 lagging

" sp, 0.05 0.25 70.0 0.05 0.23 70.0
av, 0.15 0.325 7.9  1.00 3.60 43.5
Th = 3.0, pf = 1.0
AP, 0.09 0.29 87.0
v 0.90 4.10 69.0

APe unstable 0.055 0.27 87.0

Avt 0.21 0.34 6.25 1.00 4.20 68.7
T, = 1.0, pf = 1.0

AP 0.06 0.24 67.0 0.055 0.265 73.0

vy 0.155 0.30 6.25 1.00 3.80 57.0

T = 1.0, pf = .85 leading
AP 0.06 0.27 7 0.065 0.28 86.6

3.2
Lv 0.185 0.45 0.0 1.20 4.40 62.5
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Bridged-T only Bridged-T 2-stage Power system
wo=21 r=.1 n=2 lead-lag and speed stabilizer
set- A set- 7% set~- %
rise- tling over- rise~ tling over- rise- tling over-
time time shoot time time shoot time time shoot

0.05 0.23 100.0 0.04 0.21 73.4 0.05 0.21 82.6
0.21 0.56 33.0 0.28 0.37 5.0 0.23 0.42 5-10

0.06 0.25 82.0 0.04 0.23 66.0 0.05 0.21 66.
0.18 0.46 40.0 0.21 0.33 6.0 0.20 0.38 10.

o Ne]

045 0.235 66.0
0.16 0.325 6.0

.05 0.26 60.
17 0.25 0.

0.06 0.245 67.0
0.155 0.445 50.0

o o
oo
o

0.04 0.22 97.0 0.05 0.255 100.
7 0.20 0.46 20.

[N =)

.27 87.0 0.04 0.23 67.0 0.045 0.225 76.0
.50 38.0 0.23 0.29 0.0 0.20 0.47 10.5

o
o
wv
[N a)

.05 0.235 60.
0.15 0.46 2.

0.06 0.27 67.0 0.05 0.285 53.
0.145 0.43 57.0 0.135 0.26 14.

w
o
w O

.255 53.4 0.045 0.19 63.0

0.06 0.28 80.0 0.05
. 47 .98 0.0 0.25 0.47 7.9

35.6 0.225

o o
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smaller for the power system stabilizer. The settling time for Avt is
longer for the power system stabilizer and the percent overshoot is also
greater,

Comparing the bridged-T to the above two compensation systems, the
risetime of Avt is generally smaller than the risetimes resulting from
either of the above. The settling time and percent overshoot of Av. are
both generally greater. The risetime of AP, is comparable to the above,
but in most cases the settling time is longer and the percent overshoot
greater than those above.

Excitation rate feedback produces long risetimes, long settling
times, and large overshoots for Avy. Considering AP,, however, the
risetimes are comparable to those of the power system stabilizer and the
settling time and percent overshoot are slightly greater.

It should be noted f£rom Table 5 that the effectiveness of damping
through excitation control is related to the power output of the machine.

As the load is reduced, the settling time for AP, generally increases.
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VI. CONCLUSIONS

The results of this study have shown that for the particular system
investigated, that is, a synchronous machine with high-speed excitation
connected to an infinite bus through a transmission line, a compensation
system consisting of a bridged-T filter in the voltage regulator loop, a
lead-lag network in the exciter forward loop and speed feedback without
phase compensation, performance is obtained which is superior to that of

the power system stabilizer.

For tests in which the infinite bus voltage was modulated at the
natural frequency of the synchronous machine, the above compensation
system reduced the oscillations of the electrical power output by a factor
of four and reduced the oscillations of the field voltage to approximately

one-half those resulting from use of the power system stabilizer.

Excitation system rate feedback compensation results in long
settling times, especially in Av,, and greatly increases the risetime of
the field voltage, thus decreasing the ability of the excitation system

to produce synchronizing torques.

Attempts to cancel the synchronous generator field pole located near
the origin result in extremely long settling times of Av, if the cancel-

lation is not exact.

Cancellation of the torque-angle poles using speed feedback is more
successful because larger errors can be tolerated in the placement of the
bridged-T zeros. The above two compensation techniques result in a
decrease in field voltage with an increase in rotor speed allowing the
machine rotor angle to make abnormally large excursions due to changes

in loading.
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IX. APPENDIX A. DEVELOPMENT OF ANALOG COMPUTER
REPRESENTATION OF A SYNCHRONOUS MACHINE
For the purposes of this study it is assumed that a synchronous
machine may be adequately represented by six magnetically coupled windings:
three stator windings, one field winding, and two amortisseur or damper
windings. Magnetic coupling between these windings, and thus the flux
linking each winding, is a function of rotor position. The instantaneous

terminal voltage of any winding is of the form
v = *Iri *IX [A-1]

where A is the flux linkage, r is the winding resistance, and 1 is the
current, with positive current flowing out of the generator terminals.

Figure 55 is a pictorial representation of a synchronous machine.
Two sets of reference axes are shown on the figure. Park (91, 92) and
others (7, 76) have shown that transformation of quantities from the abc
reference frame to the odq reference frame considerably simplifies the
matrix equations by eliminating time varying quantities from them. As a
result of this simplification, however, two quantities called the speed
voltage terms are added to the resistance matrix of the machine.

As shown in Figure 55, the d-axis lies along the centerline of the
rotor North pole and leads the axis of phase a by 6 degrees. The q-axis
lags the d-axis by 90 electrical degrees. Also note that for the current
directions shown, +1F and +iD magnetize the +d-axis and +iQ magnetizes

the +q-axis.
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Figure 55. Pictorial representation of a synchronous machine
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c

Figure 56. Unit vectors a, b, ¢ and o0, d, q which form reference
frames for synchronous machine
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An appropriate Park-type transformation, which conforms with proposed

IEEE standards (57), for the reference system shown in Figure 56 is

J1/2 J1/2 J1/2

P= J2/3 cos O cos (6-120) cos (6+120) [A-2]
sin 8 sin(6-120) sin(6+120)
where F = PF P_l exists and
=odq ~—Tabe’ =
-
1/2 cos 0 sin 6
plo Jo3 | /S12 cos (6-120) sin(68-120) [A-3]
_J 1/2 cos (6+120) sin(6+120) '
Thus F, = P °F
=abc = “odq’

Note that gfl = gF so that the transformation is orthogonal.

Consider transforming the unit vectors ;; b, c in the abc coordinate

system of Figure 56 into the odq reference system.

o |

o 1/2 J1/2 1/2

d|] = /2/3 cos 6 cos (6-120) cos (6+120)

o

ol

q sin 6 sin(6-120) sin(6+120)

The zero vector expressed in terms of ;; b and ¢ is

o= J2i3tfi2a+ 1725+ 172 9
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and its magnitude is computed as follows,

J2/3 f1/2 +1/2 + 1/2

lol

So o = 0, a unit vector.:

Similarly
d = J2/3[a cosé + b cos(8-120) + c cos(6+120)}
Id, = \/;/? \fcosz + cosz(6-120) + cos2(9+120)
W ET IS
Sod=d

and a similar procedure yields

q=gq.
Thus the transformation of Equation A-2 defines the relatiomship between
two sets of orthonormal basis vectors.

In Figure 56 unit vectors d and E lie in the plane of the page, and
o forms right angles with both d and E and points out from the page. Unit
vectors a, b and c are all inclined to the plane formed by the d and ¢q
axes by an angle whose cosine equals \/m . The projections of vectors Z,
b and ¢ onto the dg-plane lie at 120° with respect to each other. The
fixed reference is a stationary line located in the dq-plane, and wpt is
the angle measured from this fixed reference axis to the projection of a
in the dgq-plane. Thus the projections of -a-, b and ¢ in the dgq-plane

rotate at synchronous speed in a clockwise direction. As the rotor angle,
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8, changes, the d- and q-axes pivot about the ©-axis so that the angle
between the fixed reference axis and the q-axis is also equal to §.
A quantity lying along the a-axis having a magnitude equal to 1 has

its length reduced to V/EVV/S-when it is projected into the dq-plane.
Define 6 = wpt + &+ 90° electrical radians [A-4]

Figure 57 shows the d- and q-axes after some time interval, t,
assuming that the d- and a-axes were coincident at time t = 0. If the
rotor had rotated at synchronous speed throughout the interval, the
d-axis would lie at the angle labeled wgt in Figure 57. However, since
a generator is being considered, assume that the rotor has traveled at
some speed greater than wg for part of the interval and thus the d-axis

is in the position shown. Solving Equation A-4 for &,
6 =6 - wgt - 90° electrical radians [A-5]

For the case of a generator operating against an infinite bus, the
fixed reference axis becomes the angle of the infinite bus voltage.
Thus § is the angle between the infinite bus voltage and the q-axis of
the machine. The generator field current produces flux in the +d-axis
direction and, since the generated voltage lags the flux by 90
electrical degrees, the generator terminal voltage lies primarily along
the q~axis. & is the angle between the infinite bus voltage and the
induced voltage of the machine and for normal generator operation §
i8 positive.

In order to draw a circuit diagram for the synchronous machine it
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reference axis

Figure 57. Reference axis

-90° -30° 30° 90° 150°  2i0°

Figure 58. Connection of stator coils to neutral and generator output
terminals
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is necessary to know how the windings of Figure 55 are connected to the

generator neutral and terminals. This information is given in Figure 58.
A. Development of Synchronous Machine Equations

The flux linkage equation for the six circuits of the synchronous

machine is

rAa Laa Lap Lac LaF Lap LaQ- ria

X ba Lbb Lbec InF Lbp Ing || Ib

Ae Lea Leb Lee Ler Lep LcQ i,
= weber-turns [A-6]

Ap Lra Llrb Lre Lrr Lrp Lmg|| ir

Ap Ipa Lpb Lpc Lpr Lpp Lpg{/ ip

| A . Iga Lgp Lgc Lor Lop ILqodl igJ

where
self-inductance when j = k
mutual inductance when j # k
All the inductances in Equation A-6 are functions of rotor position
angle, 6, with the exception of Lpps Lpp and LQQ; therefore, in a voltage

equation A =1Li+ ii must be used. The inductances in Equation A-6 may

be written as follows.

1. Stator self-inductances

L, = Ls + Lm cos 20
Lyp = Lg + L cos 2(6-120) henrys LoLy [A-7]
Lee = Lg + L cos 2(8+120)
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2. Rotor self-inductances

All rotor self-inductances are constants since slot effects and

saturation are being neglected. Let

Lyr = Ly
Lpp = Lp henrys [A-8]
Loq = Iq

3. Stator mutual inductances

The phase~to-phase mutual inductances of the stator are negative

functions of 6 and are written as follows.

= -[Mg + Ly cos 2(6+30)]

[
[
o

f
=
v
[+
[

-[Mg + L cos 2(6~90)] henrys M >Ly, [A-9]

Log = Lae = -[Mg + Ly cos 2(6+150)]

4, Rotor mutual inductances

The coupling between the d and q axes is zero since there is a 90°
displacement between the two, and the mutual inductance between the field
and direct axis damper winding is a constant, thus

Lep = Ipr = X

LFQ = LQF 0 henrys [A-10]

LDQ=LQD=0

5. Stator—to-field mutual inductances

The mutual inductances from stator windings to field windings are
LaF = LFa = 4+ MF cos 6

LyF = Lyp = + My cos(8-120) henrys [A-11]

Lep = Lpe = + Mp cos(6+120)
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6. Stator-to-d-axis damper winding mutual inductances

The mutual inductances from stator windings to the direct axis

damper winding D are

Lap = Lpg =+ Mp cos 6

+ Mp cos(6-120) henrys [A-12]

Lbp = Ipb
L.p = Lpe = + Mp cos(6+120)

7. Stator-to—q-axis damper winding mutual inductances

The mutual inductances from stator windings to the quadrature axis

damper winding Q are
LaQ =Llga =+ MQ sin ©
LbQ = LQb =+ MQ sin(6-120) henrys [A-13]
Leq = Lgc = + Mg sin(6+120)
The flux linkage equation is now transformed from the abc reference

frame to the odq reference frame by premultiplying Equation A-6 by

_g]
0 U,

where P is the Park-type transformation defined in Equation A-2 and 5,

)

is the 3x3 unit matrix.

PO PO plolfe o
A= L i [A-14]
0y T 0 U 9O U300 y4

The result is
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- = '
Ao Lo 0 0 | 0 0 0 io
|

A 0 0 L 0 0 +/3/2 i

.._(! = | - - —_— — e — q._ .:_. —_ e — e _MQ_ -_q_ weber-
AF 0 + 3/2MF 0 | Lp Mp 0 ip| turns
Ap| |0 +/3/2; 0 : My Lp 0 (| ip| [a-15]

| Aq- Lo 0 +/3/2MQ | 0 0 Ly iQJ

where

Ld = LS + Mé + 3/2 Lm

Lq = Ls + Mg - 3/2 Lm henrys [A-16]
Lo = Ls - 2M§

Inspection of Equation A-15 shows that the inductances are no longer
time varying. The flux linkage equation, Equation A-15, may be partitioned

as follows

A L Ly i
d
=odq| _ [ Todq “odq weber-turns [A-17]
1oLy wlo L
“m =R
where
L, 0 0
Lodq = 0 Ld 0 henrys
0 0 LqJ
[ L Mp 0
LR =14 Lp 0 henrys
| 0 0 LQJ
0 0 0
L = I+ 3/2MF ﬁ/3/2MD 0 henrys

0 0 +/3/24g
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The self-inductances of Equation A-15 may be split into mutual and

leakage inductance terms where % is a leakage inductance.

0

0

o

(L~25)+2, O

0

0

3/,
+/3/24y
0 +/3/2m,

The circuit diagram of the machine is shown in Figure 59, and from

0

(Lq—!l.q)+2.q 0

0

0

(Lp-tp+ip My

0 0 ig
+/3/2MT +/3/2Mb 0 13
AR I ] R
0 i
Fla-18)
(LD—zD)+zD 0 ip

Mp
0

0

(Lq-2Q)+%g] L 1q.

it the following voltage equation for the machine may be written.

.‘-’Jd

If r

T 0 0
0 rb 0
L 0 0 r,
0 0 0
0 0 0
. 0 0 0
1 1
-r, 1 1
1 1
"Ry ipe Ly iabc
=1 r,=r then
=abc r-2-3

0
0
0

IF

0

0

0

0

F'i'

]
[A-19]
i,
ib volts [A-20]
i
[A-21]
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Figure 59. Circuit diagram of synchronous machine

0€T



131

Equation A-19 is now written in partitioned form as follows

v, | R i A v
v 0 Rl g 0
20
Equation A-22 is transformed by premultiplying by .
0 U
B . -1
[g g] _abc]h[z .0_] [gbc (] [_1_': g] [z g] [iabc]
0 U lvy 0 uidlo RO Uyl Lo uldlig
2 0T[4, P o[y,
- . ¢ + volts [A-23]
L0 U3l LAg 0 UzjLo
Each term of Equation A-23 is now evaluated separately.
Voltage term:
Vo
Vd
kO Tabe Vq
= | -vp| volts [A-24]
0 Uyl Ly 0
3’ =R 0
Resistance term:
P oTfr,. 077t 07 [er, 2! o R, 0
N ot I = | @ T = | 7% 7 |ohms [A-25]
0 5llo Rllo g )] R, 0 R
Current term:
i
i
PO i
= [A-26]

amps
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Flux linkage terms:

P O[] A Pi
‘l - [—abc] = [——abc] volts [A-27]

0 Tgli g AR
F—}‘-abc is computed as follows. By definition,
Aodq = géabc
Differentiating,
A . =PA. 47 -28
Rodq T Bt BA,. [4-28]
So
L] _ . - L] = . _ L] _l -
BAape = 2odq T Blape = 2ogq T EE 24 [4-29]

Differentiating the top partition of Equation A-15, the following matrix

equation results where the right side is a 3x1 vector.

Ao Loi,
Aq Lyly +/3/2Mpip  &/3/2Mpip|  volts [A-30]
Aq Lgiq +/3/2 i

Also using Equation A-2 and Equation A-3

0 0 0
PPl= wlo o -1 [A-31]
0o 1 o0

and finally from Equation A-15 and Equation A-31
0
—quiq -w/3/ iQ volts [A-32]

+ul g1 + 3/21~1F1F +w 3/2MD1D
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Differentiating the bottom partition of Equation A-15 yields

+f3/Mi,  HLglp g
Ag = +/3/2Mp1 4 Mpip +Lpip volts

+/ 3/ 1q +LQiQ

Neutral voltage term:

S [ -

n = = e —1 - = ;
Vg = B = EREBig PLERL

L)
£<

o

- -1 .
"R, "1o4q BLaP "oqq

1 0 O
PRP1=-3r_ [0 0 0| ohm
0 0 O
So
-PRP1t , = -3r 1
—=n~ “~od n-o
and similarly
_1' _ b
PLP™ g = ~3Lpi,
Finally,
3rplg 3Lyig
0 0
vt = - 0 - 0
0 0 0
0 0

Inserting the above results into Equation A-23

[A-33]

[A-34]

[A-35]

[A-36]

[A-37]

[A-38]

and expanding to

6x6 notation the following machine voltage equation results.
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B r+3r, 0 0 0 0 0 T T4,

Vq _ 0 —U)Ld Y - 3/2MF -m/ 3/2MD 0 iq

0 0 0 0 0 rp 0 ip

L 0 | L0 0o 0 0 0 ro, J Ligl

Lo+3Ln 0 0 0 0 0 17 1]

0 Ly O +/3/2MF +/3/2MD 0 ig

0 0 L 0 0 +/3/ i
- 1 ZMQ 'q volts
0 +/ 3/2MF 0 LF MR 0 iF
. [A-39]
0 +/3/2Mp 0 Mp Ly 0 ip
L 0 0 +/3/ 0 0 LQ 4L iQ ]
Using Equation A-15 and Equation A-39 the machine voltage equations
may also be written as follows where p = d/dt and p, = d/dt,.
[ v T o+3r, +3Lp 0 0 0 0 o[ 1]
A 0 T 0 0 0 0 ig
Vq _ o] 0 r 0 0 0 :l.q
_ 0 0 0 0 0 0 gl | iq]
P 0 0 0 0 07 2]
0 P w 0 0 0 Aq
0 -t P 0 0 0 Aq
- volts [A-40]

0 0 0 P 0 0 Ap
0 0 0 0 P 0 Ap
| o o o0 0o o pllag
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LY
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B. Interpretations of Voltage Equations

1. The zero-sequence equation is uncoupled from the other equations
and thus it may be solved separately once the initial conditions
are known.

2. The voltage equations are like those of a passive network except
for speed voltage terms in the resistance matrix which result
from the elimination of time-varying inductance coefficients. The
regsistance matrix is nonlinear as a result of the presence of
products involving w.

3. All of the mutuals are reciprocal, as in a passive network. This
results from the particular Park-type transformation used here and

is not true in general.
C. Per-unit Conversion

The large numerical difference between the stator voltages in the
kilovolt range and the much lower field voltage makes it desirable to
normalize all equations to a convenient base value and express all
variables in per unit or percent of base value. In order that the same
equations are valid both in dimensional form and in per unit, Lewis (76)
makes the following suggestions concerning the choice of base quantities.

1. If the circuits are coupled, the same volt-amp
base and same time base should be chosen for each
circuit.

2. Base mutual stator-to-rotor inductance should be

the geometric mean of the base self-inductances of
stator and rotor.
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3. For coupled windings having no relative motion
the base mutual inductance should also be chosen
as the geometric mean of the base self-impedances.
The stator base quantities are defined as follows where subscript

"B" denotes a base quantity and ''u" denotes a per-unit quantity.

1. Stator bases (valid for all odgq-axis quantities)

Sp = stator rated volt-amps per phase

Vg = stator rated line-to-neutral voltage, rms
wg = rated synchronous speed of machine

Ip = Sg/Vg = stator rated line current, rms amps
tg = l/ug  seconds

Ag = Vgtg = Vg/ug = Lplp weber-turns

Rg = Vg/Ig ohms

Ly = Vgtg/Ig = Vg/uglp = Rg/up henrys

2. Normalized time

wutu = ut

(w/wp) (t/tg) = wt
Choose tg = 1/up sec
Then wt = wt
When differentiating, t

. ™ t/cB = wpt

d() _ 40 . aQ) d()
e dt, d(t/ty) B 4t /vg ge

3. Rotor bases

Let Ipp be that field current (all other i=0) which generates Vg rms

Vv
or —BREX on the air gap line when w = wy. Define Ipg and IQB similarly.

/2
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Find vq when stator-generated voltage equals Vg
vl = ,/5%3 sin ©
vyl = \/th sin(6-120)
vl = L J2vy sin(e+120)
Using Equation A-2,
v = JEEEUE-Vh [ainze + sin2(6-120) + sin2(6+120)]
= 4[5 Vg
From Equation A-39,
Vg = WLgly - rig+ uf372Mplp + wf3/208; - L -,
Setting

id=iD=iq=iQ=0,

vg = wpfiagi = [3 v

Thus the rms equivalent of 1f reflected in the stator is (using
capital I for rms)
g = J2V/ (ugtp) = 255/ CagtyIy)

A similar procedure yields the following
g = J2Vp/(ugty) = [255/ (ugMiply)
I = J2Vg/(ugMg) = [25/(ugTy)
4. Field bases
I = J2vg/(upM)
Ve = Sp/Ims = ugMply/ /2
Reg = Vep/Ipg = (ugy) 2/2Rg

_ 2

Lig = Vps/uplp = upMp/2Rg
App = Vp/ug = Mplplf2
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5. D bases
(For Q bases replace D by Q in following equations.)
Iy = J2vglughy
Vg = opMplp//2
Rpg = (ogip)?/2Ry
lpg = Vopgluglpg = ugp/2Ry
‘g = Vpglup = Mpiglf2

6. Base mutuals: stator-to-rotor

= wBM I wpM ‘i_
MFB \/;.)BIB ’ ) 2 VB wB
= (/2
Similarly,
My = M2

e = Nl/2
7. Base mutuals: rotor-to-rotor
2
= T mBMF wgMp
Yrs = Jlrlos 2 Vg/lg 2 Vg/1
B/*B B/*B

Ty MPp  Mppipg

2 vy 2 Ly Ly
So
Mty = J2 = Mg,
My = J2 = My,
Ml = JZ = ¥y,
and Mp, = Mpo= Mo
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8. Normalize the flux linkage Equation A-15

For the zero sequence equation we write

A A = Li

ou B o ou B
I
) _ B
Aou - Loiodx_
I
_ BYB
= Loloyy—
Aou =  Loulou:

The d-axis equation may be written as
Aaurp = Lalauls +J3/2Mglp,Tpg +/3/2ipip Tng
A - i———+/3/2Mi +/ T2M 1 DBwB
du d du Vg F Fu D'Du Vv, Vg

f ﬁ"ngg

Ay = Ly,ilgy +J/3/2 iFu_T“B ——+ 3/2mpipn ot Vg

du = Lduidu + 3/2MFuiFu +\13/2M'DuIDu
Similarly the q-axis equation becomes

Aqu's = LqiquIB + /3/2MQiQuIQB
or

Aqu = Lquiqu + /3/2MQuiQu.

The field equation is similarly computed to be

AFuAFB = +‘/3/2MFiduIB + LFiFuIFB + MiiDuIDB
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or

Fu = J3/2 MFuidu * Lpulpg + MkniDu'

In a similar fashion we compute

>
I

Du / 3/2 Mpuige + M.RuiFu + LDulDu

+/3/2 MQuiqu + LQuiQu'

From the above equations the following normalized flux linkage equa-

tion results which has the same form as the dimensional equation, A-15.

A, [ L, 0 0 0 0 0 T4,
A4 0 L4 0 +/3/2MF + 3/2MD 0 ig
A 0 0] L 0 0 +/3/2 i
4 = q MQ 4 per unit
Ap 0o + 3/2MF 0 LF My 0 iF
[A-~41]

9. Normalize voltage Equation A-39

The zero sequence equation may be written as

d
Vou'p —(rt3ry) 1 I - (Lg+3Lp)up 7o touls
u

<
1}

d .
ou —(ryt3rpy) iy = (Lout3lny) 3= 1y
u
The d-axis voltage is similarly computed as follows.
VduVB = -riduIB - quiquIB - w/3/2 MQiQUIQB

~Lgup 3%‘—1- i1gulp - /3/2 Mpup -d—‘g: ipulpp -/3/2 Mpup - ipyTIpp
u
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= opr i - wplp _ wpl
Vdu riau wquiqu 3BB wu‘/3/2 MQiQu BVQB

Ly “BIB 4 4, -f3/2Mp “BIFB d i /372 Mp “BIDB d i

VB dt,, VB dtu VB dt

= -ryigy - wylquiqu =Yy [3/2 Maiqu TmBPb

d i, ~/3/2u waBdi -[3/2 M “’—BﬁVB—d—'

~L —_— 1
Du
Vdu = rylgy - wquuiqu - Wy J3/2 MQuiQu

- d - d
baw 3o Tau T2 Mpy g
The g-axis voltage is computed as follows.

vunB = wuwBLdid IB - ri ol T o uUB [3/2 MF

i d
+uywg /3/2 Mpip Ing-Lowg % iqulp -/3/2 Moup =% iqulgp
u u
or

= wi, L, -4 +
v qu ©. ey 1quru wuiFu 3/2 MFu

+wyip, J3/2 Mp, - qu dt -/3/2 Mou T dt Qu
The field voltage equation becomes

—VFUVFB = —rFiFuIFB - [3/2 MFLOB Ei'— iduIB
u

- d - d
Lpog 7o~ 1Fulrs ~ MR9B 3.~ IDulDB
u u
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or

= / - - 4 - 4
Similarly the damper winding voltages are
0 = VDuVDB = "rDiDuIDB - /3/2 MDNB a%— id‘UIB
u
Mpop =S 4. T - Lowy, 41 1
RBdtuF“FB DBdtuDuDB
= -rpyipy - J/3/2 Mpy S 1g, - opipy <& dpy - Lpy - ipu
dt, dt, dt,
and
= - - 372 4 - 4.
0 You'os rQiQuIQB 3/2 MQwB ., 1qu1B LQwB it iQuIQB
0 = -rouiqy - J/3/2 Mgy d—;‘-— iqu - Lou .&g- 1u-
u u
The resulting machine equation in per unit is
v, ] [t +3r, 0 0 0 0 0 [ 1o
vy 0 r +qu 0 0 +m/3/2Mb ig
Vq _ 0 ~wLy r - /3/2M? - /3/2Mb 0 iq
~vp 0 0 0 Iy 0 0 |l%r
0 0 0 0 0 T 0 ip
0- !
0 0 0 0 0 rq,J _iQ_

(continued on next page)
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[L+3L, O 0 0 0 0 i,
0 Ly 0 +f3/24p  +[372M 0 ||i4
o 0 L 0 0 %f3/mMy || 1
0 +/3/ My 0 Ly Mp 0 |{1ip
0 +/3/2 0 My Ly o || 1ip
-0 0 +/3/2M, 0 0 Ly 4 Lig-

per
unit

[A-42]

Comparison with Equation A-39 shows that the above per-unit equation

has the same form as the dimensional one.

10. Normalized voltage equations using flux linkage as a variable

Normalizing Equation A-40 we compute the following.

I 1 ©
B d . B B _d
Youls/T T () fou 7 a3 fou Ty Ty A, Mo
= d d
Vou = ~(r +3r,,) 15y - 3Ly, T : EE—-Aou
u u
v I
B - B_" d Wy
Vau=— = -ri, 2~ 2_5_), - wA
duy, duyg vgac 4 vy B
Vdu = - id -4 2 - w A
u 3¢ du u“qu
u
A w w
B . B B d
uo = —-ri I, +w — Ad -
q VB qu B u vB VB dtu q
= - - _d
vqu ruiqu + W, Adu e Aqu
u
V w
FB B _d
Vg ——— r, B i - A
F
Fivpg F P veg Vg ar, F



“VFu = -
VDB
0=V—=-.
Duvpy

0 = -
A/
0=Vu"70"B' = -
q QB
0=-
Writing the
results.
BA
vq _ 0
‘VF 0
0 0
. 0 . 0
_ P
0
0}
0
0
| 0

r i -
q qu VQB VQB dtu
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Ipp “B 4 \
g at. D
- A
dt_ Du
Top " 4 ,
Q

- _d
rQu iQu dtu AQu'

above equations in matrix form the following expression

Fr+3rn+3anu 0

T

0

0 0
0 o
0 o
0O o
rp O
0 rQJ
0 (AT
0 A4
0 Aq
0 AF
0 Ap
P

per unit

[A-43]
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Equivalent Circuit Using Mutual and Leakage Inductances

From the preceding discussion it is apparent that with the machine

base quantities chosen in this development the dimensional and per unit

equations are the same.

in per-unit form with A, now referred to as A:.

Consider the flux linkage Equation A-18 written

(23] [o-to)+e, © 0 0 0 ERTEN

Agq 0 (Lg-2g)+2q O  +/3/2Mp +/3/2M) 0 ig

Aq 0 0 (Lg=g¥eq O 0 qu 1, e

Ap 0 +f3/2My 0 (Lytptip My 0 iplunit

Ap 0 +f3/my 0 Mp  (Lp-tp)+tp O 15| [a-44)

Lagd Lo 0 +/3/2m, 0 0 (Lg-td+gl L1y
Set id = 1.0 pu and all other currents equal to 0. The d-axis

mutual A's are

(Lg-tg) = J3/24, = [3/zm, [A~45]
I1f iF = 1.0 pu and all other currents are zero then the d-axis

mutuals are

S, = pep = M [A-46)
and similarly when iy = 1.0 pu

Sirzwy, = (Ly-tp) [A-47]
Similar evaluations of the gq-axis mutual A's yield the following

results.

Lg-ty) = J3/24 [A-48]

Solzy = g ad
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The per-unit mutual inductances in the d-axis are all observed to

be equal so define the magnetizing inductance in the d-axis as follows.

LAD = (Ld-za) = /3/2MT = /3/2MD = (LF—QF) =Mp = (LD-ZD) [A-50]

The per-unit mutual inductances in the q-axis are also the same and

the magnetizing inductance in the q-axis may be defined as follows.

LAQ = (Lq-JL Q) = /3/2MQ = (LQ-EQ) [A-51]
where
R.a = Ed = 2q

is the armature leakage inductance in per unit and is the same in both

axes.
Define
AAD = LAD(id + iF + iD) [A-52]
per unit
= + -
AAQ LAQ(iq iQ) [A-53]

The flux linkage Equation A-44 may now be rewritten in terms of

mutual and leakage flux linkages.

S

Ad = AAD + Eaid

Aq ) AAQ * laiq per unit [A-54]
AF = AAD + lFiF

AD = AAD + zDiD

XQ = AAQ + ZQiQ

The machine voltage Equation A-42 may also be rewritten in terms of

mutual and leakage flux linkages.
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vy = =(r¥3r)i - pAj where A = 1 (L +3L )
vy = -rid - mkq - pAAD - ﬁapid .
v =  -ri_+ WA, - pA -4 pi
q q d AQ aq per unit
-V = —r i, -pAp = -rpi, -pA,. - 2 pi
F F F Fr F
F AD °F [a-55]

0 = -rDiD - pAAD - LDpiD
= - i. - pA -
0 Tl = Phag ~ *qPlq
The equivalent circuits for voltage Equation A-55 are shown in

Figure 60.

E. Development of Analog Computer Equations
for a Synchronous Generator

Eliminate currents between flux linkage equation, Equation A-54, and

the voltage equation, Equation A-55.

1, = o
Lo + 3Ln
Ay = A
i = d AD
d )
a
A - A
a per unit [A-56]
iF = AF - AAD
*p
i = AD - AAD
D 2
D
An = A
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d- axis
w A
r Q Q q r
_F,_ _*F + 0 +f \= _+a—=
Av"‘ T+ + U N\ —
-—— —r
- - + - 'd +
v PMo€lap T pAg vy
F + b _Q
+ D + -
'd+'F+'D+ -*iD
g-axis
g g, S
l'°+ Q+ +~3 - e —
) P Oty -
IQ ‘q +
PMaa& tag Vg
+ —
big+ iq
o-axis
r+3r
N,
—
- io .
’Xoc"%z“-n Yo
+

Figure 60. Equivalent circuits for synchronous machine
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-From Equation A-52,

(2, = A A = A An = A
d ~ 2D F ~ 2AD D ~ *AD
= L -+ + -
AAD M| g e %D [a-52]
A A A
d F D 1 1 1
AD AD|%_ op 2 AD [za g %

Ayl 1,1 S P |
}‘AD[ + -+ +£—:lLAD [T"'z + 2= |Lap

Lap a “F D a “F D
Define
Ly = 1 [A-57]
SR S S
LAD La Ly 'Q'D
So
Ad  AF  Ap
A = L L4+ 2 [A-58]
a F D

Similarly from Equation A-53,

[ Aq = A A9 — A
- 9 _"AQ , 2Q “AQ
Aaq < LAQ_ 2 % ]
[
S R RN I S
AQf 2, 2q AQ| g, 2q
L
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Define
_ 1
" 1L 1 [a-59]
Lottt
AQ a Q
So
A A
L= 29 4+ 2Q -
‘aq Luq[z ty ] [4-60]
a Q
Eliminate currents from Equation A-55 using Equation A-56.
Vou = ~(ry+3r,,) 2o -4 A ou
Lou+3Lnu dty,
4 = -y (ryt3rny)
dt *ou ~ 7 -
tu ou (Lod+3Lnu) v
But
i = 1.4
dt, wp dt
so
ru+3rnu [A-61]
A = —u, fv., +———— dt. -
ou By “ou Lou+31‘nu ou
To compute Adu’ write
Ady A Adu—A
vdu = _ru M-mukqu - ..d%_ AADU - zau%M
Lau u u Lau
= Tu - _ 4
Vdu !au ( du ADu) mu}‘qu dtu Adu

and
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T
= - u - - -
au

Similarly for Aqu’ compute

lg —Agg Ag -Aag
Ygu T TRy uﬁ =+ Wyrdu ~ dg AaQu ~ fau E%— ul 3
au u u au
= - M_O_u + w.d - d A
Yqu U g, du ~ G- Aqu
ry(Aqu=2aow) |
au
AFu 18 computed from
Vg, = T (Aru-A ) - EQ_XFU
LFu tu
or
A = uwpfV +-r£"-(l -A ) dt [A-64]
Fu Fu® s Capu~ired dE
Finally ADu and AQu are computed as follows.

-7 (}\ -A )
Du d d Du~"ADu
LDu Du “ADu d ADu Du g¢,

tu Lpu
r AP —A ‘
Ay = me-;- Du (CADUTTDW) 4, [A-65]
2Du
and
0 - o Dowhod 4 g OGguhagd
Qu 2Qu dt, “AQu Qu dt zQu
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A wl:["—& (ApQu~*qu) dt- [A-66]

1. Torque equations

The equation of motion of the machine rotor may be expressed as

J 4TS = Ty, - T, newton-meters [A-67]
where

w = speed of rotor in radians/sec
p = the number of poles of the machine

m®* le = mechanical and electrical torque, respectively newton-meters
J = rotor inertia kilogram-meter2

This equation may be converted to per unit as follows. From

fundamental concepts
P = T where P is power in watts [A-68]

Since base speed and base power (base volt-~amps) have already been

defined, base torque is defined as follows.

wgTg = Sy = Vgly

TB - SB/NB [A‘69]
Base moment of inertia may also be defined as follows.

T = Jgdu [A-70]

SO TB = JB mB/tB
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or JB = TB/mB2 since tg = 1/wB [A-71]

Equation A-67 is now normalized.

2 dwywg T T
p uBdtt,  muB " Teu'B

and

dw
2 u
-J,, — = T - T .

u

P dt mu eu [A-72]

Rather than specify the moment of inertia of a machine rotor, manu-

facturers generally supply the inertia constant H where

internally stored energy at synchronous speed
rated KVA of machine

sec [A-73]

and J = 2 wgH. Again base H is defined in terms of previously defined

base quantities.

u I T

B NB 0)33 [A"74]
Then JuJB = ZmBHuﬂB

Jy = 2H [A-75]

As noted previously all base quantities are defined in terms of the
rated values of the machine. Sp 1is the rated single-phase output of the
machine and the rated KVA of the machine is then 3Sg. From Equations

A-69 and A-71,
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J - 5B

B 3
wp

so the moment of inertia of a machine operating at rated conditions is

_ Srated

Jrated -

3
(0rated

expressed in terms of single-phase quantities, or

38
rated = 3]

(wrated)3

J = 37

rated ~ B

expressed in terms of 3-phase quantities.

From Equation A-73

2
H = llggig— at rated conditions

5B

= 1
ZwB

But H = HuHB 1/2 wp

so H = 1/2
and HB = 1l/w

B

Equation A-72 is now expressed in terms of H,.

dw, 1
-8 - DP|__LX_ - -
e 5 [2 = ][Tmu Teu:l [A-76]
u u
Define
T = T - T [A-77]

au mu eu
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Equation A-76 is now integrated to find u,.

w = Db |_1_ -
u 2 [ZHu:l fl‘ au dt:u + You [A-78]

where w,, is the initial value and equals 1. For purposes of analog
computer simulation, integration should be with respect to time rather

than normalized time so Equation A-78 is modified as follows.
dt,

= R__1
Wy = 2 1 .’ﬁrau + 1.
= W
mu[wB, B

SO

= R|L -
w, Z[ZH]frau &t + 1. [A~79]

where H and t have dimensions of seconds but w and T are in per unit.

Define
A 1
Aw = Bl = T t -
ot ] fr oso
Then
w, = A, + 1 [A-81]

From Equation A-4

8 = wgt + § + 90° electrical radians [A-4]
Define

6 =  wg + & [4-82]

and converting Equation A-81 to dimensional quantities by multiplying by wg
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w = Aw + wg [A-83]

Compare this with Equation A-82.

Aw = 8 radians/sec [A-84]
Integrating Equation A-84
) = f Aw dt + &, radians [A-85]

So

8 = .3 degrees dt + s mechanical A-86
(57.3 radian )[wB.IZwu o degrees [ ]

2. Electrical torque equation

The following dimensional equation for electrical torque is given

by Lewis (75).

T, = Plaglg - 244yl newton-meters [A-87]
Normalizing P
TealB =  5[%qiqule = Aq 1qu'Bl
T = Blgulqy = Aoyla,] [a-88]
eu 2'"du™qu qu - du

The above choices of base quantities cause the dimensional equations
and normalized equations to have the same form. Note, howver, that SB
which serves as a base for power is defined in terms of rated line-to-
neutral machine terminal voltage and ratéd line current. A machine
delivering 1 pu terminal voltage and 1 pu terminal current has a 3 @ power

output of 3 pu. With the above choices of bases, a two-pole machine
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operating as above has mechanical and electrical torques of approximately
3 pu also.

If the generator were unloaded, differentiation would need to be per-
formed on the analog computer to develop the terminal voltages. Placing
a large resistance on the machine terminals allows the terminal voltage
quantities to be measured without actually performing the differéntiation
(68). The following equations relate generator currents iq and 14,

transmission line currents iqt and idt’ and terminal voltages Vq and vg.

[A-89]

v

q R(iq-i

qt?

Vd

where R is the resistance placed at the machine terminals.
The rms equivalent magnitude of the machine terminal voltage is found

from vq and vq as follows.

_ _ 2 2
vtodq = ~/§vtabc = vy + vq [A-91]

3. Infinite bus equations

Assume the synchronous machine is connected to an infinite bus
through a transmission line having impedance Rp + jXﬁ ohms .

VB = stator base line-to-neutral voltage rms

]

infinite bus voltage line-to-neutral rms

Define the abc infinite bus voltages as follows.

Va°° = ﬁVB cos wgt
Viw = ‘/;VB cos(th—120) volts [A-92]

coo = JfEVB cos (wpt+120)

<
1
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A circuit diagram showing phase a of a synchronous machine connected
to an infinite bus through a transmission line is shown in Figure 61.
From this figure the following matrix equation is written since phases b

and ¢ are similar.

Yabe !abc” + REj‘-abc + LEiabc volts [4-93]

The above equation is transformed to the odq reference system using

the Park-type transformation as follows.

P = PV + R P1 + P 1 -
obe ~—abc® E~=abc LE"i'abc volts [A-94]
where
cos wBt
LA ﬁvB cos (wgt-120) volts [A-95]
cos(wBt+120)

Transforming the above equation and using the fact that § = wgt + 4

+ 90,
0
LA = V/SVB -sin § volts [A-96]
cos §
g;hbc is computed as follows. By definition
ébdq B 21'abc

Differentiating
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Figure 61. Synchronous machine connected to an infinite bus through
a transmission line
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iodq - l)'ia'b(: + ﬁabc
So
Pi - 1 - pi = 1 - el [4-97]
—abc “odq —abc Todq T odq
where
0 0 0
el = 4o ]o o - [A-31]
0 1 0

Equation A-~94 is now rewritten as follows using Equation A-97.

_ . . =1, _
xodq = XDdQco + RE-l-odq + LEiodq LEPP i dq [A-98]

If the above quantities are substituted into Equation A-98 the

following matrix equation results.

v, 0 i i, 0 0 07[4,
va|/3Vg | -sin &| 4Ry [ig4| +Lp [dig| -elg | O 0 -1 |di4 [A-99]
Va +cos & iq iq 0 1 0 iq

Currents are subscripted with "t'" to indicate currents flowing from

the generator terminals to the infinite bus, and the d- and q-axes

voltage equations are solved for i dt and i qt? respectively, yielding

. - A + /3 -Ri. - A-

1¢ > [vd 3VB siné REldt “’LEiqt] [A-100]
= 1 - - i i -

iqt _p. [vq ﬁVB cos$ R.Elqt + “’LEldt] [A-101]
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The equations are normalized as follows.

m v, v RpI
. B B B BB
i, I = —v + (3 sin§ ™ — - R, 1
dtu™B up du LBwB LB“’B Eu~du LB“’B

- wpLnI
“’uLEuiqu _BB'B
wgly

Dividing through by IB

_ Y
litu - Ly Vgu t /3 sind - Rpdgpy - wuLEuiqtu dt
u
Similarly,
W, V. V R,I
i, I = By B _/3¢cs6 B -pr, 1 BB
e LgoP | 1% wplp /2 oals | Eqre Gyl
Lpl
+ muLEuj'qt:u -—-—mB BB
wply

Dividing through by IB

wp . . d
iqtu = .___LE Erqu - ﬁ cosé - REulqtu +ow, Euldttﬂ t
u

[A-102]

[A-103]

[A-104]

[A-105]

The equations necessary to represent a synchronous machine on an

analog computer are implemented as shown in Figures 62-66. In these

figures "a" denotes the time scaling factor and LC denotes a level change

in voltages.

F. Governor Representation

A simplified representation of the governor system of a synchronous

machine is shown in block diagram form in Figure 67 (7). Typical

constants are as follows (19).



[A-58]

T
u w

b ¥
= Fu - -
- wg ! [vFu + B oy AFu)] dt [A-64]

[A-65]
LDy

Figure 62. Analog computer implementation of direct axis equations
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Figure 63.
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A J\L“Q/'Q"’
U M
-Xq 'T
twa’%a

[A-60]

[A~63]

[A-66]

Analog computer implementation of quadrature axis equations
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= B2 - -
Teu 2 I:"duiqu : A.;p,;idy,ll [A-88]

Xdiq

—2Te/p

Taw = Tpu — Ty [A-77]

Figure 64. Analog computer implementation of torque equations
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- L I _
Awu 2 om Tau dt [A-80]
p/4ar
-Tq N\ sy
\\
wy T bwy tO1 [A-81]
U Wy
LC

| (:)

§ = 57.3 [mB wau dt + ‘Sé‘ [A-86]
50
A4

Figure 65. Analog computer implementation of mechanical equations
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- B S )
13tu Ipy f E’du+ 3 sind - Rgyigey wuLEuiqtl;l dt [A-103]
_ w_/a w/uLE
Zlat ~ /
Vo NI iy,
sin & ™\
~ldt %
V?ub/uLE RgWg/alg
W
; _ B _ _ i
tqtu T Lgy f E’qu ﬁ cosé REuiqtu + wuLEui dtu dt [A-105]
i
qt
Vo \A —i gy
-cos & \-{\j
igt 7
i O
3wB/dLE wB/q
Yaw T Rullaw T el [A-90]
—A— /\ ve
dt
I L —As k\”////:,g
=8
Yo T Rullqu T il [A-89]

Figure 66. Analog computer implementation of load equations
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high pressure

turbine
f
Wre | e K |
+ '"TSR '"Tiw 3 I+sTg
speed servo control bowl |
relay motor valves — el |~ f
'+8TRH
reheater intermediate and
low pressure
turbine
Cq )
speed
governor

Figure 67. Block diagram of the governing system of a synchronous
machine
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TSR = .05 sec f = .23

Tgy = .15 sec K3 = .70  pu
TB = .10 sec Cg = 20, pu
Tegg = 10.0 sec

The analog computer diagram is developed using Appendix B of (40)

and is shown in Figure 68.



1/ Tau
V/ Tgq 1/ Tom 1/ Tq

TWeat

I/,

SM \/T f

Tm

Cg
N
Y

Figure 68. Analog computer diagram of the governing system of a synchronous machine

691
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X. APPENDIX B.

DEVELOPMENT OF A LINEAR MODEL OF A SYNCHRONOUS MACHINE

The following nonlinear equation was developed in Appendix A and is

repeated here for convenience.

0 +/:721~1F 0 Lp M
0 +/3/21, 0 M, L
Lo o 43/ o 0

BA [ r+3r, 0 0 0 0 0 7]
vy 0 r +uLg 0 0 +uw 3/2MQ
Vq 0 —uwLy r _~/§7EMF —Q/§7§MD 0

-Vg T 0 0 0 rp 0 0
0 0 0 0 0 I, 0

L 0 |0 0 0 0 0 g |

[ L +3L, 0 0 0 0 0
0 1, 0 43/ +f3/My o
0 0 L, O 0 qu

0
0

LQ J

per unit

[A-42]

The above equations are now linearized as follows where all initial

conditions are assumed to be steady state, i.e., i(0)=0 and initial

values are constants.

(vdo+VdA) = —r(idd+idA) - (m°+wA)Lq(i +1

qo

qA)

= (ugtny) 3Tyl tay) - TaliggHy,)

- [3TBy (g i) - 3By ingHy,)
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Vdo = -Tizy 9, q qo - % 3/2 iQo : (B-1]
Van = -rigy - oldy - Loiow, - wo 3/ G160,

- S350, - Ltan =3Bty - /372050y, [B-2]
(v +qu) = +(wo+wA)Ld(ido+idA) - r(i +iqA)

+ogh,) [/3/ M (g +ip) + (wgtw,) /372y +ip)

“Loggtioy) =37 (iggHo,)
Veo = tuglglgy = Tioy + uo 3/ gl + /321 [B-3]
Vaa = Hglgo¥p + Yolglap ~ Tiga t w3/ Mgy

+/3/Mpig 0, + oy S35y, + /31

1, =32y, [B-4]

~Cvpetvey) = -rplipgtip) -V hliggHyy)

“Lp(ipgtipy) = Mlipgtip)
~VFo = “Tplpo [3-5]
Ve = -relp, -MMFidA - LFiFA - M.Rim [B-6]
(Vpotvpp)=0 = -rplipgtipy) - /372 CNCHREIN

My (iggtigy) = Lp(ipgtipy)
0 = -r i [B-7]

D"Do
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0 = “Tpipy " STty - iy, - Loty [B-8]
(vqotvqa)=0 = =Toliggtig,) - /372 MQ(i +iqA) -LQ(iQoH.QA)

0 = ~rqlg [8-9]
0 = gy - [3 gy - Loig, [B-10]

The above equations are rewritten in matrix form as follows.

[ vg,] (r el 0 0 +ug /3724y [14y]
Vqh w Ly T —mo\/§7EﬁF —on/§7§MD 0 iqA
“Vppl = = 0 0 Ip 0 0 iFA
0 0 0 0 T, 0 ips
L 0 L0 0 0 0 rq _iQAj
1, o /3/2my /372y 0 ] [y, [+L1, + 3/, i
0 L, O 0 /37, iq A “Lige - J3/pip /37244 |
3o Ly w0 | i e, 0
J3smpo  we L0 iDA 0
SINEVE 0 Lo- _iQAJ _ 0 i}

[B-11]

Since at steady state ip = iQ = 0, the following equations represent

the steady-state conditions.

Vio r moLq 0 id°
Veo | = - -wolg r —w,/3/ Mg 10 [B-12]
“Veo 0 0 ~Tp iFo
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The torque equation may be written in terms of currents and

inductances using Equations A-49 through A-53.

T, Brglq - rgla] [a-87]
= B . -
SULpp(LgHigtip gy = {Lyg(igtig) + 2,14Hy] [B-13]
Neglecting amortisseur effects
= 2 - - -
T, oll@g-2 )1y + 2,34 + Lypipt g - (L)1 + 2,1 1]
= R -
2[Ldidiq + LADiFiq Lqiqid]
B
= Z[LADiFiq + (Ld—Lq)idiq] [3-14]
Linearize Equation B-14
3 2 -
(Teo+TeA) z[LAD(iFo+iFA)(iqo+iqA) + (Ld Lq)(1d°+idA)(iqo+iqA)]
T = Pllypipy + (L-L )i, 11 [B-15]
eo 2'~AD"Fo d "q’"do” "qo 4
T = SllapUpdir+1 1) + L-L)(, 1, +1 1.0]
e 215ADMFotqd qo FA d “q’ *"do qd qo da
= B ' - -
Define
qu = wOLADiFO + wo(Ld"Lq)ido [B"17]
Eq, = wolpplp, + wo(Ly-L )iy, [B-18]
Then since w_ = 1.0 pu

o
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eo = ¥ Eoleo [B-19]
Tep = Izl[quiqA + 1Bl [B-20]
Define E;A such that
Eea - E;A - w0 (Lt )5, [3-21]
E;A = Egp + up(L-2)1y)
= wolypip, + 0o (lg-Ldig, + Uolaly, = 0otalgy
= woLADiFA + wo(Ld—za)idA = moLADiFA + wOLADidA [B-22]
E;O = wLypips + ug(gt )i, [8-23]
The linearized machine terminal voltage may be found as follows -
for the balanced case.
|vt| lvtodql = vg + vi
(Veo + "t:A)2 = ("dO""’dA)2 + (vqoqu)z
So
vt02 = vdo2 + vq02 [B-24]
Ver T —::Z vaa + ;:f Vah [B-25]

where the minus sign is added to the first term since Vio is negative.
Transmission line equations given in Equation A-98 are linearized

as follows.



sin(6°+6A)

cos(5°+6A)

which for

sin(6°+6A)

cos (60+6A)

V4

(Vaotvgy) =

(qu+qu) =

qo

<
il

qA
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sin 60 cos GA + cos §, sin GA
cos 60 cos SA - sin 60 sin GA
small § become
sin & + GA cos 60 [B-26]
cos 60 - SA sin § [B-271
—\/E_VB sin 6 + Rpiy + LEid + wLEiq
-3 Vg (sin 6+ 6 cos §) + Rgliggtiy,)
+ LE(£d°+idA) + (ugtuy g (1 + )

- /3 VB sin 60 + REido + woLEiqo [B-28]

-3 VB cos GOGA + REidA + LEidA

+ uglglo, + Lgiy ) [B-29]
J3 Vg cos 8 + Rpi + LEiq - wLgi,

J3 Vg (cos 6, - 6, stn 6 ) + Ry(d_ )

+ Ig(ggH ) = @t )lp(d, +y)

J3 Vg cos '8, + Rgiy - wglplgg [B-30]

-J3 VB sin (So GA +REiQA +]'..E:LqA

- wglgig, = Lplgqw, [B-31]
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A. Synchronous Machine Phasor Diagrams

In this section the mathematical relationships necessary to solve
for the synchronous machine initial conditions are developed. If balanced
operation is assumed, these relationships may be represented in a two
dimensional vector space, and following reference (31) these diagrams will
be called synchronous machine phasor diagrams.

Using Equation A-3

-1
Ybe - LB Touq [B-32]
S0
v, = ,/2/3[vd cos 8§ + vq sin 9] [B-33]
where 8 =  (uwgt + & + 90°) [A-4]

and where it is implied that § = §, throughout this development.

Substituting from Equation B-12 for vq and vq

v = 2/3[(—rid°-w°Lqi

a ) cos(wBt+6+90°)

qo
+ (+woLdid°-riq°+wo /3/2MFiFo)cos(th+6)]
since sin (wBt+&+90°) =  cos(ugt+s).

This equation may be written in phasor form as follows.

- i i i
v, = -r{d° /s490°+ 292 /5 |- X, 42 /5+90°
YE) J3 /3

i
+ Xy do A_.q. EF & [B-34]
3

7



177

Mni
where Ep = Lo FFo [B-35]
/z
Also ipe = g‘l _1_O dq and using Equation A-3 [B-36]
i, = 2/3[i4 cos 6 + iq sin 8]

which may also be written in phasor form as follows.

— i
I, = - /8 + 90° + iJ' YA [B-37]
J3 /3
Define
I 2 49, 4+ T [B-38]
a d q
Then
- +1i :
I, = -2 /s+90° [B-39]
B
- i
I, = /s [B-40]

SN
where Td and fq are rms ''stator equivalent" quantities (6).
Solving Equation B-34 for EF and using Equations B-38, B-39 and B-40
Ep £8 = VrI X T [8+90° -X; I4/8_ [B-41]
which may be written as
Ep = Va+r'fa+jxq fq +jxd'fd [B-42]

The resulting phasor diagram is shown in Figure 69.

Define
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d - axis

q- axis

referance
axis

Figure 69. Phasor diagram of a synchronous machine
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Viabe = Va : [B-43]

So from Equation B-33

>

Veabe - Va = ,/2/3[vdcos e + vqsin 6l

,/2/3[vdcos(wBt+5+90°) + vqcos(wBt+5)] [B-44]

Rewriting the above equation in phasor form

7 v 1 fore0° + L /s [B-45]
= = — + + -
tabe a Jf"
3 ,/ 3
Define
Va = +Vd + Vq [B-46]
Then

Vd = —= /§+90° [B-47]

g /s [B-48]

<|
0

where Vﬁ and Vé are rms ''stator equivalent" quantities.

Let a be the angle from the q-axis to the terminal voltage and ¢ be

the angle between terminal voltage and current.

Then

vloa = JIV, = vy [lows0s + v [ [B-49]
and

1, [fo-amp = f3T, = +1y [5490° + 1, 48 [B-50]
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From Equation B-34 neglecting armature resistance r

Add and subtract X ido &

ve [5-a —Xqiq /6+90° + X apiFo /s + (x x)1 +x1 Li

Using Equation B-17

Vt S—o = q q £§+90° + quf + X d /8 [B-Sl]
qu &_ =V, 45.a+xqiq /&+90° -XqidZG

= + i °

v, _/_G-a quiq/_L + jqud /&8+90
i

v Lo [Ty 73 L+ 300

=v, [sa+1/3 % (+fd+fq)
ve [8=a + 3 /3% (T) [B-52]

I, may be decomposed into currents in phase with and lagging Ve

by 90°. Define

i./6-a =\/§ I, cos ¢ [/6=qa [B~53]
i, /§-a-90° =ﬁ I, sin ¢ [§-q-90° [B-54]

Inserting the above equations into Equation B-52

[ 6-a + j)(q(:l.r [S6~a + ix /6~ 0=90°)
Ve [b-a+t Xqir /6= at90° + Xqix 8~a

Bo L8
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Thus

Bo| = fvt + xqix)2 + (Xqir)z [B-55]

If the variables in Figure 61 are transformed to the odq coordinate

system and if R is assumed to be large, thus its effect negligible, the

following equation results.

vg £0° Ve £87a - (RgHiXp)i, [6-a—¢

= v, foma - (RgHiXp) (L [s~a + 1 [6-a-90°)

= vy foa - (RgHIXp) (1, Lé-a-di /6-0-90°)

= v, Lma-Rpl [é~o + JRgl, [e=gmiXpi [8-a-¥pi, [é-g

= (e Rl ~Xpi) [oa+ J(-Xgi #Rgi) /8o [8-56]

The resulting phasor diagram is shown in Figure 70 where all subscript

"o" have been deleted. o may be found from Figure 70 as follows.

sin o = i, Xq/qu [B-57]
cos o = (vy + 1, X.q)/Eqo [B~58]
iqo = ir cos o - ix sin a

= i (v + i x.q)/Eqo - (i, 1, xq)/Eqo [B-59]
ido = -1r sin o - 1x cos o

= -1 xq/qu - (ix Ve 1, Xq)/Eqo (B-60]

Find 6 from Figure 70.

vg cos § = Vv, cos a- (ix gl RE) cos a + (RE i, - inr) sin a

vp cos § = (vp-i, Xg - i Rp)(vy + iy X)/E o+ (Rgl, ~Xgl)) (1,.%)/Eg,
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d- axis

q— axis

Figure 70. Phasor diagram of a synchronous machine connected to an
infinite bus through a transmission line
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cos § = vt[vt +4 (Xq-XE) -1, REJ/qu Vs
- X X @+ 1d1E v [B-61]
q r x qo B
The q-axis component of terminal voltage is

v = Vt cos o

= Vv (vt +1i, Xq)/Eqo [B-62]
The d-axis component of terminal voltage is

Vd = -iqoxq [B—63]

B. Synchronous Machine Terminal Voltage
The loading of a synchronous machine is normally given in terms of

the power output and the power factor. If the infinite bus voltage and

tie line impedance are also given, the terminal voltage may be found as

follows.

Let
I, = I,/-¢°
v, = v /[0
U VA

Then from Figure 61 neglecting R

A = V- Ry +3%) I, [B-64]
The single-phase power output of the machine is
P = V,I,cos ¢ [B-65]

where ¢ = tanlqQ/ = coslB/S [B-66]
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I, = P/(Va cos ¢)
I = P/(V cos ¢) /-3¢
Sa

- - P .
Vg = Vv, - (RE+_']XE) W (cos ¢ - j sin ¢)

= V-R_EP:-EEEtanda—j E—Rlptan(p

a v, Va Va Va

-2 —
[vgl ™ = Vg Vg

P2(RZ + X2)
= -2P(R_ + X tan ¢) + VZ 4 —B B

Vﬁ c052 ¢
Define
_ 2

C = VB + 2P(RE + XE tan ¢)

Then

2 2 2
c - Vaz + 1>2(R.E + Xg°)
Va cos2 ¢
and
4 2 2,0 2 2 2, _

Va - C Va + P (RE + XE Y/cos®“ ¢ =0

v, =.\// c+ Je - 4 p2(r;% + ggz)/cosz¢

2

[B-67]

[B-68]

[B-69]

[B-70]

[B-71]

[B-72]

[B~73]

[B-74]

[B-75]

To transform from the phasor domain to the corresponding instanta-

neous rotor quantities, the phasor quantities (rms magnitudes) are

multiplied by V/E: Thus
/3%,
. - i,
J31,

<
]

=8
"

[B-76]
[B-77]

[B-78]
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C. Development of a Linear Model of a Synchronous Machine
Connected to an Infinite Bus

Assumptions: Terms resulting from the following effects are neglected.

1) Amortisseur effects
2) Armature resistance
3) Armature ) terms

4) Saturation

5) Load ; terms

6) Load w, terms

The required linearized equations are repeated for convenience

neglecting above effects.

1. Machine equations

Vda = -woLqiqA

qu = woLdidA + “oLADiFA
-vFA = —-rFiF - LAD idA ~- LF iFA
Vea = “Vgo/Vto Vanr * vqo/vto Vqb
EqA = woLADiFA + wo(Ld—Lq) idA

Ejy = Oolaplp, *+ 0olypiy,

+1i E ]

2[E_ 4
P/2E gy + Tgofqy

TeA

2. Machine load equations

Vaa - [3Vy sins_ 6, + Rglg, = wolglyy

v - /3 Vh cos 60 GA + R.EidA + woLEiqA

[B-79]

[B-80]

[B-81]

[B-25]

[B-18]

[B~22]

[B-20]

[B-82]

[B-83]
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Replace v_, in Equation B-73 by Equation B-71.

qA
wolyples + olatay = = /3 Vg sin 8 8, + Rgiy - w Lyl
Use Equation B-18, adding and subtracting woLqidA
wOLADiFA + woLdidA - woLqidA + /3 VB sin 60 GA = REiqA - moLEidA - woLqidA
So
- (woLE + moLq) idA [B~-84]

E ., + /3 Vk sin 60 GA = REi

qA qA

Combine Equation B-79 and Equation B-83.
—woquqA = 'J/E-VB cos 6, GA + REidA + woLEiqA
Rearranging.
J[;.VB cos 85 8, = Rpiy, + (wlg + woLq) iqA [B-85]

Equations B-84 and B-85 are solved for 14 and iqA as follows.

[ﬁvB cos §_ GA] _ [RE (moLE-i-woLq)] [idA]

EqA + /3 Vg sin 8o GA -(woLE+moLq) RE iqA

o (\/S-VB cos §, GA)RE - (Eqégfv/g-vﬁ sin §, GA)(woLE+w°Lq)

tdp - D [B-86]

) (B + /3 Vg sin &, 6)Rg + (/3 Vg cos 6, 6,) (uolgtuoly)

qa D [3-87]
[B-88]

2
where D = RE + (moLE + moLq)2
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Replace E_, with E' as follows.
ql q

1

= E - L -2 i B-21
EqA o wy( q d) da [ ]
]
1g, = (J3 Vg cos 8 80 = (B, + /3 Vg sin 8 8)) (uglgtugly)
D
wo(Lq—R,d)idA (woLE+woLq)
+
D
w 2(L_24) (L +L )
o ‘“q "d’“g’™q
gt~ 2
RE + (woLE+woLq)
1
_ (3 Vg cos 6, 86,)Rg = (E, +/3 Vg sin 6 6,) (u,lghu L)
D
R% + (0 L.+ 0L)% -u 2L -2, +L)
E oLE o°q o *'q "d"*"q 'E
1gp D
]
_ (V/E Vg cos 60 GA)RE -(EqA-+Jf§-VB sin 60 GA)(woLE+woLq)
D
2 2 2 2: 2. 2. 2 2 2 2
RE 4+ W, LE+2w° LELq+wo Lq v, Lq +w° 2qu-m° LqLE+m° zdLE
1ga D
T
(/3 Vg cos 8, 80y - (B, +/3 Vg sin 8, 6,) (u lgtuLy)
- D
2
. Ret oy *ugtd Goly + ogly)
da D

t
_ (/3 vy cos 8, 8,0k = (5, +//3 Vg sin 65 8)) (ugly + wgly)
D




188
Define

A = Rl:; + (“’oI‘E + mold) (""oLE + woLq)

So

'
(f3 Vg cos 8, 8, )Ry - (B ) + J3 Vg sin 85 6) (ulghugly)

14p - [B-89]

Similarly from Equations B-87 and B-21

1
&, + J3 vy sin s, 8 )R
iqA = D

(ﬁVB cos 60 GA) (moLE+woLq) - RE“O(Lq-'Q'd)idA
+

D
L
L . (EqA + /3 vy sin 60 GA)RE
qa D
. (ﬁ Vg cos 8q GA) (woLE+w°Lq) - REwO(Lq-R.d)
D D

'
J3 Vg cos & 8,0k - (B, + 3 Vg sin 6, 8,)) (uglgtaly)

A

v | R + Rgig (Lg=24) (Wolg + 0 Ly)

=EalD DA

-
Ry REm (L,~24) (w L + wLy)
+ﬁVBsin6°6A 5—+_°Ai_DAL, 09

-
+ /3 Vg cos §, 6, (wolg + woLq) RE“’Q(I‘q"‘q'd)R]!.
D DA
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(B B+ Goglghugte) Gaglghughy) + Rog (L) (agbituL )]

qd AD

[ w_(L.-%4) (@ Lo L)
+ 3vBsin¢soaA]-;R§+RE° g d o o

DA
+ -+ g Letu L wy (L2
+ /3 Vg cos 6 6, (wo )[RE (wolg @) (wolgtw )] RE 0<
AD

2, 2.2, 2
i, =E [RE[RE‘“"o Lg g "dLE'“"ozLEL
qA qA

2 2 2.2 2 2
+u Lok gtog L Ly, Lo 20 “Lgty-o, zqu] :l
AD

f _R_E_ + REmO (Lq—ld) (MOLE.*.“OOLQ)

2
+ /3V,cos § 6 RE Wolg +RE Yo RE wol q o RE
B o A

+(upLgtu, Ly ) (wolptugg) (wolgtugLy)
AD

D
B 2 2, o £z l BgD

3 Vg cos & 6 [(m Lﬁ+wozd)[RE+(moLE+“oLq) ]]

AD

1 ]
E A +‘/§-VB sin §, GA)RE +\/§ Vg cos §, 8, (moLE+m02d)

B-90
Y [ 1
From Equation B-81
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But Lp=tp = Lyps» s0
~vea = “Trlp, - d/dt[LAnidA + Lylp, - zFiFA + kFiFAl
= -rplp, - d/dtllppiq, + Lypip, + 2pip]
e d/dt[E; A+ 2gig,]
and 4/dt B}, = vy - Tglp - yip [B-92]

Multiply above by LF/rF.

Téod/dt E;A = (LF/rF)vFA - (LF/rF)rFiF - (LF/rF)R,F:iF

where T = LF/rF = open circuit time constant of field.

do
Assuming a solution of the form

K e~t/(Ly/Tp)

iF =
then
; _ -t/ (L./x
i = (-rg/Lp)K e /(Lg/zp)
so
T, dE'
do qA
dt = Egan - (Lpipig
and since wy = 1.0pu
]
. dE_,
Taio qt = Egan T “lapima

where EfdA = (LF/rF)vFA

[B-93]

[B-94]
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Using Equation B-71 with Equation B-22

qd Vaa = wod didA

<
1

t
EqA + wozdldA [B-95]

If Equations B-95 and B-79 are inserted in Equation B-25, the

following expression for terminal voltage results.

Vdo Vao
v = Li + E +uwlii B-96
td Vio J0"q qy Veo [QA d :l [ ]

Eliminate idA and iqA using Equations B-89 and B-90.

!
_Vao (E, + /3 Vy sin 8, 8 )Rgt( /3 ¥y cos §, 6,) (wolyhughy)

Veo 9 ¢ A

|
TS I (/3 Vg cos 858 R=(Eg +/3 Vg sin 8,8,) (uglyhugLy)
Veo | @8 0d A

1
vtA = K5 GA + K6 EqA [B-97]
where
% ) Vo Y Lq ﬁ Vp sin GORE + /3 Vp cos Go(woLEwozd)
> Vto A __J
. vgowz ﬁVB cos SORE-ﬁV sincS (wL+w Lq)
v o'd A [B~98]
to
- -
v w. L v w &i(w L 4w L)
X - do_“’qRE +-90 |; _ od olE kg [B-99]

6 Vio A Vto A
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From Equation B-93

, dE'
—9q4 - _
Tio Tdt Ecan ~ Yolapipa [B-100]

By definition,

'

E B-22
qA [ 1

80

E - wo(Ld-ld)idA

woLAD
Take LaPlace transform of Equation B-100 using above.

t T 1
Taofqs = Fean ™ Bqa ¥ %o Latdias
|
' L. _ 3V, cos 6§ 8§,)R.-(E_,+ 3V, sin 6 _6,) (w L+w L)
(l'i'sTdo)EqA EfdA‘i-mo(Ld R,d) \/-B o°n’ Rg qAA B o) (WoLgtigLlg

. 0y (y8g) (wglghugly) |

By + wp(Lg-ig) ﬁVB cos 6By = (wylg + moLq)ﬁVB sin § .
A A

-1
Multiply by [1 + Yolkg=2a) (“’oLE"""oLL)]
' A

Changing L's to X's since W, = 1.0 pu

' -1 ' -1
1+ sT; [1 +(xd-xd) (Xq+XE):] E' = [1 +(Xd-xd) (Xq+XE)]
0 T qd A Etaa
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! -1 '
X=X ) (X +X.) X.~X
+ [1 +.9d - i } dA d /3 V,[Rg cos 6, -(X+X;) sin 8,] 8,

Define
(X4-%y) (X Xp) =
A |
Ky, = [1 + - 1 ] [B-101]
So
1
] 1 (Xd-Xd)
1+ 8Ty 3By = KaE gy, + Ky 3V —— [Ry cos 60-(xq+xE) sin § ] §,
Define
(X4-Xg)
K, = \/3- Vs T & [-Rg cos 5 +(xq+xE) sin §,] [B-102]
So
KaEgq KqK
E;A = .3__.A.'__ - __.._3__?___ 6A [B-103]
1+ sTd°K3 1+ sTdoK3

Substituting Equation B-90 and Equation B~2l1, with Equation B-81

substituted into it, into Equation B-20, and setting p = 2

[t
T, - B, (Eqp +/3 Vg sin 6,8)R; + (/3 Vy cos §.8,) (u Lytusly)
A

i | ey
. E;A’“’o“q"“d) (f3V, cos 8,8 Rg (B x+/3Vy sin §,8,) (uglytugly)
A

—

Eo J3 Vg Ry sin §, + E, [3 Vg cos & (o Lgtuy2y)
A
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g0 (Lg2g) /3 v cos 8 RgtL 0 (L=2y) /3 ¥ sin § (u Lgto L)
A
]
1 -
quEqARE ' iqomo(Lq ld)(moLE+woLq) Egn
+ '_'_A + iquqA + A
\J
Ty = K18, + KpEgy [B-104]
where
E_J3v [B-105]
B
K, = __qO__A__ [Rg sin 5  + (woLE"'“’og'd) cos so]
iqo 3 VB
+ \ [wo(Lq-zd) (woLE+w°Lq) sin §, -wo(Lq-SLd) cos 601%]
REqu wo (L,=2q) (w Lptu L )
i q o o 4q
5(2 = re iqo 1+ n [B-106]

The following equations describe the linearized system of a generator
connected to an infinite bus through impedance Rp + jXE where the constants

have been previously defined.

E = - § u [B-103]
qa 0 ' A P
1+ sTyKy 1 + STy K,
1
Toa = K6, %+ Kqu A pu [B-104]
Ve = Kgs + K6E;A pu [B-97]
b, = p/2 1/ f T, dt  pu [A-80]

§ = 377 i Amu dt radians [A-85]
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The block diagram resulting from the above equations is shown in

Figure 71 where all subscript "A's" have been deleted.

KI ®
. _ b ras
m _P w 377
. 4Hs s
Ko K4 - Ks
4 -
Eq Kz + Efd
l*sK;TaR
Ke

Figure 71. Block diagram of simplified synchronous machine
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XI. APPENDIX C. COMPUTER PROGRAM TO CALCULATE INITIAL
VALUES AND LINEAR PARAMETERS



b

~N~Nonpun

sNeXeXeNeEaNeNeXaksNsizXsXeEaResEnNeEe e NeNelaNeNe e Ne Ne!

THE FOLLOWING PROGRAM CALCULATES INITIAL CONDITIONS FOR A SYNCHRONGUS
MACHINE CONNECTED TO AN INFINITE BUS THROUGH A TRANSMISSION LINE AND
PARAMETERS FOR A LINEAR MODEL OF THE ABOVE SYSTEM.

DATA INPUT IS AS FOLLOWS:

THE FIRST CARD CONTAINS LINE RESISTANCE, LINE REACTANCE, DIiRECT AXIS
SYNCHRONQUS REACTANCEs DIRECT AXIS LEAKAGE REACTANCE, AND QUADRATURE
AXIS SYNCHRONOUS REACTANCE (5F1Ce5).

ONE OR MORE CARDS ARE USED TO SPECIFY THE OPERATING CONDITION.

ONE OPERATING CONDITION PER CARDe :

EACH CARD CONTAINS THE SINGLE PHASE POWER OUTPUT, SINGLE PHASE VAR OUTPUT,
AND THE INFINITE BUS VOLTAGE. (3F1C.5)

A S99 CARD (FlC.S5S) TERMINATES ONE CASEy, THAT 1S ONE SET OF OPERATING
CONDITIONS FOR A GIVEN SYSTEM PARAMETER CARDe THE ABOVE DATA SET MAY BE
REPEATED FOR ANDTHER SET OF SYSTEM PARAMETERS AND OPERATING CONDITIONS.
A 888 CARD (F10.5) TERMINATES COMPUTATION.

A SAMPLE DATA SET FOLLOWS.

.02 .4 1.7 .15 1.64
1.0 e 62 828
l.0m «62 1.0

996G, oG oC

888,

REAL VBABC/C.0/, EQO/7e0/, IDO0ODQ/0.0/, 1QOODQ/0.0/,
1vTroobQ/c.0/, VDOODQ/C.Q/, VQOODQ/0.0/, DELTA/D.0/, VBODQ/040/
REAL X(5)
2C1 READ(5,1) (X(r), 1 = 1,5)
1 FORMAT(5F1C.5)
FLAG = X(1)
IF(FLAG.EQ.888,) GO TO 20n
100 CONTINUE

L6T



oD td bed b 2
HSVWNIS YO

15

22
23
24
25
26
27

28
29
3f
21

[}
N

READ(5,2) P, Qs VBABC
2 FORMAT(2F10.5)
IF(PeEQe999,) GO TO 221
WRITE(643)
3 FORMAT('1l', *THE MACHINE AND LINE PARAMETERS ARE')
WRITE(64+4) (X(I)y 1I=1,5)
4 FORMAT (G, 14Xy 'RE =%, F8,3/15X,*XE =', F8e3/

115X,

XD "-‘ ﬂmom\ MWX*-XO- “-_umou\ me‘-XD H-;ﬂmowv

CALL CINVAL(X, P, Q, VBABC, VBODQ, EQO, IDOODQ, IQO0OQ, VTOODQ,
1vDOODQ, vQOODQ, DELTA)
CALL CONST( X,DELTA, EQO, VBODQ, 1QO0DQ, IDOCODQ, VDOODQ, VQOODQ,
1 VT00DQ)
GO TO 1c¢C

2CC CONTINUE

STOP
END

SUBROUTINE CONST (XX, DELTA, EQO, VBODQ, 1QOODQ, ID0GDQ, VDOOOQ,
1vQ00oD9, VvTO0DQ)

REAL

XX(5), C(é6), EQO, VBODQ, 1QO0DQ, IDOODQ, SINDEL, COSDEL

REAL VvDOODQ, VQOODQ, VTOODQ, DELTA
SINDEL

COSDEL

A =
c)

XX

= SIN(DELTA)

= COS(CELTA)

(1)%XX(1) + (XX{2) +XX(4))*(XX(5)+XX(2))
(EQO*VBODOQ/A)*(XX(L)*SINDEL + (XX(4)+XX(2))*COSDEL)

1 +(IQ00DQ*VBODQ/A)*((XXI5)=XX(4)1)*(XX{5)+XX(2))*SINDEL
1T =(XX(5)=-XX{4))*COSDEL*XX(1))

c(2)
C(3)
C(4)

== (VBODQ* (XX(3)=XX(4)} /AR (XX (L) *COSDEL-{XX(5)+XX(2) )*SINDEL}

XX(1)*EQD/A +1QO0DO*(La+(XX(5)=-XX(4))*(XX(5)+XX(2))/A)
1o/ (1o #(XX(3)=XX(4))EX(XX(5)+XX(2))/A)

C(5)=(VDOODQ*XX(5)/(VTOODQ*A) ) *(XX(1)*VBODQ*SINDEL+VBODQ*COSDEL
1X(XX(2)+XX(4)))

1 +(vQOODQ*XX(4)/(VTOODQ*A) )*(XX(1)*VBODQ*COSDEL-VBODQ*S INDEL
1%(XX(2)+XX(5)))

cle)

(VQOODQ/VTOODQ) * (1 e ~=XX(&4 )X (XX(5)+XX (2))/A)

861
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1 +VDOODQ*XX(2)=XX(1)/(VTOODQ*A)

WRITE(6,41)

FORMAT(*'QY, *THE LINEARIZED MACHINE CONSTANTS ARE')
0O 10 I = 1,6

WRITE(642) 1, C(I)

FORMAT (*0*, SX, *'C'y 1Il, 2Xy *'=', FB8e4)

CONTINUE

RETURN

END

SUBROUTINE CINVAL (XX,P,Q,VBABC,VBODQ,EQO0,1D0D0DQ,1Q00DQ,VTOODO,
1vD0O0ODQ,vQQODQ,DELTA)

REAL xx(5), P, Q, VBABC, VBODQ, EQO, ID0OODQ, 1QOODQ, VTOODQ,
1vDOODQs VOOODQ, DELTA, TTHETA, I11PODQ, I1QODQ, RT3

RT3 = SQRT(3,)

VBODQ = RT3*VBABC

TTHETA = Q/P

THETA = ATAN(TTHETA)

CTHETA = COS(THETA)

CONS = VBABC*VBABC + 2,*P*(XX(1)+XX(2)*TTHETA)

B24AC = CONS*CONS =44 *P%PH*(XX(1)RXX(1)+XX(2)%*XX(2))/(CTHETA*

1CTHETA)

IF(B24AC) 1C,2C,2C

WRITE(6,11)

FORMAT (0, 'B*%x2-4AC IS LESS THAN ZERO*)

G0 TO 11CC

VTABC =SQRT((CONS+SQRT(B24AC))/2.)

vVT0ODQ RT3*VTABC

11PODQ RT3*P/VTABC

11Q00Q RT3*%Q/VTABC

EQO0 = SQRT((VTOODO+XX(5)*11Q0DQ)**2+(XX(5)*11PODQ)**2)
COSDEL (VTO0DQ*(VTOODQ+I IQODQ* (XX (5)=XX(2))-TIPODQ*XX(1))
1-XX(S5)1*XX(2)*(11PODQ*TIPODQ+I1QODQ*11Q0ODQ) )/ (RT3*VBABC*EQOD)
DELTA = ARCOS(COSDEL)

DELDEG DELTA*180./3.1416

SINDEL SIN(DELTA)

66T
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1Q00DQ = (IIPODQ*(VTOODQ+IIQODQ*XX(5))-11Q0DQ*11P0ODQ*XX(5))/EQD
1000DQ =-(I1PODQ*IIPODQA*XX(5)+I11Q0ODQ*{VTOODQ+IIQ0ODQ*XX(5)))/EQO
vDoDDQ = -1Q00DO*XX(5)

vVQO0DQ = (VTOODQ*(VTOODQ+IIQODQ*XX(5)1)1/EQO

TEC = EQC*1Q00DQ

WRITE(6,12)

FORMAT(*C*, *THE INITIAL CONDITIONS FOR THE MACHINE ARE!)
WRITE(&6,14) P, Q, VBABC, VTOODQ, VTABC, IDOODQ, 1QOODQ, VDODDQ,
1 voOODQ, DELDEG, TEO

14 FORMAT(*'Qr*, YSINGLE PHASE POWER OUTPUT®, 26X, '=', F8e¢3/

11X, *SINGLE PHASE VAR QUTPUT', 28Xy '='y, FB8e3/

11X, TINFINITE BUS VOLTAGE (ABC)', 25X, '=¢, F8,3/

11X, *TERMINAL VOLTAGE (CDQ)', 29X, '=', F843/

11X, "TERMINAL VOLTAGE (ABC)', 29X,'=', F8,3/

11X, *DIRECT AXIS CURRENT*, 32X, *=%, FB8e3/

11X, *QUADRATURE AXIS CURRENT?®', 28X, '=', F8,3/

11X, *DIRECT AXIS TERMINAL VOLTAGE®*, 23X, '=', F8.3/

11X, *QUADRATURE AXIS TERMINAL VOLTAGE®', 19X, *=%', F8,3/

1 1Xy, *DELTA=ANGLE FROM INFINITE BUS TO Q-AX1S IN DEGREES =v, F8e3/
IIX, 'MECHANICAL TORQUE', 34X,'=', F8o3)

10" CONTINUE

RETURN
END

00z



THF MACHINE AND LINE PARAMETERS ARE

RE = CeD20
XE = Ce 4G
XD = 10709
XD' = C.15C
XQ e 1o 640

THE INITIAL CONDITIONS FOR THE MACHINE ARE

SINGLE PHASE POWER QUTPUT = 1.C00
SINGLE PHASE VAR QUTPUT = 0.620
TNFINITE BUS VGOLTAGE (ABC) = 0. 828
TERGMINAL VCLTAGE (0DQ) = l.732
TERMINAL VOLTAGE (ABC) = 1.000
DIRECT AXIS CURRENT = ~1.927
QUADRATURE AXIS CURRENT = 0.666
DIRECT AXIS TERMINAL VCLTAGE = =10093
QUADRATURE AXIS TERMINAL VOLTAGE = 1.343
DELTA=ANGLE FROM INFINITE BUS TO Q—-AXIS IN DEGREES = 67.047
MECHANICAL TORQUE = 2.CO0

THE LINEARIZED MACHINE CONSTANTS ARE

Cl = 23,7128
C2 = 2.55307
€3 = (C.,2620
C4 = 3,749
CE = -C.58¢€1
Cé¢ = (.5598

T0¢C



THE MACHINE AND LINE PARAMETERS ARE

RE = n.02C
XE = Qe 400
X = 1.70C
XD = CelSO
XQ = 1, 64C

n

THZ INITIAL CONDITIONS FCR THE MACHINE ARE

SINGLE PHASE POWER OUTOUT = 1,000
SINGLE PHASE vARf QUTPUT = 0.620
ITNFINITE BUS VOLTAGE (ABC) = 1.000
TERMINAL VOLTAGE (0DQ) = 24031
TERMINAL VOLTAGE (ABC) = 1.172
DIRECT AXIS CURRENT =" =-1.591
QUADRATURE AXIS CURRENT = 0. 700
DIRECT AXIS TERMINAL VOLTAGE = =l.148
QUADRATURE AXTIS TERMINAL VOLTAGE = 1.675
DELTA=ANGLE FROM INFINITE BUS TO Q-AXIS IN DEGREES = 53,750
MECHANICAL TORQUE = 3.000

THFE LINEARIZED MACHINE CONSTANTS ARE

Cl = &,886¢
C2 = Z2.6731
C3 = r£,2620
Ca4 = 32,9067
C5 = -0,8004
Ce = 0,5958

44
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XII. APPENDIX D, EXCITATION SYSTEM AND COMPENSATION NETWORKS

The generator used in this study is equipped with an amplidyne
voltage regulator having a response ratio of 0.5. Because high response
ratio exciters tend to decrease system damping, thus contributing to the
dynamic stability problem, the above exciter-regulator was replaced in
these studies with one having a higher response ratio (58). A rotating-
rectifier exciter with static voltage regulator having parameters given
by Perry et al. (94) was used. This particular exciter had a response
ratio of 2.23.

The excitation system was modeled by using the Type 2 excitation
system representation suggested in an IEEE Committee Report (59). A
block diagram representation is shown in Figure 72 and appropriate
constants are given in Table 6. In order to conserve analog computer

components, the takeoff point for the rate compensation network was

moved as shown in Figure 73.

Table 6. Exciter parameters

Ky, = 400 VR max =  8.26 pu
Ty, = 0.02 VR min = -8.26 pu
T, = 0.015 SE max = 0.86

kg = 1.0 SE 0.75 max = 0.50

Kp = 0.04 TR = 0

Tg = 0.05 Kg = 1.0
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representation
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Perry et al. (94) did not give parameters for saturation or for
voltage regulator limiting so typical values of Sg for this type of

excitation system were taken from the IEEE Committee Report (59).

SE max = 0.86 [D-1]

SE 0.75 max = 0-50 [D-2]

From these two values, an exciter saturation curve was constructed
as shown in Figure 74. Values read from this curve are tabulated in
Table 7. Sy is then computed and Sg vs Egp is shown in Figure 75.

Table 7 also contains the product EFDSE as a function of EFD' The linear
approximation of this curve is shown in Figure 76. This function was
simulated on the analog computer using a manual diode function generator

to represent exciter saturation effects as shown in Figure 77.

Table 7. Saturation function

Epp A B Sg = %— 1 Epp x Sg
0 0.366 0

0.5 0.688 0.5 0.366 1.83
1.0 1.366 1.0 0.366 3.66
1.5 2.050 1.5 0.366 5.50
2.0 2.750 2.0 0.373 7.45
2.5 3.500 2.5 0.400 10.00
3.0 4.350 3.0 0.450 13.50
3.5 5.330 3.5 0.522 18.30
4.0 6.500 4.0 0.625 25.00

4.5 8.600 4.5 0.910 40.80
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Limiting values for vp .. were not given but may be calculated from

VR max ~ (KE + Sg max)EFD max = 0 [p-3]

Using data from Table 7

VR max = 8026 pPu [D_4]

The analog computer diagram of the excitation system is shown in Figure

77.

A. Mathematical Development of Excitation System Equations

The equations necessary to describe the dynamic and steady-state
performance of the excitation system are developed from Figure 73 as

follows (7).

1. Potential transformer and rectifier

A suitable input signal for the excitation system may be generated
by connecting the phase voltages of the synchronous machine to potential
transformers which have their secondaries connected to bridge rectifiers.
Three bridges may be connected in series and produce an output voltage,
V4c» Which is proportional to synchronous machine terminal voltage. This
circuitry may be represented by a first order system having the following

transfer function

K, v

R "t
B cme——— ) D_5
Vde T T+ sTy [D-5]

where KR is a proportionality constant and TR is the time constant due to
filtering or smoothing in the transformer-rectifier assembly. Generally

TR is small and in this study it is assumed to be negligible.
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2. Reference comparator

This component compares vy, to a fixed reference potential which is

proportional to the desired machine terminal voltage. The difference is

Ve the error voltage where

Ve = Vref =~ Vde [D-6]

Auxiliary signals from the rate feedback network or other sources are

also fed into the comparator and may be considered as changes in the

reference voltage Veer*

3. Amplifier

The error voltage, v,, is amplified by some means, for example, a
rotating, magnetic or electronic amplifier, and then used to drive the

exciter. Linear voltage amplification KA is assumed with time constant

TA‘ The transfer function is

K, v
VR = -———-—A € [D_7]
1+ STA

Amplifier saturation is represented by limiting, that is

VR min < VR < VR max

4, Exciter
The exciter is represented as shown in Figure 73 where Sg is a
function of EFD and represents the effects of saturation. The transfer

function for the exciter is

v SLE
E. = R - EFD [D-8]

FD KE + TEs
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5. Rate feedback compensator

The performance of the excitation gystem can be stabilized by using
rate feedback compensation to decrease system gain during transients. A

transfer function representing this feedback is

sKp E
F “FD
v [ A D-9
rate 774 sTp [p-5]

6. Bridged-T filter

The transfer function of a bridged-T network may be written as (104)

2 2
s” + rn wys + Wy

2 2
s“+n WeS + Wo

A [

[D-10]

where w, is the frequency where the notch is to occur, r is the notch
ratio, i.e., the ratio of the amplitude at w, to the amplitude at zero
frequency, and n is the relative width of the notch.

The filter produces two zeros located at

-In W, £ w, J(rn)? -4

[D-11]

and two poles at

An analog computer diagram for implementation of a transfer function
having the form of Equation D-10 is given in Appendix B of (39). The
resulting analog computer diagram for a bridged-T network is shown in

Figure 78.
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7. Power system stabilizer

The transfer function for a power system stabilizer is

C_ Ks (1+sTy) (14 sT;)
R 1+sT (1+5sT) (1+sTy)

[D-12]

The analog computer diagram for this transfer function is again developed

using (39) and the result is shown in Figure 79.

8. Two-stage lead-lag network

The power system stabilizer contains a two-stage lead-lag network so
a transfer function for the latter can be obtained from Equation D-12
by omitting the first factor. The associated analog computer diagram is

shown in Figure 80.

9. Speed feedback compensation networks

The transfer function necessary to cancel the torque-angle loop and
field poles using speed feedback was previously shown to be

D : _
As + B ifTp=0

The analog computer simulation of this transfer function is again
developed using Appendix B of (39). The resulting analog computer
diagram is shown in Figure 81 part (a). The compensator used to cancel
the torque-angle loop poles only has a transfer function of the following

form.

Cs - IDI
B

As +

The resulting analog computer diagram is shown in Figure 81 part (b).
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Figure 80. Analog computer diagram for a two-stage lead-lag network

0/B

(a)
B/A

(b) B C/A
8/A+IDAC
B/A

Figure 81. Analog computer diagrams for speed feedback compensators:
(a) used to cancel torque-angle loop poles and field pole,
(b) used to cancel torque-angle loop poles
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XIII. APPENDIX E. ANALOG COMPUTER REPRESENTATION

In this appendix the data used for the analog computer studies of
Chapter V are presented. Tables of potentiometer settings are given and
the final analog computer diagram showing the interconnections of various

components is also included. All values are in per unit unless otherwise

noted.

A. Data
Generator (7)
Lg = 1.70 2p = 0.055 g = 0.0198
Lq = 1.64 Lp = 1.605 R =100
L2 = 0.15 EQ = 0.036 Lyp = 0.02818
Lap = 1.55 LQ = 1.526 Lyg = 0.02846
LAQ = 1.49 r = 0.001126
¢ = 0.101 Ip = 0.00805
Lp = 1.65 rp = 0.0132
H = 2.37 sec
Tdo = 5.90 sec
Exciter (94)
Kp = 400 SE max = 0.86
Ty = 0.02 sec Sg 0.75 min = 0.50
) = 0.015 sec TR = 0.0 sec
Kg =1.0 KR = 1.0
Ty = 0.05 sec
VR max = 8.26
VR min = 8. 26
Governor (17)
Tggr = 0.05 sec Tpy = 10.0 sec Cg = 20
Tgy = 0.15 sec f = 0.23
Tg = 0.10 sec K3 = 0.7
Power system stabilizer (31)
T = 3.0 sec T; = 0.2 sec Tg = 0.05 sec
Two-stage lead-lag network
T = 0.2 sec Ty = 0.05 sec

Bridged-T (104) tuned to natural frequency of machine
wo = 21 rad/sec n =2 r = 0.1
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Potentiometer settings for the synchronous machine, excitation

gystem, governor, and the compensation networks are given in Tables 8,
9, 10 and 11. The analog computer diagram is shown in Figure 82.
Analog switches are provided for changing voltage and torque reference
levels and for inserting the various compensation networks. Potentiom-
eters normally used to supply initial conditions to the integrators are
omitted to conserve analog computer components. Initial conditions are

established as follows.

The speed is held constant when the simulation is started by holding
integrator 210 in IC. Flux linkages are allowed to build up, and after
steady-state conditions have been established, amplifier 210 is allowed to
integrate. Switch 411 is then closed applying load to the machine.
Positive or negative increments of machine loading are accomplished by
switching Oll to the right or left respectively.

A similar arrangement using switch 021 allows incremental changes
in the voltage reference level which is established by potentiometer 613.
The squaring and square root circuitry necessary to generate the terminal
voltage v, is somewhat noisy, so amplifier 610 is used as a filter to
reduce the noise level. A 0.001 uf feedback capacitor is connected in
the feedback path of amplifier 610 by appropriate logic patching.

Components used in the two-stage lead-lag network placed in the
forward loop of the exciter are also used in the power system stabilizer.
The governor is omitted due to lack of analog computer components.

Although they are not essential to the basic simulation, two
additional quantities are computed. The electrical power output of the

machine is available at amplifier 213 and the change in terminal voltage



Table 8.

Potentiometer settings for synchronous machine

Potenti- Potenti-
ometer ometer Amplifier Numerical Value x
number settings gain Constant substitutions Value Scaling scaling
000 0.0283 1 rwp/iy, .001126(377)/.15  2.8300  50/50x1/100=0.010 0.0283
001 0.9040 1 rpwp/4p .0132(377)/.055 90.400 50/50x1/100=0.010 0.9040
002 0.6960 1 Lyp/ %F .02818/.101 0.2785 50/20=2.500 0.6960
003 0.2665 10 1/2, 1/.15 6.6660 20/50=0.400 2.6650
010 0.0283 1 rog/%, .001126(377)/.15  2.8300  50/50x1/100=0.010  0.0283
011 0.2070 10 rqus/2q .0198(377)/.036 207.00 50/50x1/100=1,000 2.0700
012 0.7906 1 Ing/%q .02846/.036 0.7906 50/50=1.000 0.7906
013 0.2665 10 1/s, 6.6660 20/50=0.400 2.6650
100 0.4710 10 wp 377.00 50/40x1/100=0.0125  4.7100
© 101 0.9040 1 rpup/Lp 90.400  50/50x1/100=0.010 0.9040
102 0.5120 1 Lyp/ %D .02818/.055 0.5120 50/50=1.000 0.5120
103 0.2665 10 1/2, 6.6660 20/50=0.400 2.6650
110 0.4710 10 wg 377.00 50/40x1/100=0.0125  4.7100
111 0.2070 10 rQwB/zQ 207.00 = 50/50x1/100=0.010 2.0700
112 0.0050 1 R 100. 100.00 40/20=2.000 200.00
113 0.0050 1 R 100. 100.00 40/20=2.000 200.00

8T¢



Table 8 (Continued)

Potenti~- Potenti-

ometer ometer Amplifier Numerical Value x

number _ settings gain Constant substitutions Value Scaling scaling _
200 0.7540 10 wg 377.00 50/25x1/100=0.020 7.5400
201 0.1212 .1 erB/lF .000805(377)/.101  3.0300 20/50x1/100=0.004 0.01212
202 0.1879 1 Lyp/%a .02818/.15 0.1879 50/50=1.000 0.1879
210 0.7540 10 wg 377.00 50/25x1/100=0.020 7.5400
211 0.0283 1 rwg/%, .001126(377) /.15 2.8300 50/50x1/100=0.010 0.0283
212 0.5000 1 wB/wB 1.0000 50/100=0.500 0.5000
213 0.1000 1 L.C. 1 1.0000 50/500=0.100 0.1000
300 0.0283 1 rwB/ILa .001126(377)/.15 2.8300 50/50x1/100=0.010 0.0283
301 0.3030 .1 rpug/p 3.0300 20/20x1/100=0.010 0.0303
302 0.0778 .1 wpxbase change 377(162v/157KV) 0.3890 20/10x1/100=0.020 0.00778
303 0.1055 1 p/2 1/2H  1/2 (2.37) 0.2110 500/10x1/100=0.500 0.1055
400 0.0188 10 Rpwp/Lg .02(377) /.4 18.850  20/20x1/100=0.010 0.1885
401 0.4710 10 wg/Lg 377/ .4 944,00 20/40x1/100=0.005 4.7100
402 0.7540 10 wp 377.00 20/10x1/100=0.020 7.5400
403 0.4710 10 wp/Lg 944,00 20/40x1/100=0.005 4.7100
410 0.2160 1 57.3ug  57.3(377) 21,600  .5/500x1/100=107>  0.2160

61¢C



Table 8 (Continued)

Potenti Potenti-
ometer ometer Amplifier Numerical Value x
number settings gain Constant _substitutions Value Scaling scaling
412 0.1897 1 LMQ/R.a .02846/.15 0.1897 50/50x1=1.000 0.1897
413 0.2665 10 1/%, 6.6660 20/50x1=0.400 2.6650
500 0.3264 10 \/EAB/LE 3(377)/ .4 1632.0 20/100x1/100=0.002 3.2640
501 0.7540 10 wg 377.00 20/10x1/100=0.020 7.5400
502 0.3264 10 J3ug/ig 1632.0 20/100x1/100=0.002  3.2640
503 0.0188 10 REwE/LE 18.850 20/20x1/100=0.010 0.1885
612 0.0291 1 5% full load
613 0.5905 1 full load
610 0.0300 1 10%Z full load .3 pu 0.3000 10/100=0.100 0.0300
611 0.3000 1 full load Ty 3 pu 3.0000 10/100=0.100 0.3000

0ze



Table 9.

Potentiometer settings for excitation system

Potenti- Potenti-

ometer ometer Amplifier Numerical Value x
number settings gain Constant substitutions Value Scaling scaling
600 0.0200 1 L.C. 1.0 100/50x1/100=0.020 0.0200
602 0.9990 10 1/Tg 1/.05 20.000 50/100=0.500 10.000
701 0.5000 1 1/T, 1/.02 50.000 1/1x1/100=0.010 0.5000
800 0.4000 10 Kp/Ty 400/.02 20,000  1/50x1/100=0.0002  4.0000
801 0.6667 10 1/Tg 1/.015 66.670 10/1x1/100=0.100 6.6670
802 0.6667 1 1/'1‘E 1/.015 66.670 10/10x1/100=0.010 0.6667
803 0.6667 1 Kg/Tg 1.0/.015 66.670 10/10x1/100=0.010 0.6667
810 0.7210 1 L.C. 1/ [3 0.5770 50/40x1=1.250  0.7210
812 0.4000 10 Kp/Tg .04/.05 0.8000 50/10=5.000 4.0000
813 0.5000 10 L.C. 1.0000 50/10=5.000 5.0000

12¢



Table 10. Potentiometer settings for governor

Potenti- Potenti-

ometer ometer Amplifier Numerical Value x
number _settings _gain Constant substitutions Value Scaling scaling
222 0.1400 10 K3/TgR 20x.7 14,000 10/1x1/100=.100 1.4000
233 0.0667 1 1/Tgy 6.6667 6.6670 10/10x1/100=.010 0.0667
020 0.1000 1 1/Tg 10.000 10.000 10/10x1/100=.010 0.1000
230 0.1000 1 1/Tg 10.000 10.000 10/10x1/100=.010 0.1000
220 0.2000 1 1/Tgg 20.000 20.000 10/10x1/100=.010 0.2000
223 0.2300 1 f 0.23 0.23 . 10/10=1.00 0.2300
232 0.4000 10 Cg 20 20 1/50=.020 0.4000
221 0.0667 1 1/Tgy 6.666 6.666 10/10x1/100=.010 0.0667
231 0.0010 1 1/Tgy .1 .1 10/10x1/100=.010 0.0010
203 0.2000 1 Wref corresponding to Ty = 0

610 0.0045 1 Wref corresponding to T, = 0.3

611 0.0452 1

Wref corresponding to T, = 3.0
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Table 11. Miscellaneous potentiometer settings

Potenti- Potenti-
ometer ometer Amplifier Numerical Value x
number  settings _gain Constant substitutions Value Scaling scaling

Power system stabilizer

021 0.0333 .1 1/T 1/3 0.3330 500/500x1/100=.010  .00333
220 0.0333 1 1/T 1/3 0.3330 500/500x1/100=.010  .00333
221 0.2000 1 1/T, 1/.05 20.000 500/500x1/100=.010  0.2000
222 0.0400 1 T1/To .2/.05 4.000 50/50%1/100=.010 0.0400
223 0.0400 1 T1/Ty .2/.05 4.000  500/500x1/100=.010  0.0400
230 0.1500 10 T,~To/T1Ty (.2-.05)/.2(.05)  15.000 5/50=.100  1.5000
231 0.2000 1 1/1, | 1/.05 20.000  50/50x1/100=.010  0.2000
232 0.1500 10 T,-T5/T1Ty (.2-.05)/.2(.05) 15.000 50/500x1=.100 1.5000
601 0.5000

Two-stage lead-lag network

221 0.2000 1 1/T2 1/.05 20.000 10/10x1/100=.010 0.2000
222 0.4000 1 T1/Ty .2/.05 4.0000 10/1x1/100=.100 0.4000
223 0.4000 1 T;/T2 .2/.05 4.0000 10/1x1/100=.100 0.4000

230 0.1500

€£7C



Table 11 (C9ntinued)

Potenti- Potenti-~
ometer ometer Amplifier Numerical Value x
number _ settings gain Constant substitutions Value Scaling scaling
Two-stage lead-lag network
231 0.2000 1 1/Ty 1/.05 20.000 10/10x1/100=.010 0.2000
232 0.1500 10 Tl'Tz/Tsz (.2-.05)/.2(.05) 15.000 1/10=.100 1.5000
Bridged-~T network
022 0.1000 1 L.C 1 1.0000 40/4x1/100=.100 0.1000
023 0.0100 1 L.C. 1 1.0000 40/40x1/100=.010 0.0100
030 0.1167 1 wy/n-r 21/(2-.2) 11.670 40/40x1/100=.010 0.1167
031 0.4200 1 Woh 21(2) 42.000 40/40x1/100=.010  0.4200
032 0.3780 10 wo(n-1y) 21(2) (1-.1) 37.800 4/40x1=,100 3.7800
Infinite bus modulator
020 0.0441 1 wol 212 441.00  50/50x1/100%=.0001 0.0441
203 0.5000 ic L.C. 1 1.0 50/100=.500 0.5000
033 0.8280 1 1 1 1.0 © 82.8/100=.828 0.8280
233 0.0332 1 .02 .02 0.02 82.8/50=1.65 0.0332
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Table 11 (Continued)

Potenti- Potenti-

ometer ometer Amplifier Numerical Value x
number _ settings gain Constant substitutions Value Scaling scaling
Speed compensation used to cancel torque-angle loop and field poles
020 0.0164 0.1 B/A .425/2.59 0.164 1/100=0.010 0.00164
233 0.1840 10 D/B -782/.425 -1840  50/500x1/100=0.001 1.8400
Speed compensation used to cancel torque-angle loop poles
020 0.0288 1 B/A 4.84/1.68 2.88 50/50x1/100=0.010 0.0288
021 0.1000 1 L.C. 1.00 1.00 50/500=0.100 0.1000
233 0.1370 1 B/a+|p|/C 4.84/1.68+506.4/3.76 137.38 50/500x1/100=0.001 0.1370
601 0.2240 10 C/A 3.76/1.68 2.24 50/50=1.000 2.,2400

6l



Figure 82.

Composite analog computer diagram
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is produced at amplifier 411. Excitation system rate feedback is
removed by setting potentiometers 812 and 813 to zero or by removing the
connection from the output of amplifier 812 to the input of amplifier 813.

The time scaling factor, a, for the simulation was 100. Thus, one
second of synchronous machine operation is represented by 100 seconds of
analog computer time if the simulation is operated at the medium-second
speed. Normally it was found desirable to speed up the analog computer
simulation by a factor of ten so the computer was operated in the fast-
second mode. Thus, one second of synchronous machine operation is
equivalent to 10 seconds of operation on the analog computer.

While establishing the initial conditions of the simulation the
analog computer was operated at milliseconds slow speed to minimize the
time necessary to establish a steady-state condition. The time mode
was then switched to fast or medium seconds and the particular test was
then conducted. The simulation would not operate at millisecond medium
or fast speeds, thus oscilloscope displays and the repetitive operation
mode could not be used to optimize parameters. All variables were
observed and recorded using the digital voltmeter and a strip chart
recorder.

Figure 83 shows the analog computer simulation of the governor
control system. Potentiometer settings are given in Table 10.

The analog computer circuitry necessary to modulate the infinite
bus voltage is shown in Figure 84 and potentiometer settings are given
in Table 11. These values result in the infinite bus voltage being set
at a value corresponding to Base Case 1. The modulation increases and

decreases the infinite bus voltage by 2% peak at a frequency
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Figure 83. Analog computer diagram of governor control system



229

resolver

Figure 84. Analog computer diagram of circuit used to modulate infinite
bus voltage

802

(50)

0.1xi0
(a) (500) @ )

(b) 56T 1 1922

Figure 85. Analog computer diagrams of speed feedback compensation
networks: (a) cancellation of torque-angle loop poles
and field pole, (b) cancellation of torque-angle loop pole
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approximately equal to that of the uncompensated machine for the given
potentiometer values.

Potentiometer settings for the speed feedback network used to cancel
the torque-angle loop plus the field pole and the torque-angle loop poles
alone are also given in Table 11. The analog computer diagrams for these

compensators are shown in Figure 85.

B. Base Case Calculations

Two test cases have been calculated for the synchronous machine. In
the first, the machine was assumed to be operating at rated conditionms,
that is, full load, 0.85 power factor lagging, and terminal voltage equal
to 1.0 pu. This case provided a means of checking nameplate quantities
against model performance under steady-state conditions and also provided
a check on the excitation system since full load field current is given
in the machine specifications. The machine was connected through a
transmission line having Z = 0.02 + j.4 pu impedance to an infinite bus
with its voltage adjusted so that the machine delivered rated power at
rated power factor and rated terminal voltage.

The second test case was intended to represent the operating
conditions of a fully loaded machine supplying power over a long
transmission line. The loading was the same as in Base Case 1, that is,
rated power output at 0.85 pf lagging, and the same tie line impedance
was used. The infinite bus voltage was set at 1.0 pu and the terminal
voltage was then adjusted to obtain the desired var loading.

Hand calculations for these two cases were made and the results,
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along with digital and analog computer outputs, are summarized in Table
12 for Case 1 and in Table 13 for Case 2.

Figure 86 is similar to Figure 82 except the voltages (in volts) at
the outputs of various analog computer components have been added. These
voltages result from establishing conditions of Base Case 1 and allowing
the simulation to come to a steady-state condition. Figure 87 shows the
voltages resulting from the establishment of Base Case 2 conditions on
the machine.

The dynamic performance of the synchronous machine without excita-
tion and governing systems is shown in Figures 88, 89 and 90. Excitation
was adjusted to produce machine loading as in Base Case 1. After estab-
lishing steady-state conditions the mechanical torque was increased from
zero to 3.0 pu (full load). T, was then increased and decreased by ten
percent of full load. Next the voltage reference was increased and
decreased b& five percent and finally Tm was reduced to zero.

The variable is shown on the left and the scale factor is shown on
the right. The width of one strip chart recording is 50 lines. Extreme
left and right portions of the graphs indicate zero voltage levels. The
positive direction is upward, and the distance between downward timing
marks corresponds to one second of synchronous machine operation. The
various references were switched at the same relative times in each of
the figures. Thus the three figures are in effect a strip chart record-
ing 24 channels wide.

Figures 91 and 92 show the dynamic performance of the synchronous
machine with both exciter and governor control systems included. Excita-

tion system rate feedback was included because the uncompensated system
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Table 12, Base Case 1

— . Analog computer

Hand Digital Analog
computation computer computer Voltage Per
Variable pu _pu component volts unit
Py 1.0 1.0
Q1¢ 0.62 0.62
Veef 1.00805 A200 50.48 1.008
VBabe 0.828 0.828 - A023 82.80 0.828
A232 82.80 0.828
Vtodq 1.732 1.732 A610 69.40 1.732
Viabe 1.0 1.0
V4 -1.09 -1.093 A412 -43.60 -1.090
q 1.342 1.343 A413 53.95 1.346
Vg 0.00239
Ezp 2.31 A004 25.12 2.512
ig -1.921 -1.927 A003 -38.35 1.918
iq 0.664 0.666 A013 13.39 0.668
ip 2.975
ip 0.0
iQ 0.0
14, AQ1l4 -38.14 -1.908
iqt A214 13.12 0.656
tabe 1.176

AAD 1.630 A002 81.90 1.636
AAQ 0.989 A012 49.56 0.992

1.342 A511 67.45 1.348
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Table 12 (Continued)

——Analog computer

Hand Digital Analog
computation computer computer Voltage Per

Variable Pu_ pu_ component volts __ unit
Aq 1.089 A010 54.58 1.092
Ag 1.930 A201 39.19 1.956
Ap 1.630 AOO1 81.90 1.638
AQ 0.989 ' AO0l1l 49.59

Tn 3.0 3.0 A410 30.00 3.000
Pe 2.981 A213 14.97 2.995
w 1.0 1.0 A513 50.00 1.000
Aw 0.0 A210 0.00 0.000
§ 67.1° 67.047° A714 33.25 66.5°
VR 3.66 A800 3.53 3.530
Vo 0.00805 A802 0.45 0.009
v 0.0 A812 0.00 0.000
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Tabie 13. Base Case 2

Analog computer

Hand Digital Analog

computation computer computer Voltage Per
Variable pu pu component volts unit
P1¢ 1.0 1.0
Q1¢ 0.62 0.62
Vees 1.1808 A200 59.04 1.182
VBabe 1.0 1.0 A023 100.00 1.000

A232 100.00 1.000

vtodq 2.030 2.031 A610 81.20 2.030
Veabe 1.172 1.172
V4 -1.145 -1.148 A412 -49.05 -1.226
\ 1.672 1.675 A413 64.65 1.610
\Z: 0.00227
Epp 2.195 A004 27.27 2,727
ig -1.589 -1.591 A003 -33.76 1.688
iq 0.698 0.700 A013 13.70 0.685
ip 2.820
ip 0.0
iQ 0.0
i3¢ AO14 -33.52 -1.678
iqt A214 13.38 0.668
Iiabe 1.002
AAD 1.914 A002 93.38 1.866
2aQ 1.042 A012 50.77 1.030

1.675 A511 80.76 1.613

Ad
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Table 13 (Continued)

Analog computer

Hand Digital Analog

computation computer computer Voltage Per
Variable pu pu_ component volts unit
Aq 1.147 A010 55.92 1.118
Ap 2.200 A201 44.35 2.218
Ap 1.914 A001 93.37 1.868
AQ 1.042 A011 50.81 1.016
T 3.0 A410 29.99 2.999
Py 2.995 A213 14.96 2.990
w 1.0 A513 50.00 1.000
Aw 0.0 A210 0.00 0.000
$ 53.8° A714 28.78 57.5°
vy 3.045 A800 3.84 3.840
Ve 0.0076 A802 0.50 0.010
v 0.0 A812 0.00 0.000

rate




Figure 86.

Steady-state voltages under conditions of Base Case 1
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Figure 87.

Steady-state voltages under conditions of Base Case 2
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was unstable. The voltage reference was adjusted to a value corresponding
to Base Case 1. The speed reference was initially adjusted to produce a
zero load on the machine.

The strip chart recordings show the result of changing the speed
reference from the initial setting to one producing full load on the
machine, then increasing and decreasing the speed reference to change
the machine load by * 10% of full load. Next the voltage reference was
increased and decreased by 5%, and finally the speed reference was
returned to a value producing zero machine loading.

The various reference levels were again switched at the same rela-
tive times resulting in a strip chart recording which is effectively 16
channels wide. Note that due to the long settling time of excitation
rate feedback the strip chart recorder was operated at a slower chart
speed. The distance between two downward timing marks still represents
one second of synchronous machine operation.

The phase relationships for a signal propagating through the machine
were also recorded. Figure 93 shows the signal in various parts of the
simulation with the two-stage lead-lag network in the exciter forward
loop, the bridged-T in the regulator loop and speed feedback through a
gain. The machine was operated under conditions of Base Case 1 and the
output of the oscillator used to modulate the infinite bus voltage was
fed into amplifier 200.

Figure 94 shows similar results for the uncompensated system. The
above compensation networks were originally in the circuit. The simula-
tion was then started and a steady-state condition corresponding to Base

Case 1 was established. All compensation was then removed. This
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particular loading condition with no compensation was unstable so the
oscillator used above was not needed. Note the change in strip chart
recorder speed. The downward timing marks again represent one second of

synchronous machine operation.
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