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AN ALTERNATING CURRENT, RESISTANCE
ANALOG NETWORK SIMULATOR FOR A-C
POWER SYSTEM STABILITY STUDIES

INTRODUCT ION

An electric power system may be considered an electrical
coupling between mechanical devices. To assure continuous operation
of these devices, the power system should be maintained free of
disturbances since these may cause instability of the system, and in
some cases initiate a complete system shut down. Since all electric
power systems are subject to disturbances of a transient nature,
some method should be available for studying power systems in order
that protection against such disturbances may be employed. Several
methods have been developed, the solutions of which may be carried
out by hand or machine calculatione Machines in the form of analog
computers are commonly used to study large power systems since hand
analysis is extremely difficult and tedious. These machines are
generally known as network simulators, analyzers or calculators,
the terms being used interchangeably. Most simulators contain
resistive, inductive and capacitive elements which are used to
represent power system impedances. This thesis considers a network
simulator which uses only resistive elements to represent the imped-
ances of power systems. The simulator was designed and constructed
for studying transient behavior of power systems, but may also be
used to study the steady-state condition.

The basic theory of power system stability has been studied in

detail, and from it have come the equations necessary for solving



stability problems either by hand or machine. Mathematical solu-
tion of these squations is generally not possible, and a step-by-
step solution, which is ideally suited to computer techniques, is
used instead.

The network simulator which has been constructed has been used
to study transient stability problems. One of these problems has
been included as an example in this thesis. This example illus-
trates both the use of the network simulator, and the general

approach to the solution of all power system stability problems.



THE STABILITY PROBLEM

History Of Stability

On commercial alternating-current electric power systems, the
generators, rotory condensers and some motors are of the synchronous
type. It is absolutely necessary that synchronism be maintained
between these machines if electrical energy is to be ymfmed.
Maintaining synchronism becomes increasingly difficult as the power
systems and the interconnections between these systems continue to
grows The tendency of the components of an alternating-current
electric power system to develop forces to maintain synchronism and
equilibrium is known as stability. The problem of stability was
first encountered when synchronous machines were operated in parallel.

The amount of power that can be transferred between two synchro-
nous machines is limited by operating conditions and transfer imped-
ance. The load corresponding to the maximum power value is known as
the stability limit. The machines lose synchronism or "fall out of
step" when the stability limit is exceeded. With the advent of the
modern-day high reactance transmission lines, the difficulty of main-
taining power system stability has increased. In the event of a fault,
it was often necessary to entirely separate mt&emnwtd systems in
order to maintain stability or restore synchronism.

The principle developments in system stability came from the
study of long distance transmission lines. Initially the problems
involved determining the capability of proposed systems for



transmitting a desired amount of power. A more important problem, and
one which is now & better measure of stability, is whether or not a
proposed system will be able to withstand transient disturbances likely
to be encountered in operation. These transient disturbances msy be
; qlassified into three general categories as followst
a., Disturbances resulting from a sudden increase in load.
be Disturbances from switching operations which open cne or

more transmission lines.

¢« Disturbances resulting from system faults.

Definitions

Stability and stebility limit refer to both steady-state and
transient conditions. The American Standard Definitions of Electrical
Terms defines stability and stability limit as follows (1, pe 123):

"Stability, when used with reference to & power system,
is that attribute of the system, or part of the system, which
enables it to develop restoring forces between the elements
thereof, equal to or greater than the disturbing forces so as
to restore a state of equilibrium between the elements.

") stability limit is the maximum power flow possible
through some particular point in the systea when the entire
gystem or part of the system to which the stability limit
refers is operating with stability.”

Steady-state stability refers to the maximum possible flow of
power through a given point in a system without loss of stability when
the power being transferred is very gradually increased (7, pe 321).

Transient stability, on the other hand, is concerned with maximum



possible power flow through & given point without loss of stability
when the system is subjected to an aperiodic disturbance (4, pe436).
An aperiodic disturbance occurs irregularly, and only at intervals
such that the system regains stabilitly belweeir disturbances. The two
types of stability differ in that transient stability depends on the
nature and severity of the disturbance whereas steady-state stability
does not. Transient stability ic of greater importance because its
limiting value is below the steady-state stability limit.

Stability problems then, deal with the transmission of electric
power between groups of synchronocus machines when the systems are
subjected to disturbances. Actual power systems consist of many
groups of machines, but for purposes ol analysis each group may be
replaced by a single equivalent machine since the machines of any
group tend to "swing™ as & coaplete unit. Using this metnod often
reduces a milti-machine system to a two machine or one machine and
an infinite bus equivelent systems. The factors aifecting the equiv-
alent system are essentially the same as those affecting the actual
system, but the analysis is far less complicated.

The Synchronous Power System

As an example of a synchronous power system, consider Figure 1
which shows the seven essential parameters in the stability problem
(lh Pe ‘&3‘&)0

S
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mechanical and three electrical parameters are as follows:
Prime mover input torque.

Inertia of the prime mover and generaitor.

Generator internal voltage.

System impedance.

l. Generators

2. Line.

3+ Motor.

Motor internal voltage.

Inertia of motor and shaft load.

Shaft load output torques

power that can be transferred between the machines of

is a function of the internal voltages of the two machines,

the angle between these voltages and the total equivalent series

impedance of the systems Current flowing in the field winding of a



synchronous machine creates a sinusoidally varying mmf wave. This mnf
wave in turn, establishes the rotor flux wave, stationary with respect
to the rotor, but travelling at synchronous speed with respect to the
armature, which links the conductors of the armature circuit. It is

this flux linkage with the armature that generates the internal volt-

age of the machines. The internal voltage has a direct angular
relation to the rotor flux wave, and depends on the power factor of

the machine. Thus the angles between internal voltages of the
machines of a power system are also the angles between the rotors
of those machines. Figure 2 shows the relation between some of the
above mentioned electrical :iumtities.

Figure 2. Phasor diagram for the system of Figure l.

Often, it is convenient to represent the electrical portion of
Figure 1 as the four terminal network shown in Figure 3.



Network

f Impedance | l

Figure 3. Four terminal equivalent network for the system
of Figure 1l.

The currents and voltages of Figure 3 may be written as functions
of generalized circuit constants as follows:

ﬁg = lim + Eim Eq. (1)

ig =Gk + DI Eqe (2)

i = aed*
B = Bel®
&
)

- el 2. (3)

Ded ©

From Equations (1) and (2), the generator current in terms of

machine internal voltages is

o0
8 DE
I = _.& -
g€ B
The above equations can be solved for the motor voltage and

Eqe (4)

tie btﬂ‘

current as followss



R = ﬁﬁg ~ ﬁig Eq. (5)
im e '&ﬁg & Kig Eq» (6)
and
E Ik
im » :& - "'.'n Eq. (7)
B B

é"'ﬂ Eqe (8)

For the gemerator

|32|B |EE |eIS
- —%——-—tﬂl—- Eqe (9)

| ZK |EE e~Jd
==&, |g+—&BﬂL— Eqe. (10)

In stability calculations, the item of primary interest is the
ability of the power system to transfer real power during a system
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disturbance. The reactive power is of little interest and Equations
(9) and (10) may be reduced to their real parts.

Pg "~ 33[58-:‘
o0 B
= Re UES |§ - oJ{I Eqe (11)
= |Egzlz- cos(@=p) - Eg?m_l. cos(p+5)

P =Re Lém]

2R

- *
- Ro_—IEm2|§ + —Bgl- o‘J{| Eq. (12)

= -|Em2l§ cos(@=x) + J%I- cos(@-S)

Equivalent ABCD constants for most commonly encountered circuit
configurations are available in many references. As an example, see
those given by Harder (6, p. 327).



EQUAL AREA CRITERIA FOR TRANSIENT DISTURBANCES

Criterion Of Stability

According to Evans and Muller (4, p. 435), the criterion of
stability for electric power systems is as follows:

"A power-transmission system operating under specified
circuit =«nd transmitted load conditions is said to be stable
if, when displaced from these conditions by any small arbi-
trary forces, the system upon removal of these forces
develops restoring forces tending to return it to its original
conditions."

The criterion of stability deals with systems in which dis-
turbing forces are applied and subsequently removed. The engineer
studying stability is just as concerned with the system in which
the disturbing forces are not removed. Such disturbances are load
increases, switching operations and system faults, all previously
mentioned. Each of these transient disturbances may be studied
with the aid of power-angle diagrams which are obtained by plotting
power, in Equations (11) and (12), versus the angle % between
machine internal voltages. Power-angle diagrams are shown in Fig-

ure 4 for the transient disturbances mentioned aboves These dia-

grams are drawn for disturbances on the two-machine power system of

Figure 1.

Equal Area Criteris

The chinging conditions of the synchronous machines of a power

system subjected to a transient disturbance can be understood by a
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thorough study of Tables 1 and 2. Rotor positions of Tables 1 and 2
refer to corresponding points of Figure 4 (a). These tables indicate
that after the application of the disturbance, the machines of the
system will oscillate about the point corresponding to the new system
operating conditions. Resistance of the system will dawp out these
oscillations resulting in stable operation. Both tables apply to dis=-
turbances resulting from switching operations and system faults.
Only Table 2, for synchronous motors applies to the load increase
type of disturbance. On an unregulated power system, generator input
power will remain constant during transient disturbances. The trans-
mission system between motor and generator is unaffected by a sudden
load increase, with the result that the transferred power of the
system remains constant during the disturbance. Under the condi-
tions of constant power and increased load toraue, the only alter-
native is for the entire rotating portion of the system to decrease
its angular velocity. Thus both motor and generator will decelerate
from synchronous speed. If the power system is regulated, the regu-
lation will function to change the generator ;néut torque to supply the
increased demand for power without deceleration of the generator.
Considering Figure 4 (a), if during the system oscillations,
angle © becomes greater than 30, the system will become unstable.
Once this condition occurs, the transferred electric power becomes
less than the power required by the motor load. This condition
causes the angle ® to increase, but in this case, the electric power

decreases causing § to further increase. This process continues



Table 1. Changing conditions for a synchronous generator of a two machine system
undergoing a transient disturbance.

Rotor Generator Electric Stored Machine

Position Speed w Angle © Power P, Energy W Undergoing

at a W= Vg =9, P_<P W=W acceleration
increasing minimun m!nimn% :anregsing

atoe W Wy increasing P‘ ( Ps W > H’ acceleration
increasing increasing increasing

at ¢ W Wy ‘8=$2 P°=Ps W> W
maxcinum increasing increasing maximum

c toe wWHyW increasing P> WO W deceleration
decre!si.ng ﬁermging docrogsing

at e W=w t=8 P.>P W=W deceleration
decregsing mmd.mgm mgx:lnnn?x decregsing

etoc W LWy decreasing Pe > Pg W< W. deceleration
decreasing decreasing decreasing

at ¢ W LW $=9 P = WL W
minimiia docrogaing dzcrea.ging mjnimsn

e to a WL g decreasing Pe & 1='s W< w. acceleration
increasing decreasing increasing

atoc cycle repeats

eCT



Table 2. Changing conditions for a synchronous motor of a two machine system
undergoing a transient disturbance.

Rotor Motor Electric Stored Machine

Position Speed o Angle Power P Energy W Undergoing

at a W= S= % P_<P W=Wu deceleration
docregsing minim%m mZnimng decregsing

atoc W K Ly increasing P. g 8 W< W deceleration
decreasing increasing decreasing

at e &L § =3, Py=P, W W
minimum increasing increasing minimam

c to e W (W increasing PO P WJW acceleration
incregsing iﬂereaging meregaing

at e W= =% P_YP W=W acceleration
im:reg.aing mgx:l.mﬁ incrogsing

etoc AR AN decreasing Pe > Py LD acceleration
increasing decreasing increasing

at ¢ wrwg 8=5, P~ P, U
maxcimum decreasing decreasing maximum

c to a ©rw decreasing Be i Py WD Wy deceleration
decreasing decreasing decreasing

atoe cycle repeats

acT
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until no power is transferred and the system loses synchronism
entirely. Angle Sc is the critical angle of system oscillation.
To maintain stability, a disturbance must not cause % to exceed
this critical angle.

In stability studies, it is helpful to know whether or not the
eritic.1l 'ngle will be exceeded for a given disturbance. Assuming
that the power system under study contains no losses, during a dis-
turbance the kinetic energy released by the system must equal that
absorbed by the system. Also during a disturbance, if the system is
stable the speed of the michines will not vary more than a few per-
cent from synchronous speed, and may be considered as being constant.
From the laws of the mechanics of rotation, which apply to electric
machines, the power produced is directly proportional to the torque
on the machine when the speed of the machine remains constant. Fig-
ure 4(a) could thus be in terms of torque rather than power. Again,
from the mechanics of rotation, the kinetic energy of a machine, in
joules, is the integral of the product of torque expressed in joules
per radian and the time rate of change of the angle in radians through
which the torque zcts. The area under the power-angle diagram
of Figure 4(2) is now directly proportional to the kinetic energy
of the system. Specifically, the shaded area of Figure 4(a) be-
tween ‘81 and 82 represents the kinetic emergy dissipated by the
system during the disturbance. Similarly, the shaded area between
82 and § 3 represents the kinetic energy absorbed by the system. From
the assumption that the kinetic energy released must equal the kinetic
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energy absorbed, the areas abc and cde of Figure 4(a) must be equal.
This method of analysis is known as the equal area criteria of
stability. Using the equal area criteria, the power system of Fig-
ures 1 and 4(a) is stable if the area cde can be located above the
new power level P2, equal to area abec. Similar considerations apply
to Figures 4(b) and 4(c).

The power-angle diagrams of transient disturbances given above
indicate that the system fault condition is the most serious type
encountered. Generally speaking this is true, and most systems on
which s:tability may become a problem, are designed to withstand the
most serious type of fault for which protection is economically
feasible. In the order of increasing severity, the types of faults

and their frequency of occurance are (7, p. 11):

as Single line-to-ground fault. 70%
bs Line-to-line fault. 15%
¢. Double line-to-ground fault. 10%
d. Three-phase fault. 5%

For maximum reliability, the power system would be designed to
withstand a three-phase fault in the worst possible location, but
this is very often economically impractical. Instead, systems are
generally designed to sustain a less severe fault, usually the
double line-to-ground type.

Equal area criteria is a fast and convenient method of handling
stability analysis. The only information required is the power-

angle disgrams and the system operating conditions before, during and
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after the disturbance. Unfortunately, this information often is not
readily available. A second disadvantage to this method is that no
means are easily available for determining the angle at which a fault
must be cleared in order to retain system stability. From a practi-
cal standpoint, faults are not cleared as a function of angular
difference between machine rotors, but as . function of time and
current. Relays :nd circuit breakers used to clear and isolate
faulty sections of a system hive definite operating times and are
independent of =ngular displacement. The solution to stability
problems thus resolves into finding a relation between the angular

displ:cement of machine rotors and time.
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THE SWING EQUATION AND ITS SOLUTION

When torque T is applied to a particle, the particle experiences
angular acceleration. If the particle has a differential mass dm,

the tangential force required to accelerate it is

dF = rodn Eq. (13)
This force acts with a lever arm r to produce torque.

ar = rodn E. (14)

The torque for the entire mass is obtained by integration of
Equation (:ub)o

T = ajrzdm
=X Eqe (15)

The laws of rotation apply to synchronous machines and Equa-

tion (15) may be rewritten as
2
Io=148 =7 Eqe. (16)
dt? a

where T, is the net torque acting on the machine ineluding shaft
torque due to the generator prime mover or motor load, torque from
mechanical and electrical losses, and electromagnetic torque.
Letting Ty be the shaft torque and T the electromagnetic torque,
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each corrected for losses, the net torque will be the difference of
the two.l The torques are positive for generator action, mechanical
input and electrical output, and negative for motor action, elec~
trical input and mechanical output. For steady-state conditions, the
torques are equal and the net torque is zero. Under transient con-
ditions, the net torque is not zero and is available to produce
acceleration or deceleration of the machines. The net torque is
either a positive or negative accelerating torque and Equation (16)

may be written as

2
1::3='ra=ri-T° Eq. (17)

The problem now is to solve Equation (17) for machine rotor
angles asa function of time. However, the torques of electric
machines are not easily measured. A more convenient quantity to use
is power, which is related to torque by the angular velocity of the
machines Multiplying Equation (17) through by angular velocity yields

2
'Iog;-g =Tw =Tw =T Eq. (18)
By definition, Iwis angular momentum, and torque times angular
velocity is power. Substitution of these quantities into Equa-
tion (18) results in

2
}§;§=P3=P1-P° Eq. (19)

l. These losses are inherent in the system and include bearing
and friction losses, windage losses and various core and
copper losses of the equipment.
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The net power Pa. is the difference between shaft power and electric
power, and is available for accelerating the machine rotore Pa will
subsequently be referred to as accelerating power.

For any machine in the system, angle © is the angular position
of the rotor at any given time measured from a fixed space reference
and is continuously changing quantity. It is more convenient to
measure the angular position with respect to a synchronously
rotating reference axis. For this purpose, let

C] ==wst T 9 Eq. (20)

where wgt is the synchronously rotating reference axis and % is the
angular displacement from that axis.
Taking derivatives of both sides of Equation (20) with respect

to time yields
4o - "
& a '&i? Eq. (21)
and
2 2
g—g = g——g. m. (22)
dt dt

Substitution of Equation (22) into Equation (19) results in a
relation between the internal voltage angle of a machine and time
known as the swing equation in which M now is known as the inertia

constant (6, ps 22).

2
uﬂ:%=raapi-x>o Eq. (23)
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Thus far, no units have been specified for any of the egquations
leading up to the swing equation. In most power system work, power
is expressed in megawatts. It is also common practice to express
power in per unit notation. Angles are normally in electrical
degrees, and seconds are most frequently used as time units. The
solution of Equation (23) for M is

M= ch (210)

B

which in units becomes
2

M= -
electrical degree

= megajoule-second ’
electrical degree B, (25)

When the per unit system is used the units of M are

2

= Rer unit power-seconds
5 electrical degree Eq. (26)

In rotational mechanics, M is the angular momentum of a
rotating body, When used in power system calculations, M is known
as the inertia constant. This constant is not usually known or
given for a machine, and hence must be computed. Often, a manu-
facturer will specify the moment of inertia WR?, and the speed n, of

the machine. The stored kinetic energy of the machine is

KE = lznxuz Ea. (27)
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In terms of the given machine constants, the kinetic energy in mega=-
joules is given by (6, ps 23)

2 ; 2
KE=%%xlO'6x%x§n;:-2-x[%n] Eq. (28)

The kinetic energy of a rotating machine may alsc be written as

KE == Mw Eq. (29)

ST

w = 360f electrical degrees per second.
Bquation (29) reduces to
KE = 180 Mf Eq. (30)

Substituting Equation (30) into Equation (29) and solving for M
results in

M==%§%x10'6x-l-xgg—2- [ﬁaﬂ]zxﬁ? Eq. (31)

=l.28x10°6xm§n-

Equation (31) is useful when the machine constants are known.
Frequently they are not and the evaluation of M is impossible with
the equation as given. The moment of inertia WR® and consequently
M vary over a wide range and depend on the particular machine being
considered, so that no aversge or mean value of M can be assigned.

It is now convenient to introduce another inertia constant H, such
that it is equal to the stored kinetic energy of the machine in mega-

joules divided by the machine rating G in megavolt-amperes.



23

= kinetic energy of machine
. megavolt-ampere rating G Eq. (32)

or

GH = KE . Eq. (33)

Substituting the kinetic energy from Equation (30) into Equa-
tion (33) and solving for M gives

X -5 Bi. (34)

Machine rating and frequency will most always be known. The
inertia constant H has the advantage of being nearly constant for a
particular type of machine throughout the range of power ratings in
which the machine is manufactured. Figure A-1 (8, p. 189) of the
appendix shows some typical values of inertia constants for generators
that may be used if the specific constants required in Equation (31)
are not known. For synchronous motors, a value of 2,00 may be used
for the inertia constant H (7, p. 327).

Solution Of The Swing Fauation

Having computed the value of M by either of the methods just
discussed, the swing equation can be solved. The mathematical
solution involves elliptical integrals so that generally the only
feasible method of solving the swing equation is by making a point-
by-point solution. This method is carried out by assuming one or
more variables of the swing equation to be constant during a small
interval of time At in order that the change in angular position
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of the machine rotor can be computed during the interval, New values
of the assumed constants are then computed and used with the next
interval of time.

A first assumption is that if the power system is stable, the
prime mover input power to the generator remains constant throughout
the transient disturbance. This is permissible since the prime mover
is governor controlled, and governors are inherently slow acting.
During a transient disturbance, a govu'nor' will hold the generator
input constant for approximately three fourths of a second (6, p. 5)
or about 45 cyeles, which is roughly ten times as long as a cireuit
breaker requires to clear a fault. In addition, governors are not
sensitive to speed changes of less than one or two percent. Unless
a power system loses synchronism entirely, its machines will not
change much more than this amount under a transient disturbance.
Constant shaft torque may, however, necessitate a change in system
frequency.

The point-by-point solution of the swing equation gives values
of 5 as a function of time. It is customary to plot a curve of %
versus time, such a curve being called the "swing curve.,"” If the
swing curve indicates that after reaching a maximun, the angle
starts to decrease, the system is considered to be stable and that
the oscillations around the equilibrium point will eventually damp
outs. Not only does the swing curve indicate whether or not the
system is stable, but it provides a basis for estimating the margin
of stability.
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The point-by-point solution of the swing equation consists of
two processes that are alternately calculated. First is the com-
putation of the angular positions of the machine rotors at the end
of a given time interval from a knowledge of the rotor positions at
the beginning of that interval. The angular velocity is assumed
constant throughout any interval at a value computed for the middle
of the interval. Secondly, the accelerating power of each machine
is computed for each interval from the angular position of the
rotor during that interval. The assumption is made that the
accelerating power remains constant from the middle of the pre-
ceding interval to the middle of the interval concerned. This
assumption is a closer approximation to the true accelerating power
than would be obtained if the accelerating power was assumed con=-
stant throughout the interval. Figure 5 will illustrate these
relationships (7, p. 343).

None of the assumptions made are exactly true, but if the time
interval is made small enough, the assumptions approach the actual
values, If the nth interval of Figure 5 between t = (n-1)At and
t = nAt is considered, the angular position at the beginning of the
intmai is §,.; and the accelerating power Pa(n-l) is constant from
t = (n=3/2) At to t = (n-1/2)Ate. The change in angular velocity,
which is constant throughout the nth interval, will be given by
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Figure 5. Actual and assumed values of P,,w and € as a

funetion of time; point-by-point calculation.
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QOCp1/2 = “p=lf2 = “n-3/2

2
dt

= aln=1)
W o Ege (35)

The angular velocity for the nth interval then becomes

“n-1/2 T “n-3/2 +A('Jn--1/2 Eq. (36)

The change in rotor angular position which is the produet of

veloecity and time is

AS =W 1/2At Eqe (37)

n n-

and the angular position at the end of the nth interval will be

8n N Sn--l +ASn

=Sn—l " Qn‘-l/zat

= § + (@

n-1 n-3/2

P
= ot 2
Spet  Cpezjplt * SEAUADE Ba (38)

n

+A(.>n_l/2)at

By analogy with Equation (37)

AR AL Eq. (39)



Equation (38) now reduces to

P
§ =8  *AS .+ -ﬁiigﬁ'-l(zst)2 Eq. (40)

n n=1
Substitution of Equation (38) into Equation (40) and solving for
the change in rotor position during the nth interval results in

§ =8 =
An n Sn-l'

P
o | +-28ll(ng)? Eqo (41)

Equation (41) is the basic equation in the solution of the swing
equation, and shows how to obtain the change in rotor position for a
given time interval when the value for the previous interval is
known. If the angular velocity of the machine for the nth interval
is desired, it may be obtained from the following relation:

Sers ~ AR Ba. (12)
Evaluation of Equation (41) is best done in tabular form.

Table 3 is typical of the type that might be used in a stability
study. It should be kept in mind that Table 3 is for a system con=-
taining one machine and an infinite bus, or for one machine of a
multi-machine systems If more than one machine must be analyzed,

a separate table of calculations must be made for each. Also, the
change in rotor position during a particular time interval must be

computed for all machines before the next interval is considered.
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When a transient disturbance occurs, there is a discontinuity
in the accelerating power. Immediately before the disturbance, the
accelerating power is zero, while immediately after, it has a finite
values The accelerating power now has two values at the beginning
of the first time intervals, The assumption that the accelerating
power remains constant from the middle of the previous interval to
the middle of the interval being considered, requires that one
value of accelerating power be used. Therefore, an average accel-
erating power is used as shown by the computation in Table 3. When
the discontinuity occurs in the middle of 2 time interval, no
special procedure is required since the accelerating power is
assumed to change at the middle of the interval. Should a discon=
tinuity occur other than at the beginning or middle of an interval,
a weighted average of the accelerating power should be used. This
will seldom be necessary as the time interval is usually taken small
enough that the discontinuity may be assumed to occur at either the
begimning or middle of the interval without introducing appreciable
errore. Usual values for the time interval are 0,05 and 0,10 seconds.
In general, a time interval is chosen so that the angular change in
rotor position does not exceed twenty or thirty degrees in any one
time interval, If the angular change is greater than this amount, a
smaller time interval should be chosen. To illustrate the point-by-
point method of solution of transient stability problems, the

following example is presented.
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Corputation sheet for power system stability studies.
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Example One

The single machine and infinite bus system shown in Figure 6 has
the following characteristics.

Sending End TF D_Receiving&xdg
@ % 2 - 66Kv Lines é :
% 50 Miles % E
Iy} gl 2

& o & 8

FPigure 6, Single-machine system of example one.

Transmission Lines:
Two circuits in parallel, 50 miles long, 10 foot flat
spacing, 12.6 foot equivalent delta spacing. Conductors
are 250,000 circular mil, copper. Distance between lines
is 40 feet and the conductors are transposed. Fifty mega-
watts unity power factor are delivered to the infinite
receiver systems Normal voltage is 66Kv.

Sending End:
One 60 Mva, three-phase, 60 cycle waterwheel generator
Unsaturated synchronous reactance: Xy =6348%
Rated current transient reactance: X§ =25.4%
Inertia constant (Mw-sec/Mva): H =3
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Transformerss
One 60 Mva, three-phase, 60 cycle bank connected as shown
in Figure 6, at each end of the transmission lines.
Reactance = 8%.
Receiving End:
Low=voltage side of receiver transformer connected to an
infinite inertia system. Receiver low-voltage bus fixed
at 95% of normal voltage.
Transient Disturbance:
A three-phase fault at the midpoint of one line. Circuit
breakers at each end of the faulted line isolate the fault
simultaneously. The circuit breakers do not reclose.
Neglecting system resistance, calculate and plot the swing
curves for a sustained fault and for fault clearing in
0.15 seconds.
The problem will be worked using the per unit system with base
values of 60,000 Kva and 66 Kv for the three-phase system. The
solution of the problem is given in the appendix, with the results

of that solution shown in Figure 7.
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015 Seconds
50
o | 1 | | | 1 |
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Time - Seconds

Figure 7. Swing curves for the single-machine system of
Example One.
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THE A-C NETWORK SIMULATOR

General Design Features

The solution of the single machine example presented here
involves a certain amount of network reduction and a large share
of hand calculations in the point-by-point computations. Two
machine problems may be handled without much more effort, but if
more than two machines are to be analyzed, the amount of work
becomes exceedingly griat. “l'ho use of an alternating current net-
work simulator will greatly reduce the labor involved in the solution
of power system stability problems. The design of the network cal-
culator is such that all essential elements of a power system can be
reproduced in a miniature replica. Using multipliers and conversion
factors, the various parts of the system are represented accurately
in proportions suitable for observation and measurement. The majority
of the network calculators now in use have resistive, inductive and
capacitive elements that are used to represent transmission lines
and other system impedances. The network simulator presented in this
thesis uses resistance units to represent power system impedances.
The resistance network simulator was originally developed by
Mr. Waldo E, Enns to solve system power flow and voltage problems
(3, po 96)s? This simulator was somewhat limited in its operation.

2., Mr. Enns is presently Chief Systems Engineer of the Portland
General Electric Company, Portland, Oregon.
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Network impedances between voltage buses had to be reduced to equiv~
alent circuits for use on the simulator since it was not possible to
connect impedance units in series. Because the simulator was de-
signed specifically to study the steady-state power system, the phase
angles of all bus voltages were limited to approximately 20 degrees
lead or lage. Transient stability problems involve large angular
swings of machine internal voltages and thus could not be repre-
sented on the originél network simulator. Investigation of power
systen transients requires voltage sources with phase angles which
are adjustable between zero and 180 degrees lead or lage

The network simulator presented in this thesis, and based on the
principle of Mr. Enns' original simulator, is designed to study power
systems under transient conditions. The limitations discussed above
have been eliminated in this design, with the result that the net~
work simulator may be used for investigating steady-state power
systems as well as those involving transients. Little or no net-
work reduction is necessary if the power system does not exceed the
capacity of the simulator. Resistance units are so arranged that
they may be connected in series to represent the various portions of
the impedance network of the power systems Bus voltage units are
connected to either positive or negative potential sources, measured
with respect to a neutral bus. In this manner bus voltages may be
adjusted to any leading or lagging phase angle from zero to 180
degrees. This feature is discussed in more detail in the section

entitled Bus Units.
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In recent years, digital computers have played an increasingly
more prominent role in the analysis of electric power systems.
These computers have enough capacity to analyze most power systems
with high speed and accuracy, and therefore have become a valuable
tool to the power system engineer. Often in power system design and
analysis, it is necessary to make many changes in the system in
order to obtain the desired power transfer or proper handling of
transient disturbances. System changes, when using digital com-
puters, involves extensive reprogramming and a large consumption of
time. Analog network simulators have the advantage that changes in
the system under study can be easily made. These changes involve
simply a change of impedance connections on the simulator or a
change of bus voltage, and are accomplished in a few minutes.
Because all system changes can be made directly on the analog sim-
ulaﬁor, it is much more convenient to use than the digital computer,
although accuracy of measurement is somewhat sacrificed. The
resistance analog network simulator presented in this thesis is
based on the following theory (2, pe 1-4).

Theory Of The Network Simulator

Current and voltages of the power system of Figure & may be

represented by the phasor diagram of Figure 9.
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Figure 8. Two-bus system for illustrating network simulator
theory.

The positive direction for power and vars will be taken when
these quantities flow from a bus into a line.
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Figure 9. Phasor diagram for the system of Figure 8.
Power flow at each bus of Figure 8 is given by

3 -kt B (43)

8. ~&L Eq. (44)
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The current in the system is

=(v_G+Vv_ B +J(V G-V _ B) Eq. (45)

For convenience in operating the network simulator, two new
quantities, M and N are introduced such that

2
i geg =y B (46)
N=3 Tin%i Eq. (47)

Substituting these values into Equation (45) results in

Vv +V -V
i =(_21.:a _QL—_%>+3(ZQJ.:% .21.:3) e (4}
1-2 M N M N
which has as its real and reactive components of current
v v
= Li=2  Ql=2 Ea. (49)
v Vv
1 — L S . ] Eqe (50)
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Positive power at bus 1 is given by

5, =81,

= (B * 3B) Ty 5 = 3T)

o ) -

v v v v
+J[EQ1< M " N >- EPl( M N )] e 00

The real and reactive components of power at bus 1 are

' v v
I (ZP.L-_2.+_QJ.:£>+;(_QJ.-_2-.ZJ.:&) wi; (52)
1 Pl\ y N A\ x N

Q =E (Zﬂ:&+zglﬁ>+n (Zﬂlﬂ-zzl:&) Eq. (53)
1 @\ x N A\ M N
The positive power and vars at bus 2 are given by the same type
of eguation as those used at bus 1, but with the signs reversed
since iz-l - -il- » The voltages are the rectangular coordinates
of the bus voltage Ej.

v v V
P - _En(‘.’zfa . .Qi:!) i qu(.gl:‘.-_z _ _zi.:g) B (36)
LV v Voy-2
%" _E@Cu ’ N >+E"2< M N ) Ba+(35)

All of the quantities that appear in the above equations for
power and vars are scaler numbers. Electrically they could be

represented by direct voltages and resistances, but for convenience



they are represented on this network simulator by single-phase

alternating voltages and resistors. Four resistors and four voltage
units are required to represent a single series impedance with a bus
at each end. Figure 10 is the network simulator equivalent circuit

for such an impedance.

M R
~AAN—
" Ay Bea | B
M S
~\V\ o
E
QL N ID EQZ
— AN s

Figure 10. Network simulator equivalent circuit for power
system impedances.

The line currents of Figure 10 are

E_-E v
IA=.2LK_ZQ=..%:.2. Eq. (56)
I = O B (57)
N N
E_~E v
Ic=.QlT_QZ.=_QlIi:.2. Eq. (58)
E_ -E_ V
1D=-9Li—ﬂ&=-9§=3 Eq. (59)

Substituting Equations (56) to (59) into Bquations (52) to (55), the

expressions for power and vars become



Pl = EPl(IA + ID) + EQI(IC ~ IB) Eq. (60)
Q1 - EQl(IA + ID) - Epl(Ic - IB) Eq. (61)
P, = ~Epy (T, + Ip) = B, (Ty = Ip) Eq. (62)
Q, = .EQ2(IA + ID) + EPZ(Ic - IB) Eq. (63)

The current combinations are made with three winding current
transformers .nd the multiplications and sums are made with a two
element wattmeter.

The network calculator is designed to use the per unit system,
thus values of M and N must be expressed in per unit of the base
impedance of the computer. Base values of voltage and impedance for
the calculator have been selected as 75 volts and 2500 ohms, Base
current is then 30 milliamperes, and base power becomes 225 volt-

amperess,

As the mathematical development has shown, the operation of the
analyzer is based on the principle that an impedance can be accurately
represented by four resistors (3, ps 96) properly connected to direct
and quadrature components of terminal voltages. When these voltage
components are connected to the buses of the system under study, the
need for actual generators and loads is eliminated because the power
flow in each circuit is defined by the circuit constants and terminal

voltages. The power load or generation at any bus is the algebraic
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sum of the power flowing in all the circuits comnected to that bus,
Var flow is determined in a similar manner., Figure 1l is a sim-
plified schematic diagram of the network simulator showing one cir-
cuit connected between two buses. This illustrates the measurement
of power and vars at bus 1.

Two element, three-phase wattmeters connected as shown in
Figure 1l will read separately the real and reactive power flow at
bus l. The calculator discussed here, however, uses a single watt~-
meter and a double-throw switch labeled "P-Q" that changes the
potential circuits from the watt (P) to the var (Q) connection.

A second double-throw switch reverses the polarity of the watt-
meter potential circuits and is used to indicate the direction of
power and var flow with respect to the bus being metered. This
switch is labeled "Qut=In.”" The "Qut" position indicates the posi~-
tive direction of power or var flow, while the "In" position
indicates negative flow. Thus, both real and reactive power flow

are measured with the same instrumentation.

Bus Units The solution of Example One indicates that in order to
solve stability problems on a network analyzer, it is necessary to
have continuous phase adjustment of bus voltages from zero to 360
degrees. Each voltage unit of this analyzer consists of two 0.165
Kva, 120/0-132 volt, l.25 ampere continuously variable autotrans-
formers which represent the in-phase and quadrature components of
bus voltage. Power is supplied to all voltage units by a 1.5 Kva,
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120/240 volt, single-phase power transformer. The secondary of this
transformer has a grounded center-tap which is used as the reference
bus throughout the calculator. The two remaining secondary ter-
minals have opposite polarities with respect to the grounded center-
tap, and are used as relative positive and negative voltages sources
for the analyzer. The common connection of each autotransformer is
grounded. The other side of the primary winding is fused and may be
connected through a three position switch to either the positive or
negative voltage bus. The autotransformer secondaries are inde-
pendently adjustable in magnitude, from zero to l.75 per unit volts.
Therefore, the voltage at any bus may be adjusted within the spec-
ified limits, to any desired magnitude and phase angle.

Because each bus voltage is represented by direct and quad-
rature components, the question may arise as to why a two-phase
voltage supply is not used. First, the voltage components only
represent direct and quadrature voltages and are not 90 degrees
displaced but actually in phase. Each of the component voltages
is initiélly impressed on a separate circuit and later combined
with the proper calculator currents to represent power and var flow.
A two-phase voltage supply would introduce an unwanted 90 degree
phase shift in the calculator resulting in erroneous power measure-
ments. This is evident if one examines Equations (60) to (63) for
power and vars in which all quantities are scalers without asso-

ciated phase angles.
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Having adjusted the bus voltages of the network simulator to
the proper magnitudes and phase angles, it is now necessary to
measure the power and var flow and the voltage at any desired point
in the system being studied. The primary requirement when inserting
instruments into the calculator circuits is that they must draw
negligible power from the circuits.

WM The direct and quadrature components of
bus voltage are measured using two identical measuring schemes. The

voltage measuring circuits may be insertod into the power system at
any desired bus, or into any circuit connected to a bus. The bus
.a.election is relay operated and controlled by a single on~off
;ogglo switch. m; witch and th.o associated relays are provided
for each bus in the calculator. The individual circuits to be
measured are push button selected, and another push button is pro-
vided to measure the entire bus. When any particular bus in the
systen is being measured, a 15 megohm resistor in series with a 75
thousand ohm resistor is connected between each of the component
buses and ground. Voltages proportional to each component voltage
are taken from the 75 thousand ohm resistors to ground and conducted
through shielded cables to voltage amplifiers. The voltage ampli-
fiers have gains of approximately 23 when used with the 16 ohm
termination. The output voltage of the amplifiers is fed to
impedance matching step-up transformers with impedance ratios of
16 to 5000 ohms. The 5000 ohm terminals of these transformers are
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connected to either the direct or quadrature voltmeters and to the
watt-var selector switches. The two voltmeters are direct-current
instruments and are equipped with external, selenium, full wave
bridge rectifiers. The voltmeters and the watt and var potential
circuits each have approximately 5000 ohms resistance to match the
secondaries of the step-up transformers. In order to maintain a
gon~d impedance match between components, the voltmeters and the
watt-var potential circuits cannot be connected to the step-up trans-
formers at the same time. The voltmeters indicate only when the
watt-var meter is switched off. The meter switching is done with the
watt-var selector switch.

If the portion of Figure 11, between the Ep; and Ep, buses is
redrawn as the equvalent circuit of Figure 12, the power loss due
to the voltage measuring circuit may be investigated.
AN~

- +

PIRC %

Figure 12. Equivalent circuit illustrating method of
voltage measurement.

Resistance B’L is the equivalent resistance between buses, denoted
as M and N on Figure 1ll. The resistance of each current transformer
is 3.2 ohms and is small enough to be neglected. R is the 15
megohm resistor for the voltage metering system. The 75 thousand
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ohms resistor in series with the shunt branch is small compared to
15 megohms and can also be neglected. The loop equations for the

voltages of Figure 12 are:
B = RI * R, Bae (64)

EPZ - zul T RI, + RL12 Eq. (65)

Equations (64) and (65) can be solved for the loop currents L and

12, the sum of which is the current IR through the shunt branch.

e
e S S W PR - e )
R R, R R, R
-R Ea. (66)

The current flowing in the shunt branch is a function of the
applied voltage at the bus being measured, and is independent of
power system impedance parameters since R is constant. The voltage
at any particular bus will commonly be in the range of 0.80 to 1.20
per unit. If the voltago~EP1 of Figure 12 is 1.10 per unit, the

shunt branch current is

IR 15 x 10" ohms
= 5,5 microamperes Eq. (67)



The power drawn by the shunt branch is

P=l§ﬂ
= (5.5 x 10~°)? x 15 x 10°

= 0.454 milliwatts Eq. (68)

A typical value of EPZ is 1,00 per unit volts while RL will vary
throughout the range of 0.10 to 2.00 per unit impedance. The power
transferred in the series branch of Figure 12 for the assumed limits

of line impedance is

Pmax=|: 0.10 pu x 2500 ohma,pu ﬂ
2
Led

= 225 milliwatts Eq. (69)
2
& m&_-_mm.uu?wm]
min 2.0 pu x 2500 ohms/pu
2
= Lad.
5000
= 13,25 milliwatts Eq. (70)

Throughout the range of RL' the transferred power is much larger
than the power drawn by the shunt branch of Figure 12. Hence, the
voltage measuring circuits are a very small burden on the circuits
of the calculator.
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The current measuring circuits of Figure 11 are over simplifi-
cations of the actual circuits. The secondary of each three-winding
current transformer is connected to a current amplifier which has
both gain and phase adjustments. The amplifier outputs are each fed
into other current transformers having turns ratios of 40 to 1. In
turn, each of these transformer secondaries is connected to one of
the watt-var meter current coilss The over-all gain of the current
instrumentation circuits is approximately 90, and is adjustable from
the control panel of the calculator by 50,000 ohm and 2,000 ohm
variable resistors connected in series across the secondary winding
of each three-winding current transformer. The primary windings of
the three-winding current transformers are rated at 3.2 ohms or
0.00128 per unit impedance each and are negligible compared with
any circuit impedance which might be used. The burden of the current
measuring circuits is thus very small and does not influence the

power transfer of the system.

W The network simulator is designed to have a
capacity of 60 buses and 92 circuits. Fifty of the buses have a
capagity of four circuits, the remaining ten buses have eight eir-
cuit capacity. Bach circuit represents a power system impedance
guch as a transmission line or generator reactance and is repre-
sented on the calculator by four resistor units, two of which are

M units and two are N units. Each unit is a 0-5000 ohm continuously

variable resistor of the wire-wound type and has a power rating of
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three watis. Wire-wound resistors were chosen rather than com-
position type because of better stability characteristics. Pre-
liminary investigation showed that the wire-wound resistors had a
resistance variation of one to four percent depending upon the
initial setting. | Composition resistors were found to vary between
two and one half and four percent of their initial values. The
temperature-resistance characteristics of the samples were deter-~
mined by comnecting a one and one half volt battery to each for a
period of 30 minutes and noting the change in resistance during
that period, Resistance was measured before and after each test
with a resistance bridge, and the cumulative resistance drift was
displayed on a dual-trace oscilloscope. After a period of 30
minutes, the wire-wound resistors appeared to have stabilized,
whereas the composition type had note The circuit used and the
data taken are given in Appeéndix C.

On a per unit basis, each of the resistance units is adjustable
between zero and two per unit. In series with each unit is an opemn
eircuit which must be jumpered with a wire having banana plugg; on
each ends The purpose of this jumper connection is three-fold.
First, it provides a quick and accurate check on which resistance
units are in use. Secondly, in some studies only reactance com-
ponents are used. These components correspond to the N resistance
unitss By leaving the M units unjumpered in such a study, there
is no chance that they can be accidently connected into the circuit

and result in false readings of power or var flow. Finally, it may
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be found necessary to occasionally use values of M and N greater than
the two per unit available in each resistor unit. The jumpers
provide a means of connecting extra resistors in series to obtain
the proper values of the circuit constants.

To provide maximum speed and convenience in setting up pro-
blems on the analyzer, two modified Strowger step-by-step connector
switches are used to connect any of the 92 eircuits to an ohmmeter
for setting the M and N constants, The switches, operated by a
‘modified telephone dial, are connected one on either side of the
circuit being measured. Each switech has two banks containing 100
sets of two contacts. The banks are semicylindrical in form and
are mounted one above the other with the sets of contacts arranged
in ten horizontal rows. The two contacts of each set are placed
vertically with a thin insulator between them. Each bank has a
pair of spring wipers which may connect to any of the 100 sets of
contacts. The two pair of wipers of each switch are arranged on a
vertical shaft so that when the upper pair is raised to a given
level on the upper bank of contacts, the lower pair is raised to
the corresponding level on the lower banke The four wipers of
each switch have 100 possible positions and at each position they
are connected to four contactss Ninety-two of these positions are
occupied by the analyzer circuits. The four contacts of each
position correspond to the two M and two N resistance units of each
circuits The circuits have been assigned numbers from Ol through
92 and each may be selected by dialing the appropriate number.
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The spring wipers of each switch are connected to an auxiliary four-
position switch which allows independent measurement of the four
resistance units of the circuit. The auxiliary switches are
operated with a single push button. Another push button returns
both Strowger switches and the auxiliary switches to their normal

unoperated positions.

System Fault Panel System fault studies on the network simulator
require that the system can be short circuited to the neutral bus
at any desired point. A separate shorting panel provided for this
purpose connects the fault point to the neutral bus through a four-
pole single~throw switch. The panel is designed to be used with
two circuits connected in series. It is inserted in the circuit to
be faulted, with one end of the shorting switch between the resistor
units of the two series circuits. The resistors are then adjusted
to place the fault in the desired location in the circuit. Terminals
are provided on the shorting panel for connection of external resis-
tors when it is desired to study faults through impedances.

Complete circuit diagrams of the network simulator and its

component parts are found in Appendix D.

Stability problems are solved on the network simulator by con=
sidering them as a set of simultaneous equations under successive

steady-state conditions. The system under study is first reduced
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to a common base and normally set up on the basis of the positive
sequence network. Each machine internal voltage is connected in
series with its transient reactance. The system is connected on
the network aimlatbr for conditions prior to the disturbance.
Values of machine internmal voltages, power flow and machine rotor
angles are recorded at each bus in the study. Real power at each
bus of the system prior to the disturbance is assumed to be the
mechanical power at that bus. Internal voltage magnitudes of the
machines are held constant throughout the study, with only the
phase angles of these voltages allowed to change. Initial phase
angles of the machine voltages are the normal power system phase
angles, and departures from these angles are calculated from the
real power and dynamic characteristics of the machines.

When the operating conditions of the system prior to the
disturbance have been properly connected on the network simu=-
lator, the transient disturbance is applied at the desired point
in the system. Machine voltages and phase angles are adjusted to
their pre-disturbance values and the new power at each bus is
read. The difference in the power before and after the distur~
bance is applied is the accelerating power available for changing
the angular position of the machine internal voltages. From
the relations between machine inertia, change in power and time
interval, the angular change of each machine rotor is calculated.
The simulator bus voltage angles are then shifted to the new values.
The procedure is repeated for the next interval, and continued
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until the system is proven either stable or unstable for the con-
ditions being studied.
To illustrate the network simulator solution of transient

stability problems, the following example is offered.

Example Two

The two machine power system of Figure 13 has the following

characteristics.

Aﬁé_l:_ R + jX _@/A

Figure 13. Two-machine power system of Example Two.

All values of impedance are expressed on a 50 Mva, 33 Kv base.
Transmission Lines:
Two cireuits in parallel. The power delivered at the
receiving end is 0.75 per unit at unity power factor and
one per unit voltage. Normal voltage is 33 Kv. BEach line
is assumed to have the following impedances:
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a. 0 + jO.75 pu.
be 0453 + jOu53 pu.
ce 0475 + JO pu.
Sending End:
One 100 Mva, 13.8 Kv, three-phase, 60 cycle waterwheel

generator.

Rated current transient reactance: xc'l = 15%

Inertia constant (Mw-sec/Mva)s H=3
Transformerss:

One 75 Mva, three-phase, 60 cycle bank at the sending end,

connected as shown in Figure 13.

Reactances X = L.66%

One 50 Mva, three-phase, 60 cycle bank at the receiving

end connected as shown in Figure 13.

Reactance: X=17%
Receiving End:

One 50 Mva, 13.8 Kv, three-phase, 60 cycle synchronous

motor.
Rated current transient reactance: Xa = 25%
Inertia constant (Mw-sec/Mva): H=2

Transient Disturbance:
The system is initially operating with both transmission
lines in service. One line is then opened by circuit
breakers. For each of the transmission line impedance
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conditions, calculate and plot the swing curves of the
power system.
The data obtained from the simulator and the associated cal-
culations are given in Appendix E. Swing curves of Example Two are
shown in Figure 1.

Synchronous Condensers

Synchronous condensers are over-excited synchronous motors
used primarily for power factor correction. These condensers
operate without mechanical shaft torque, and under steady-state con-
ditions, do not draw power from the system except to overcome
losses. Being over excited machines, they draw a leading current
and thus act 2s capacitors. In power system studies, the syn-
chronous condenser is often represented by a static capacitor.

Most commercial network analyzers make this replacement since the
synchronous condenser is generally small compared with the motors
and generators of the system. Because the condenser is small, its
inertia will also be small and will not influence the stability of
a power system to any great degree. If the condenser is large
enough to be of importence in stability studies, it is treated as
any other synchronous machine. That is, it is represented as an
internal voltage in series with its transient reactance. Initially,
only reactive power flows in the condenser, but under transient
conditions, real power will also flow.



Figure 1l4. Swing curves for the two-machine system of
Example Two.
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The network simulator presented here has no provision for
representing capacitance. Therefore, condensers must be repre~

sented as synchronous machines, and analyzed in the same manner.

ator ati

Voltage instrumentation circuits of the network simulator re-
quire half an hour or more to thoroughly warm up and stabilize.
During this warm up period, the input voltage to the amplifiers
decreases about ten percent indicating a positive temperature
coefficient of resistance of the voltage measuring resistors. These
resistors are one watt carbon resistors with plus or minus five
percent tolerance. Precision resistors of a higher power rating
would help to eliminate voltage drift. If, during the warm up
period, the bus voltage is increased to compensate for the drift
in the measuring circuit, the current flow through the simulator
circuits will increase. This results in too much current at the
terminals of the wattmeter and an incorrect power measurement., The
present procedure to counteract voltage drift during warm up is to
change the measuring resistors. Fixed resistors of the type pre~
viously mentioned are provided for this purpose in a range 12 to
18 megohms. Clip leads are used to make the connections between
the resistors and the input terminals of the voltage amplifiers.

The instruments used in the network simulator have scale
divisions of 0.05 per unit, and can be read only to two places

with accuracy. The over-all accuracy of measurement is within ten
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percent of actual values. Example Two presented here was checked
by hand caleculation. The value of electric power obtained from
the simulator in no instance varied more than ten percent from hand

calculations, and in most cases the error was about five percent.



CONCLUSIONS

On electric power systems consisting of more than two machines,

stability analysis without the aid of a network simulator is very

difficult and tedious. Some of the advantages of a network sinu=-

lator include:

ae

b.

Ce

de

Little or no network reduction is necessary, provided the
power system to be simulated does not exceed the capacity
of the simulator.

Initial system operating conditions need not be computed,
but may be obtained by a steady-state study on the
simulator.

Load changes, switching operations and symmetrical three-
phase transient disturbances may be applied on the simu-
lator just as they are on the actual power system. These
disturbances employ only the positive sequence impedance
network. To study unbalanced system faults, the negative
and zero sequence impedance networks must also be used.
The number of steps in the point-by-point solution of
stability problems is greatly reduced. The simulator reads
directly the electric power, from which are computed the
accelerating power and angular change of the machines of
the system.
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@+ The simulator can be used as a design tool for electric
power systems. In this respect, it has a decided advan-
tage over high speed digital computers.

The network simulator has been designed to have a capacity of

60 buses and 92 circuits. Half of the 92 circuits connect directly
through relays to the metering bus of the simulator and are used
when a single impedance is connected between buses. The other 46
circuits have Cinch-Jones plugs on both ends and may be connected
in series to represent the various portions of a power system imped-
ance. These circuits have no connection to the metering bus, and
when used, must have as the terminating unit, a circuit which does
connect to the metering bus.

Fifty of the buses are designed to have a maximum of four c¢ir-
cuits connected to them. The remaining ten buses have a capacity of
eight circuits each. The simulator is presently in the construction
stage, and contains only enough buses and circuits to study two-
machine power systems.

The network simulator is based on the principle that an imped=-
ance can be represented by four resistors if they are properly
connected to in phase and quadrature magnitudes of the voltages at
the terminals of the impedance. Connecting these voltage components
to the buses of the system eliminates the need for actual generators
and loads because the power flow in each circuit is determined by
its constants and terminal voltages.



Wire-wound resistors were chosen for the simulator circuits
because of their resistance stability under temperature changes.
The units selected are continuously variable from 0-5000 ohms
and have a power rating of three watts.

The per unit system of notation is used on the network simu-
lator with base values of voltage and impedance of 75 volts and
2500 ohms., The simulator is instrumented by in phase and quadrature
voltmeters and a two-element, three-phase wattmeter which measures
both real and reactive power. Current and voltage amplifiers are
provided in the metering system, thus reducing the power loss from
the circuits of the simulator.

Transient stability problems are solved by employing a point-
by-point analysis of the swing equation. On the network simulator,
this is done by solving a set of simultaneous equations under suc-
cessive steady-state conditions. The analysis is done in tabular
form and continued until the system is proven either stable or un-
stable. A special short circuit panel is provided for system fault
studies, while for load changes, the bus voltages are changed, and
for switching operations, circuit connections are changed.

Often in transient stability studies, transmission line
resistance is neglected. Example Two shows the effect on stability
of including this resistance. Resistance is seen to cause damping
of system oscillations around the equilibrium point. The amount

of damping increases with increasing resistance.
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APPENDIX A

GENERATOR CHARACTERISTICS
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APPENDIX B
SOLUTION OF EXAMPLE ONE

On a single-phase basis, the base values of voltage, current
and impedance are

Base voltage = ld;.ﬂ

= S6 Kv
3

= 38.1 Kv L~N Eq. (B-1)

Base current = %‘%%
- s

= 525 amperes Eq. (B-2)

Base Lp sl Base current

~ 8.1 Kv
525 amps
= 72.6 ohms Eq. (B-3)
Resistance of the system has been neglected, reducing all
impedances to pure reasctances. The transmission line reactance is

calculated with the aid of Tables 1 and 6 of reference 9
(95 P L9-54).
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= Xa + xd
= 50 miles (0.487 + 0.3073) ohms/mile
= 3947 ohms Eq. (B-4)

In per unit notation, the reactance of each line becomes

x = Xobms
Base Z

- 72.%
= 0.547 pu Eq. (B-5)
The fault on the system is the three-phase type, and only the

positive sequence reactance diagram of Figure B-l need be considered.

ﬁ

JO.254
__fm_

JO547 | STIB

30.08 e P - 3008
JO« 547

Figure B-l., Positive sequence reactance diagram of Example
One prior to the fault.

LALL AT T

The equivalent reactance between the generator terminals and

the infinite bus prior to the fault is
X_ = 0.08 + 39&3-’*7- + 30408

. JOJOBL pu mo (5‘6)
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Receiver load is 50,000 Kw or 0.833 pu with the voltage con-
stant at 0.95 pu. The current flowing in the system is
§ = 0:833
0.95
- jo°
0.877 e~ pu Eq. (B~7)

The generator terminal voltage is then

= E -k +Ix
t m e
= 095 + 0877 x JOJ434
= 0.95 + jO.381
= 1,023 eI%? pu Eq. (B~8)

and the voltage behind the generator transient reactance is

E =E +Ix
g t d
= 0e95 T jO.381 + 0.877 x j0e254
b 0095 + 300604

= 1,12 ed32+4 oy Eq. (B~9)

The sending end power is given by Equation (11) of the text,
which is the power equation for any system. When system resistance
is neglected, Equation (11) reduces to the following form.

E E
P x,sin%

g I‘ * d
= ded2 X 0s95
0u43h + 0,25 50 %

» 1055 sin S pPu m. (B-lO)



When the fault is applied, the positive sequence reactance

diagram bécomes that of Figure B-2.

LAHY A A E A A

Jo.08 JO547 J0.08

Figure B-2. Positive sequence reactance diagram of
Example One during fault.

By successive wye-delta conversions, Figure B-2 may be converted
to an equivalent delta circuit as shown in Figure B=3.

N

N

N

N

G N

N

NG

N

N

IO N
j2.178

Figure B-3. Equivalent reactance diagram of Figure B-2.

The values of the shunt branches need not be determined since
they are pure reactances and have no effect on the power transfer of
the system, although they do inerease the var flow. Sending end

power during the fault is given by
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= Xed2 X 0,95
b 2178 sin %

= 0.488 sin ® pu Ege (B~11)

When the fault is cleared, the equivalent reactance of the
system reduces to the generator transient reactance plus the trans-
former reactances in series with the reactance of the remaining

line, or 0.957 pu. The power transferred through one line is

0 o= ked2 X0.95
Pg' 0.957 sin %

= 1,11 sin % pu Eq. (B-12)

All necessary information for calculation of the swing curve
is now available, and the tabular solution follows. A time interval
of 0.05 seconds will be used.

The eritical angle of system oscillation can be determined from
Equation (B-12) for the transferred power over one line when the
fault has been cleared. The amount of power to be transferred is
0.833 pus The critical angle is given by

P

S o 18 « min"L vl
L 180 sin T.11

- 180° - 1‘»8.60

©

= 13L.4 Eq. (B~13)



Table B-1, Conputation sheet for pover system stabilitv studies.

Machine No. 1
3 3  Mw-sec/Mva
At 0,05 Seconds

Total Mva 60 i
Mv Shaft Power PS 50 Mw

M= GH/lSOﬁZ,_’Z_SJgj_L_Q__{‘!w-secg/elect. degree

k = (At)Z/M 9  Mw/ elect. degree

(1) (2) (3) (%) (3 (6) (7) (8) 9 (10) (11) (12)
~ (3}
o s
w =]
+1 & ?03 — l—"
" = O -ﬁ & g2 &
& w0 4 0 o s« q o e w
5] ~ 0 +1 (o] i =1 el ~ w ~ U W0
o < Q Y a < < O & o i
] ~ U (a2 NI — "y ~ &9 - o - o
Q O 13 - - ~ = [SIN] U o J o g —~ =) —
3 | 2% | © e | 02 | BB ogE | | 22| £2 |E- D
=W - < +1 [3) =k oAy < A 4 < O = < = o w
- - ~ - - 3+5 |P,-6 [ 7xk [8+9, [0, ¢+ - |2-1
Q - 32.4 0 -0.537 0.833 | 0.833 32,0
0 + 32.4 0 -0.537 0.262 | 04262 | 0.571 32:4
Q avg 0,285 2.66 2.66 35,06
0.05 35.06 0 -0.575 0.281 0.281 | Q0,552 L.97 7.63 42,69
0,10 42.69 0 -0.678 0.331 | 06331 | 0.502 Le52 12,15 SbLeTh
0.15 SheTh 0 -0.816 0.390 | 0390 | 0.443 3,98 [16.13 70,87
0.20 70.87 0 -0.945 0.461 | 0.461 | 0.372 3.35 19.48 90.35
Q.25 90+35 0 -1.000 0.488 | 0.488 | 0.345 3,10  122.58 112.93
0.30 112.93 0 -0,92 Qelih9 | Qo449 | 0.384 345 26,03 138,96
0.35 138,96 0 -0.656 0.320 | 0.320 | 0.513 Le62 30,03 169.61
0.40 E69.61 0 -0.180 | 0.088 | 0.088 | 0.745 | 6,71 |37.36  1206.97
Q.45 06,97 0 0s453 | =0.221 | -0.221 1,054 | 9.50 46,86 [253.85

T



Table B=2. Corputation sheet fo

T pover system stability studies.

lachine No.

H

1

Mw-sec /Mva

At 0.05 Seconds

Total

Mva 60

Shaft Power PS

50

M= GH/180f2-78Xl0-ﬁw-sec2/e1ect. degree

k= (AB)2/M 9

Mw/ elect. degrec

(1) (@) (3) (4) (3) (6) (7) (8) 9 (10) (11) (12)
8 :
- g g
+1t — 9 ) 'Td
- 8 @ 5 & gﬁ % =
2 | ge sl F | e B | S| S fgie] ¥
+E | 24 | - e | sy | 8| * 32 | 33 |23 ~
g 0 «~ &0 Q 0 (&) 2 % 8 % = g{g _g ? E i L
; g 'E‘ é +t 8 1+ = oAy <\ A ~ <O = < H O w
e = - o o 3+5 Py B 6 7 xk 8 ¥ 9.1 %1% 9 - 2 - 11
0015 = 5407‘# 0 "0.816 0.390 00390 001&1}3
0.15 + | 5L4.74 0 -0.816 | 0.906 | 0.906 | -0.073
0015 avg 00185 1.67 13082 680 56
0.20 68456 0 -0.930 | 1.033 | 1.033 | -0.200 | -1.80 12.02 80,58
0030 %025 0 —1.000 1.110 l.llO -00277 -2.‘&9 7018 970‘#3
0.35 97.43 0 -0.990 | 1.100 | 1.100 | -0.267 | =2.40 4.78 | 102.21
0.40 102.21 0 -0.977 | 1.085 | 1.085 | -0.252 | -2.27 2.51 | 104.27
0.50 105.05 0 -0.966 | 1.073 | 1,073 | -0.240 | -2.16 -1.83 | 104.22
0.55 104422 0 -0.969 | 1.077 | 1.077 | =0.244 | -2.20 -4.03 | 100.19
0.60 100.19 ) -0.984 | 1.093 | 1.093 | =0.260 | =2.34 ~6.37 93.82

ZL
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APPENDIX C
RESISTOR STABILITY CHARACTERISTICS

The stability characteristics of wire-wound and composition type
resistors were desired before resistor units were purchased for the
network simulator eircuits. Samples of each type of resistor were
connected to the circuit of Figure C-1l to determine how current flow

through the units affected the resistance.

Herman He Sticht
Resistance bridge

-0 o——
| To Leeds and Northrup
T ls 9 9 o+, ballistic galvanometer

1.5V

or

Tektronix Type 532

5KQ Dual Trace Oscilloscope

Sample

Figure C-l. Circuit for measuring resistor stability

characteristics.

The wire-wound sample resistor was set at 5000 ohms using the
resistanee bridge and ballistic galvanometer. The galvanometer was
then replaced with the oscilloscope which had been allowed to warm
up and stabilize. The B channel of the oscilloscope was used as a
reference, with the output terminals of the resistance bridge
connected to the A channel. The traces of the two channels were
made to coincide. As the resistor temperature increased due to

current flow from the battery, the A trace drifted away from the
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B trace indicating a resistance change. This procedure was repeated
with other settings of the sample and with other samples. After
being connected to the circuit for 30 minutes, the wire-wound re-
sistors appeared to have stabilized, whereas the composition type
had not. One hour was allowed between tests on any one sample
resistor. Results of the tests are given in Table C-l.

Table C~-l. Resistance stability characteristics of
wire-wound and composition resistors.

Type Of Initial Resistance Percent
Resistor Setting Increase Change
Wire-wound 5000 50 1.0
1000 12 1.2
500 20 40
Composition 5000 120 2.4
1000 2L 24l
500 20 4.0
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SEE FIGURE D-I
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SEE FIGURE D-I
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RESISTANCE UNITS
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Table E-l. Cormputation sheet for power system stability studies,

Machine No. Gen. pt. (a) Total Mva _ 100 Shaft Power e 375  Mw
H 3  Mw-sec/Mva M = GH/180f .0005§5Mw-sec2/e1ect. degree
At 0,05 Seconds k = ([§t)2/M Le5 Mv/ elect. degrec
(1) (@) (3) (%) (5) (6) (7) (8) (9 (10) (11) (12)
- =

& 3= "

. | @ & g7 &

b w bt SN T @ q = o w

) —~ 0 +1 o = Ay H A o "; @ w ':;‘ é R 1

£ oa m | o | 8w gx] ¥ | 2P| g8 |28 | %

g5 A o e O 8 5 o = % R £ = hy

& o 5 & + o 1+ = & 2 ~ Zs ~& | Ao w

= = = - _ | 3+s5 |p -6 |7xk [8+9, 10, ,+9] - |2-11

0 - Q.75 25.7
0+ 0.53 0.22 25.7
0 avg 0.11 0.50 050 26,2
0.05 0.55 0.20 0,902 | 1,402 | 27.6
0.10 0.62 0.13 0,586 1,988 29.6
0.15 0.70 0.05 0,225 2.213 31.8
0.20 0.77 1|-0.02 -0,09 2.123 33.9
0.25 C.83 | -0.08 -0.361 1.762 | 35.7
0.30 0.86 |[-0.11 -0.50 1,262 37.0
0.35 0.87 |=0.12 -0.541 0.721 | 37.7
0.40 0.88 |=0.13 -0.586 0.135 | 37,8
0.45 0.88 |=0.13 -0.586 | =Q.451 37.3
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Table E=2. Corputation sheet for power system stability studies.

lachine No. Mtr. pt. (a)

H

At _0.05 Seconds

Mw-sec/Mva

Total Mva 50

Shaft Power P_ 375 Mw

M = GH/180f 000185 Mw-secglelect. degree

k = (At)e/M 13.5 Mw/ elect. degree

(1) (2 (3) (4) (3) (6) (7 (8) 9) (10) (11) (12)
/\c i::

b . LR -

— g @ = & 8= L _s

5] -—4“);: (fl E 3 nf” 8 r:_.d ~ 4 u;: r-: § :D ‘f)

E S o Q- = 5w - ol = & ne 'L: 2 —

gs | Ix | s 1 5 g2 | B . 58 | 23 |%° 7

& o S & + S 1+ =i 2 ~ 285 =g | Ao w

. A 5 - ~ | 3+s5 |p,-6 |7xx [B+9,,f10,,+9] - [|2-11

Q- =0.75 =10.6
0+ -0.53| -0.22 -10.6
0 avg -0.11 -1.49 -1l.49 | =-12.1
0.05 -0.56| -0.19 =257 =406 | =16.2
0.10 =0.63 | =0.12 -1.62 =5.68 | =21.9
0.15 -0.71| =0.04 ~0.541 =6.22 | =-28.1
0020 "0079 0.0A 005141 —5068 "3308
0.25 -0.85 0.10 1.35 =433 | -38.1
0.30 -0.88 0.13 1.76 =2.57 | =40.7
0.35 -0.89 0.14 1.89 -0.68 | =41.4
001&0 "0090 0.15 2003 1035 -h0.0
0.45 -0.90 0.15 2.03 3.38 | =36.6




Table E~3e Computation sheet for pover system stability studies.

liachine No. Gen. pt. (b)

H 3 Mw-sec /Mva

At Q,05 Seconds

Total Mva 100

Shaft Power PS Aét-ﬁ Mw

M = GH/180£.000555 Mw-secelelect. degree

k = (A£)2/M Le.5 Mw/ elect. degree

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12)
~ V]
= =
w "
~ - (éo | = ’:B g — r—“
- o Q- - w 5 = 1 _=
& w0 = ) T q = - w
0 ~ 0 +! (o} Ry Mo~ ~ w —~ U R
o < () ~ 2 o < ® o '
(=} - O o FRE — Py — &0 - O -
@ O oo~ - ~r = 0 Q g 9 Ja g~ u o L
38 | 32| ® e | o | SE| BB | x| BE| ER |Es -
= UJ) 05 E +1 Q 1+ oA < A ~ < O o< =~ O w
» » . & " 3+5 |P,-6 |7xk [B8+9, [10,_4+9 - 2 -11
0 - 0089 1801}
0 + 0.65 0.24 18.4
0 avg 0.12 0.54 O« 54 18.9
0.05 0.70 0.19 0.857 1,357 | 20.3
Q.10 0.81 0,08 0.361 1.718 | 22,0
0.15 0.95 -0,06 | =0.271 1447 | 23.4
0.20 1.07 ~0.18 | -0.822 0.652 | 24.0
0.25 1.12 .23 | -1.04 -0.415| 23.6
0.30 1.10 =0.21 | =0.947 | -1.362 | 22.2
0035 1002 _0013 ‘0.586 -149&8 2003
0.40 0.90 +0.01 0.045 | =1.903 | 18.4
001}5 0077 0012 0.54 “10363 l'[.O

68



Table E=4+ Covputation sheet for pover system stability studies.

Machi No. . . C o
chine No. Mtr. pt. (b) Total Mva _50 Shaft Power A 34  Mw
H 2 Mw-sec/Mva M = GH/180f ,_Qm;gjnw-seczlelect. degree
At 0,05 Seconds k = (At)E/M 13,5 Mw/ elect. degree
(1) (@) (3) (%) (3) (6) (7) (8) (%) (10) (11) (12)
~ o
o =
w o<
o s 38 | T
— & Q- ',E “t,: é = -5
i,:‘ W b4 o 9 ?:!, o Q o - w
0 —~ 0 +1 (o} ~ Yy Yoy ~ w — 2 KW
= ] o “~ J o < U < = i
o - (U™ _ 9N — ~ ~ &0 — o -0
2?2 | Zn | ® T | © 32 | 32| « 2§ | 23 [=2° o
5o 5 & + 5 1+ = 23 ~ 25 ol a0 w
¥ o = . _ | 3+5 [P -6 |7xk [B+9,;[10,4+9 - |2-11
0 - -0.68 -10.6
0 + -O.M; -0.21; "1006
0 avg -0.12 -1062 -1.62 -12.2
0005 "‘001&8 -0020 "2020 -1}032 "1605
0.10 -0059 -'0009 ""1022 "505‘} “"22.0
0.15 . -0073 0005 00656 "1#08815 "2609
0020 -00815 0016 2.16 -2.'4"2/* -29.6
0.25 "Oo% 0.22 2.97 0. C —29011»
0.30 -0,89 0.21 284 3.086| =26.3
0.35 -0,.81 0.13 1.76 L.846| -21.5
0.40 -0.69 0.01 0.135 4.981| -16.5
001}5 -0057 -Ocll -l.h9 301‘-91 "1300

98



Table E=5. Corputation sheet for power system stabilitv studies,

Yachine No. Gen. pte (c) Total Mva
H_3 Mw-sec /Mva

At 0.05 Seconds

100

Shaft Power PS LT  Mw

M = GH/180£f.Q00555 Mw-secelelect. degree

k = (At)z/M Le5 M/ elect. degree

(1) (@) (3) (4) (5) (6) (7) (8) 9 (10) (11) (12)
. 2
“ o=
+1 (+31] -~ O i
! = Q 5 “‘): g;’% ) g':
= w b 0 3 a 4 = fym w
] ~ 0 oy o} Ry ] ~ w ~ 2 w0
E 3 [J] (B N B - v—Ji - n? 3 g’o - 3 ) '
g9 2% o % o 83 o 2 * & & gm [=° 0
Eo A& + o i+ = & SR 2 £S =& [&o w
= = = = & 3+ 5 PS-G 7 xk 8+9n_1 10n_1+9 — 2~ 11
0 - 0.94 8.9
0 + 0.66 0.28 8.9
0 avg 0.14 00631 0.631 9.5
0.05 0.70 0.2 1.08 1.711 11.2
0,10 0.85 0.19 0.856 | 2.567 13.8
0.15 1.04 | -0,10 Qo451 | 2,116 15.9
0.20 1.20 | <0.26 -1.17 0. 946 16.8
0.25 1.25 | =0.31 =1.40 | -0.454 16.3
0.30 1.15 o2l | -0,946 |-1.40 14.9
0+35 0.97 | -0.03 -0.014 | -1.414 13.5
0.40 0.78 0.16 0.722 | -0.692 12.8
Q45 0.67 0.27 1.22 | 0.528 1°.3




Table pg-g, Computation sheet for pover system stability studies,

liachine No. Mtr. pte (c)
H_2 Mw-sec /Mva

JAN S Q.05 Seconds

Total Mva 50

Shaft Power Ps 18.5 Mw

M = GH/180f .mglasMw-sec2/e1ect. degree

k = (At)e/M 13.5 Mv/ elect. degree

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12)
~ V]
= =
o o =
,\ o 5 B8 | 7
— c o § & g = &
= 0 = 0 < o ] o fym™ w
0 ~ 0 +1 o el = ] - w -~ U W
o < o ~ 3 L < < = i
o - O (2B ERp — ~ — t0 - O -
o O oo - ~ = (S U 9 Ja @~ O ~
E v ~ &0 o « &) (U< ] 0 32 b &0 e 20 - '
- Y (=R = o] -t O Q O = .o -:-9 5 = =
=W < +1 (9] -t <3 = < A ~ < O = = O w
- - ~ - — 3+5 [P -6 |7xk [B+9,1[10,4+9] - 2 - 11
0 = =037 -10.6
__Q_m -0.]1& "1089 ‘1.89 ‘12.5
0.05 =0.14 | -0.23 =-3.11 =5.00 =17.5
0.10 -0029 "0008 —1008 "6.08 -23.6
0.15 "OOLLS 0.11 l.L}9 -1&.59 "28.2
0.20 —0.6# 0-27 3.65 -0.91; -'29.1
Q.25 -0.68 0.31 4el9 3425 ~25.8
0.30 -0058 0021 2.8‘} 6.09 -];9.7
0035 -0014-0 0003 0.405 6-13 -13.6
0.1.1.0 -0022 ‘0915 "2.03 h.lO oo 9.5
Q.45 =0.10 | -0.27 =3.65 0.45 - 9.0
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