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AN ALTNATflG CURRENT, ;3ISTANCE 
ANALOG N11Oi1K SIMULATOR FOR A-C 
POWER SYST STAB]12Y STUDIES 

DITRODUCT ION 

An electric power systea may be considered an electrical 

coupling between mechanical devices. To assure continuous operation 

of the3e devices, the power syste.i ahould be maintained free of 

disturbances since the8e may cause instability of the systn, and in 

some cases initiate a complete systn shut down. Since all electric 

power systens are subject to disturbances of a transient nature, 

some niethod should be available for studying power systus in order 

that protection against such disturbances may be employed. Several 

methods have been developed, the solutions of which may be carried 

out, by hrnd or machine calculation. Machines in the form of analog 

computers are commonly used to study large poier systeaus since hand 

analysis is extremely difficult and tedious. These machines are 

generally known as network siiulator5, analyzers or calculators, 

the terms being used interchangeably. Most simulators contain 

resistive, inductive and capacitive elaents which are used to 

represent power systn impedances. This thesis considers a network 

simulator which uses only resistive eltients to represent the irnped- 

ances of power systens. 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 
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stability problez either by hand or ¡aachine. Nathiiatical solu- 

tion of these equations is generally not possible, and a step-by- 

step solution, whic is ideally suited to computer techniques, is 

used inci. 

Th network simulator which has been constructed has been used 

to study trarnsi&it stability prob1er. One of these problns has 

been included as an exatple in this thesis. This example illus- 

trates both the use of the network simulator, and the genera]. 

approach to the solution of all power system stability problenz. 
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THE STABILITY PROBLI 

History QV Stability 

On coinnercia1 alternating-current electric power systns, the 

generators, rotory condensers and sonie motors are of the synchronous 

type. It is absolutely necessary that synchronism be niaintained 

betwei these machines if electrical energy i5 to be trinsferred. 

Maintaining synchronis;a beconies increasingly difficult a the power 

systns and the interconnections between these systems continue to 

grow. The tendcy of the coionts of an a1ternating-currit 

electric power Bystem to develop forces to maintain synchronism and 

juilibrium is known as stability. The problem of stability was 

first encountered when synchronous machines were operated in parallel. 

The aìou.nt 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 naximum power value is known as 

the stability limit. The machines lose synchronism or 'faU out of 

step' when the stability limit is exceeded. With the advent of the 

modern-day high reactance transmission lines, the difficulty of main- 

taming power system stability has increased. In the event of a fault, 

it was often necessary to entirely separate interconnected systens in 

order to maintain stability or restore synchronism. 

The principle developments in system stability caine from the 

study of long distance transmission lines. Initially the problenis 

involved determining the capability of proposed systems for 
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transmittinf a desired ount of power. nore important probleii, and 

one which is now a better measure of stability, is whether or not a 

proposed systeai will be able to withstand transient disturbances likely 

to be encountered in operation. These trcnsierit disturbances mr be 

classified into three general categories as follows: 

a. Disturbances resulting from a sudden increase in load. 

b. Disturbances froiD. switching operations which open one or 

more transmission lines. 

e. Disturbances resulting from system faults 

Definitions 

Stability and stability limit refer to both steady-state and 

transient conditions . The Uìierican Standard Definitions of Electrical 

Terms defines stability and stability limit as follows (1, p. 123): 

tStabilìty, when used with reference to a power systen, 

is that attribute al' the syst, or part of the system, which 

enables it to develop restoring forces betreen the elnents 
thereof, eua1 to or greater than the disturbing forces so as 
to reßtore a state of equilibrium between the elements. 

0A stability limit is the niaximuin power flow possible 

through sorne particular point in the syste t when the entire 
system or part of the systn to which the stability limit 
refers ±8 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, p. 321). 

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



possible power flow through given point without loas of stability 

when the systeì is subjected to ax aperiodic disturbance (4, p.436). 

n aperiodic disturbance occurs irregularly, and only at intervals 

such that th :rstt regains 3tai y betweíi disturbances. Trie two 

types of st.ability diff er in tbat tiet at4ility depends on the 
nature and severity of the disturbance weaas t ìy-state st.ability 

does not. Tranì tbilt io of ratei importance oecause its 

limiting vu in below the tedy-state stability limit. 

Stability probln then, deal with tue tranuission of electric 

power between groups of synchronous rchines when the systems are 

subjected to disturbances. Actual power systa consist of many 

groups of machines, for purposes o. analysis eacn group may be 

replaced by a single equivalent aachine since the machines of any 

group tid to 'aW±ng" as a colete univ. Using inîs metnod often 

reduces a multi-machine system to a two mackìine or one machine and 

an infinite bu jui"r.lent systi. The fcors aiíecting tue equiv- 

aient syzteii are essentially the sie a. those cîfecting the actual 

system, but the analysis is far less complicated. 

The Synchz'onous Power 3stem 

a an exanle of a synchronous power system, consider Figure 1 

which shows the seven, essential paraneters in the stability problem 

(4, p. 434). 
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Input Inertia 

Prne Generator 
Mover mt erri al 

Voltage 

Inertia Output 

Tue 

Internal Shaft 
Voltage Load 

!'igure 1. Beic diaCram for two-inci.tne ibility probln. 

The f ir Lechanical and three electrical paruet ers are as follows: 

a. Prime mover input torque. 

b. Inertia of the prime mover arid generator. 

c. Generator internal voltage. 

d. System impedance. 

1. Generator. 

2. L±ne. 

:3. ilotor. 

e. Motor internal voltage. 

f. Inertia of motor and shaft load. 

g. Shaft load output torque. 

The power that. can be transferred between the ch±nes of 

Figare i is a function of the internal voltages of the two 1chines, 

the angle between these voltages and the total ivlert series 

impedance of the system. Current flowing in the field winding of a 
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synchronous aiachine creates a sinusoidally varying f vr ve. This ¡muí 

wave in turn, eat.b1ishes the rotor flux tve, stationary with respect 

to the rotor, but travelling at smchronous speed with respect to the 

armature, which links the conductors of the arnature 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 ¡ingles between the rotors 

of those machines. Figure 2 shows the relation between sorne of the 

above mentioned electrical quantitied. 

E. 

Figure 2. Phasor diagram for the system of Figure 1. 

Often, it is convenient to represent the electrical portion of 

Figure 1 as the four terminal network shown in Figure 3. 
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'g __________ ____ 

Network 
E 
'a __ Impedance 

j 

Figure 3. Four terniinal uiva1ent network for the systen 

of Figure 1. 

The currents and voltages of Figure 3 iiay be written as functions 

of generalized circuit constants as follows: 

where 

0 90 0 

E AtE +BI Eq. (i) 
g in in 

0 00 00 
I CE +DI Eq. (2) 
g in ra 

o loK 
À - 

-- Be 

o 
Eq. (3) 

C Ce 

r) - De 

From Equations (i) and (2), the generator currit in terms of 

machine internal voltages is 

00 0 

o DE E 

I_ = -- - 
¿ B B 

Eq. (4) 

The above equations can be solved for the motor voltage and 

current as follows: 
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0 00 
E -DE -]3.i. Eq. (5) 
ra g g 

0 00 00 
I --CE ±AI Eq. (6) 
¡n g g 

0 00 
E E 

F4. (7) 

The electrical power transferred btwe rchines is 

For the generator 

and 

Eq. (8) 

Q 0* 
S E I 
g gg 

e 

lE 
2 

E E = g 

r 

0 00 
S E1 
in nul 

mT 
'EE le3S 

= -lE 2 I z ini F4. (io) 
fluB B 

In stability calculations, the itOEn of primary interest is the 

ability of the power system to transfer real power during a systan 
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disturbance. The reactive power is of little interest nd Equ.:.tion 

(9) and (io) iy be reduced to their re1 parts. 

P = 1el3 
L 

ie E2 
EE i 

g 
g eiSJ Eq. (ii) 

D EE 
E -cos(-p) g 'a cos(+S) 

B 

P 
L'J 

* 

e_] Ecj, (12) 

IEEI 
-tE 21- cos(-) + I 'al cos(-&) 
halB B 

Equivient ABCD constants for most commonly encountered circuit 

configurations are available in zna.ny references. s an exaniple, see 

those given by Harder (6, p. 327). 
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UAL AREA CRITERIA FOR TRANSIENT DTURBANCES 

Criterion 01 Ut bility 

ecording to Evns and Muller (4, p. 435), the criterion of 

stìbility for electric power systems is as follows: 

"A power-trrisniission syst&n operating under specified 
circuit nd trnsmitted load conditions is said to be stable 
if, when dispi ced froni these conditions by any small arbi- 
trry forces, the systan upon remov1 of these force5 
develops restoring forces tending to return it. to its original 
conditions.' 

The criterion of stability deals with systems in which dis- 

tu.rbing forces are applied and 8ubs&uently removed. The engineer 

studying tability is just aS concerned with the eystn 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-ngle di.grams which are obtained by plotting 

power, in Fqu..tions (II) md (12), versus the angle between 

irnichine interni]. voltages. Power-angle diagrams are shown in Fig- 

ure 4 for the transient disturbances mentioned above. These dia- 

grams re drawn for disturbncea on the two-machine power system of 

Figure 1. 

ual Area Criteri 

The ch riging conditions of the synchronous machines of a power 

system subjected to a tr nsient disturbance can be understood by a 
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thorough Etudy of Tab1s i and 2. Rotor positions of Table8 i and 2 

refer to corre5pondin points of Figure 4 (a) . These tables indicate 

that after the application of the disturbance, the machines of the 

system wifl o8ciflate about the point correspondin. 
e 
to the new systeai 

operating conditions. Resistance of the system wifl dap out these 

oscillations resulting in stable operation. Both tables apply to (iiB- 

turbances resulting from switching operations and systen faults. 

Only Table 2, for 8ynchronous 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- 

flhiSBiOfl aysteai between motor and generator is unaffected by a sudden 

load increase, with the result tnat the transferred power of the 

systeiri rnains constant during the disturbance. Under the condi- 

tions of constant power and increased load torue, 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 input 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 

, 
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 gerator of a two machine sjsteii 
undergoing a transient disturbance. 

Rotor Generator Electric Stored Machine 
Position Speed &i Angle Power 

e 
Undergoing 

:t a L) . ç = ç < r= w acceleration 
increasing mininxuin 

e 
miniiuwn increasing 

a to C L) increasing < > W5 acceleration 
increasing 

e 
increasing increasing 

:.t C L) )-) 
2 

W > ___________ 
madmuin increasing 

e 
increasing maximum 

C to e ' 
t-'-) increasing 

'e > > Ws deceleration 
deere.ing 

s 
increasing decreasing 

at e ) c, - 
'e 

> -=- W8 deceleration 
decreasing maximum xnaxixauni decreasing 

e to C La.) K decreasing 
e > s 

w < w deceleration 
decreasing 

,Js 

decreasing decrea ing 

at C ', = 
2 e 

W < W8 
minimum decreasing decreasing 

e < 

minimum 

W K W3 acceleration C to a (-.)KC)5 decreasing 
increas ing decreasing increasing 

a to C cycle repeats 



Table 2. Chanßing conditions for a synchronous iiotor of a two machine systn 
undergoing a transient disturbanc e. 

otor Motor Electric Stored Machine 
Position Speed c. Angle o Power W Underöing 

e 

at . 
(4_) = 

decresins 

c 

mniniinum 

P K P 

minimum 
W - W5 
deere-28 ing 

deceleration 

a to c ) )5 increasing 
e < 

W K W deceleration 
decreas ing increasing decreasing 

at C L) ''8 ' = e = K 
8 

minjnuni increasing increasing mininnim 

C to e c., < increasing > ' w acceleration 
increasing 

e 
increasing incresing 

at e = L) 
. 5. 

' = 

.3 P > P e. s 
W = W 
. a. acceleration 

increasing maximum niaxiniwn increasing 

e to o > 8 
decreasing e > W > W5 acceleration 

increa.s ing decreasing increasing 

atc G)>L)3 s=2 w>ws 
maximujn decreasing deer easing maxiìaum 

C to a C.)>L)5 decreasing W > W8 deceleration 
decreas Ing decreasing decreasing 

a to c cycle repeats 

(y 
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until no power i8 trmnsf erred and the system loses synchronism 

entirely. Angle 8 is the critical angle of system oscillation. 

To mJ.ntain st:tbility, disturbance must not cause to exceed 

this critic .1 .ngle. 

In stability studies, it is helpful to know whether or not the 

critic 1 ngle will be exceeded for given disturbance. Assuming 

that the power system under study contains no losses, during a dis- 

turbnce the kinetic energy released by the system must equal that 

,.bsorbed by the system. Also during a disturbance, ii' the system is 

stable the speed of the iuchines will not vary more than a few per- 

cent from synchronous speed, and xny be considered as being constant. 

From the lws of the mechanics of rotation, which apply to electric 

inchirxes, the power produced is directly proportional to the torque 

on the machine when the speed of the machine remains constant. Fig- 

tire 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 integrl of the product of torque expressed in joules 

per r di n nd the time rate of change of the angle in radians through 

which the torque cts. The area under the power-angle diagram 

of Figure 4( ) is now directly proportional to the kinetic energy 

of the system. Specifically, the shaded area of Figure 4(a) be- 

tween l .nd S2 represents the kinetic energy dissipated by the 

system during the disturbance. Similarly, the shaded area between 

and S3 represents the kinetic energy absorbed by the system. From 

the assumption th..t the kinetic energy released must equal the kinetic 
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energy bsorbed, the areas abc and cde of Figure 4(a) must be equal. 

This method of :nalysis is known as the equal area criteria of 

stbi1ity. Using the equal area criteria, the power system of Fig- 

ures i tnd 4(a) is stable if the area cde can be located above the 

new power level P2, equal to .rea abc, Similar considerations apply 

to Figures 4(b) :rìd 4(c). 

The power-g1e di graras of transient disturbances given above 

indicate th .t the system fult condition is the most serious type 

encountered. Generally speaking this is true, and most 8ystema on 

which stability may become a problem, are designed to withstand the 

most serious type of f ult for which protection is economically 

feasible. In the order of increasing severity, the types of faults 

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

a. Single line-to-ground fault. 70% 

b. Line-to-line fault. 15% 

c. Double line-to-ground fault. 10% 

d. Three-phase fault. 5% 

For nìaxiimim reliability, the power system would be designed to 

withstand a three-ph se fault in the worst possible location, but 

this i very often economic lly impractical. Instead, systems are 

generally designed to sustain a less severe fault, usually the 

double line-to-ground type. 

Equal ara criteri.. is a fast and convenient method of handling 

stability na1ysis. The only information required is the power- 

angle di grima and the system operating conditions before, during and 



17 

1ter the disturbince. Unfortunately, this in.forivation often is not 

readily vi1b1e. A second disadvantage to this method is that no 

¡neans are e.si1y y i1 b1e for determining the angle at which a fault 

must be cleared in order to retain system stability. From a practi- 

e 1 st ndpoint, f ults are not cleared as a function of angular 

difference between machine rotors, but as function of time and 

current. ReL.ys nd circuit breakers used to clear and isolate 

faulty sections of system h ve definite operating times and are 

independent of .nguL.r displacement. The solution to stability 

problems thus resolves into finding relation between the angular 

dispi cement of in Lchine rotors and time. 
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THE SWING UATION AIID ITS SOLUTION 

Development Of The Swg Fuaton 

When torque T is applied to a particle, the particle experiences 

angular acceleration. If the particle has a differential mass dia, 

the tang&itial force required to accelerate it is 

dF = rcdjn Eq. (13) 

This force acts with a lever arm r to produce torque. 

dT = r2(xdm Eq. (14) 

The torque for the entire mass is obtained by integration of 

Equation (14). 

T 

=cI Eq. (15) 

The laws of rotation apply to synchronous raachines and Equa-. 

tion (15) may be rewritten as 

2 

Icx=I9 =T Eq. (16) 

dt2 a 

where Ta the net torque acting on the machine including shaft 

torque due to the generator prine mover or motor load, torque from 

mechanical and electrical losses, and electromagnetic torque. 

Letting T be the shaft torque and T0 the electromagnetic torque, 
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each corrected for losses, the net torque will be the differice of 

the two.1 The torques are positivo for generatoi action, echanicii 

input and electrical output, and negative for motor action, elec- 

trical input and niechanical output. For steady-state conditions, tne 

torques are equal and the net torque is zero. Under transieit con- 

ditions, the net torque is not zero and is vailab1e to produce 

acceleration or deceleration of the machines. The net torque is 

either a positive or negative accelerating torque and Fquation (16) 

may be writt as 
2 

-T. - T 

dt a i o 
Eq. (17) 

The problem now is to solve Equation (17) for machine rotor 

angles as a function of time. However, the torques of' electric 

machines are not easily neasured. A rmiore convenient quantity to use 

is power, which is related to torque by the angular velocity of the 

machine. Multiplying Equation (17) through by angular velocity yields 

2 I-=T T-T Eq. (18) 
dt2 a i O 

By definition, I is angular momentum, and torque tinies angular 

velocity is power. Substitution of these quantities into Equa- 

tion (18) results in 
2 
4-=P =P. - P 
dt2 a i o 

Eq. (19) 

1. These losses are inherit in the system and include bearing 
and friction losses, wiridage losses and various core and 
copper losses of the equipment. 
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The net power 
a is the difference betwe shaft power and electric 

power, nd is available for accelerating the raachine rotor. P will 

subsequently be referred to as accelerating power. 

For any machine in the systeai, angle is the angular position 

of the rotor at any civen tizie aeasured froiì a fixed space reference 

and is continuously changing quantity. It is ¡aore convenient to 

measure the angular position with respect to a syncbronouslj 

rotating reference axis. For this purpose, let 

e =Ci)t 1 

s 
E4. (20) 

where 5t is the synchronously rotating reference axis and is the 

angular diaplac iient froni that axis. 

Taking derivatives of both sides of uation (20) with respect 

to time yields 

¿nd 

= L) i- -' Ei;. (21) 
dt s dt 

¿ 2 

= Eq. (22) 

dt dt 

Substitution of Equation (22) into Equation (19) results in a 

relation between the internai voltage angle of a machine and time 

known as the swing equation in which M now is known as the inertia 

constant (6, p 22). 

2 
1$.i=p =p. - p Eq. (23) 

dt2 
a i o 
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Thus far, no units have been specified for any of the equations 

leading up to the swing equation. In most power systn work, power 

is expressed in megawatts. It is also conmon 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 uation (23) for M is 

which in units becomes 

P 

d2S 

dt" 

2 
M negwatt-seconds 

electrical degree 

&j. (24) 

n1eaioule-secQnd . (25) electrical degree 

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

M 
per uiLit pow'-seconcjs2 (26) electrical degree 

In rotational mechanics, M is the angular xuomenturn of a 

rotating body, When used in power systan calculations, M is known 

as the inertia constant. This const:-nt is not usually known or 

given for a machine, and hence must be computed. Often, a manu- 

facturer will specify the moment of inertia WR2, and the speed n, of 

the machine. The stored kinetic energy ol the machine is 

lOE - 
. (27) 



22 

In ternis of the giv machine constants, the kinetic energy in mega- 

jouies is given r (6, p. 23) 

where 

2 

KE = 2 32.2 
x &. (28) 

The kinetic energy of a rotating machine 
rrjr also be written as 

KE=Mc 
4 

360f electrical degrees per second. 

Eju.tion (29) reduces to 

KE = 180 Mf 

&i. (29) 

Ez. (30) 

Substituting &juation (30) into Equation (29) -and solving for M 

results in 

M x 10_6 
2 2 

(31) 

2 32.2 

22 
= 1.28 X i06 x 

Equation (31) is useful when the machine constants 
are kno'n. 

Frequently they are not and the evaluation of M is 
impossible with 

the uation as given. The moment of inertia R' and consequently 

M vary over a wide range and depend on the particular 
machine being 

considered, so that no averoge 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. 



or 

H = kinetic energy of machine 
megavoit-anp ere rating G 

GH KE 

¿3 

iI. (33) 

Substituting the kinetic energy from Fíuation (30) into Equa- 

tion (33) and solving for M gives 

M GH 
180f 

Eq. (34) 

Machine rating and frequency wifl 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 je manulactured. Figure A-1 (8, p. 189) of the 

appendix shows some typical values of inertia constants for generators 

that iiiay be used if the 8peciÍ'ic constants required in Equation (31) 

are not known. For synchronous notors, a value of 2.00 may be used 

for the inertia constant H (7, p. 327). 

Solution Of The Swing uation 

Having computed the value of M by either of the methods just 

discussed, the swing equation can be solved. The mathnatica.l 

solution involves elliptical integrals so that generally the only 

feasible method of solving the swing ecuation is by making a point- 

by-point solution. This method is carried out by assuming one or 

more vriable8 of the swing equation to be constant during a small 

interval of time t in order that the change in angular position 
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of the machine rotor can be comauted during the interval. New values 

of the assumed constants .re then coiiiputed and used with the next 

interval of time. 

A first assumption i8 that il' the power syst is stable, the 

prime mover input power to the generator renains constant throughout 

the trnsient disturbance. This is permissible since the prime ¡nover 

is governor controlled, and governors are inherently slow _cting. 

During a transient disturbance, a governor will hold the generator 

input constant for approxirn.ately three fourths of a second (6, p. 5) 

or about 45 cycles, which is roughly ten times as long as a circuit 

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 systn loses synchronism entirely, its machines will not 

change much more than this anunt under a transient disturbance. 

Constant shaft torque may, however, necessitate a change in systu 

frequency. 

The point-by-point solution of the swing equation gives values 

of as 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 maximum, the angle 

starts to decrease, the systn is considered to be stable and that 

the oscillations around the equilibrium point will eventually damp 

out. Not only does the swing curve indicate whether or not the 

systen 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 uation consists of 

two processes that are alternately calculated. First is the coin- 

putation of the ?,ngular positions of the niachine rotors at the end 

of i 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 acce1eratin 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 rnains 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 aide small enough, t'ne assumptions approach the actual 

values. Ii' the nth interval of Figure 5 between t (n-l)t and 

t niat is considered, trie angular position at the beginning of the 

interval is and the accelerating power a(n-l) 
Is constant from 

t (n-3/2)7t to t (n-l/2)Lt. The change in angular velocity, 

which is constant throughout the nth interval, will be given by 
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Figure 5' Actual and aesumed valu.a of and S aa a 

function of time; point-by-point calculation. 
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A n-V2 = 'an-1/2 - en-3/2 

= °_1At 

= 
dt2 

= a(n-1)At 
¡q. (35) 

The angular velocity for the nth interval thai bcomea 

'nu.1/2 on-3/2 9i-l/2 
¡q. (36) 

Th. change in rotor angular poeition which ja the product of 

Velocity and time ia 

= ¡q. (37) 

and the angular poaition at the eid of the nth interval will be 

6n 
S1 AS 

= i-1 

=s +(c +A )At 
n-]. n-3/2 n-1/2 

P 
= s + At + a(n_l)(At)2 ¡q. (38) 

n-]: n-3/2 M 

By analogy with Equation (37) 

AS =-) At ¡q. (39) 
n-1 n-3/2 
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Equation (38) now reduces to 

s a(n-l)(t)2 Eq. (40) 
n n-1 n-1 

Substitution of Equation (38) into Equation (40) arid solving for 

the change in rotor position during the nth interval results in 

-= s - s 
n n n-1 

a(n_1)(At)2 Eq. (41) 
n-1 

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: 

() - n 
n-1/2 t 

Eq. (42) 

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 syst con- 

taining one machine and an infinite bus, or for one machine of a 

multi-machine systan. If more thrn one machine must be analyzed, 

a separate table of calculations must be made for each. Also, the 

change in rotor position during a particular tine interval must be 

coixputed for ail machines before the next interval is considered. 



h&i a trdnsient disturbance occurs, there is a discontinuity 

i_fl the accelerating power. Lnmediately before the disturbance, the 

accelerating power is zero, while imnediate1y EIter, it has a finite 

value. The accelerating power now has two values at the beginning 

of the first tine intervL. The asswnption that the accelerating 

power rains constant frn the middle of the previous interval to 

the middle of the interval being considered, ruires that one 

value or .cce1erating power oe used. Therefore, n average accel- 

erating power is used as shown by the coxnputation in Table 3. When 

the discontinuity occurs in the middle of a time interval, no 

speci.l 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 necessry as the tine interval is usually taken small 

enough that the discontinuity iaay be assumed to occur at either the 

beginning or middle of the interval without introducing appreciable 

error. Usual values for the time interval are 0.05 and 0.10 seconds, 

In general, a tine int'v:Ll is chosen so that the angular change in 

rotor position does not exceed twenty or thirty degrees in any one 

tine 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 problens, the 

following example is presented. 
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The single machine and infinite bus systen shown in Figure 6 has 

the foflowing characteristics. 

Sending d ____________ iteceiving Ed 

G) 
K> 2-66KvLines 

50 Miles 

Figure . ing1e-machine systen of exaiiqle one. 

Trnsmiss ion Lines: 

Two circuits in parfle1, 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 nd the conductors are transposed. Fifty mega- 

watts unity power f:ctor are delivered to the infinite 

receiver systen. Normal voltage is 66Kv. 

sending &d: 

One 60 Mva, three-phase, 60 cycle waterwheel generator 

Uns aturated synchronous reactanc e : Xj 63 

Rated current transient reactance: X 25.4 

Inertia constant (Mw.-sec/Mva) 14 =3 
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Transforniers s 

One 60 Mva, three-phase, 60 cycle bank connected as shown 

in Figure L, at each end of the transmission lines. 

teactnce 8. 

deceiving &id: 

Low-volLtge side of receiver transformer connected to an 

infinite inertia system. Feceiver low-voltae bus fixed 

at 95, of normal voltage. 

Transient IJisturbaxice: 

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 problen:. will be worked using the per unit systn 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. 



250 

's 

150 

10o 

3:3 

I 
I I I I I 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 

Time - Seconds 

Figure 7. Swing curves for the single-machine systen of 
E'mp1e chie. 



THE A-C NETWORK SflIULTOR 

General Design Features 
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The solution of' the single machine example presented here 

involves a certain axaount of network reduction ancA a large share 

of hand calculations in the point-by-point computations. Two 

xiachine prob1ns may be handled without iauch more effort, but if 

more than two niachines are to be analyzed, the amount of work 

becomes exceedingly ¿reat. The use of an alternating current net- 

work simulator will greatly reduce the labor involved in the solution 

of power systan stability problns. The design of the network cal- 

culator is such that aU essential elements of a power systezu 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 iiieasureai&it. The majority 

of the network calculators now in use have resistive, inductive md 

capacitive elaents that are used to represent transmission lines 

and other systa inpedances. The network siaulator presented in this 

thesis uses resi3tance units to represent power systen impedances. 

The resisLnce network silator was originally developed by 

Mr. Waldo E. bins to solve syst6n power flow nd voltage problems 

(3, p. 96). This simulator was somewhat limited in its operation. 

2. Mr. ns is presently Chief Systems igineer of the Portland 
General Electric Company, Portland, Oregon. 
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Network Lìipedancea between voltge buses had to be reduced to equiv- 

aient circuits for use on the simulator since it was not possible to 

connect impedance units in series. Because the simulator was de- 

signed speciuicafl.y to study the steady-state power systeai, the phase 

angles of all bus voltages were liniited to approximately 20 degrees 

lead or lag. Transient stability pzb1eis involve large angular 

swings of niachine intern il voltages and thus could not be repre- 

sented on the original network siniulator. Investigation of power 

systen trsients requires voltage sources with phase angles which 

are adjustable between zero and 180 degrees lead or lag. 

The network simulator presented in this thesis, and based on the 

principle of Mr. Ekms' original simulator, is designed to study power 

systns under transient conditions. The limitations discussed above 

have been eliadnated in this design, with the result that the net- 

work simulator uxay be used for investigating steady-state power 

systems .s 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 systen. Bus voltage units are 

connected to either positive or negative potential sources, nieasured 

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 8us Urits. 
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In recent years, digital coiu.puters have pLiyed an increasingly 

more prominent role in the analysis of electric power systns. 

These computers have enough capacity to analyze iiost power systs 

with high speed. and accuracy, and therefore have become a valuable 

tool to the power systit engineer. Often in power systen design and 

analysis, it i necessary to make nny changes in the systeuì in 

order to obtain the desired power transfer or proper handling of 

transient distu.rbancea. System changes, when using digital corn- 

puters, involves extensive reprogramming and a large consunption of 

time. Analog network simulators have the advantage that changes in 

the system under study can be e.sily made. These changes involve 

simply a change of impedance connections on the simulator or a 

change of bu5 voltage, and are accomplished in a few minutes. 

Because all systn changes can be ¡nade directly on the analog sin- 

ulator, it is rauch more convenient to use than the digital computer, 

although accuracy of rneasurnent is somewhat sacrificed. The 

resistance analog network simulator presented in this thesis is 

based on the following theory (2, p. 1-4). 

Theory Of The N etwork simulator 

Carrent and voltages of the power system of Figure 8 may be 

represented by the phasor diagram of Figure 9. 



Buel Bu2 
a + ix 

c-mm lE2 
13 

- 

I 

Figur. 8. Two-bus syeteu for illustrating network alninl*tor 

theory. 

Th. positive direction for power and vare will be takei when 

these quantities flow from a bus into a line. 

VQ1.2 

'Q12 

41-2 Ep,pi 
VP1-2 

Figure 9. Phasor diagram for the syet of Figure 8. 

Power flow at each bue of Figure 8 is given by 

i = Y1-2 

2 
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Eq. (43) 

Fq. (44) 



The current in the systn is 

- i 2 
o J.. 
z 

V1_2 + 

R + jX 
(V R t V X) + j(V R - V X) 
Fi-2 Q-2 (al-2 Pi-2 

R2 X2 

(VG + VB) r (v2G -VB) Eq. (45) 

For convenience in operating the network simulator, two new 

quantities, M and N are introduced such that 

1z2 z 
Eq. (46) 

G R COSeZ 

Z 
Eq. (47) 

B X sin9Z 

Substituting these values into Equation (45) results in 

/V r \ 1V -V \ 

Pi-2 Q1-2) 
.t- 

( 

Qi-2 Pi-2) Eq. (1+8) 

1-2 
\ M N J \ M N J 

which ha as its real and reactive components of current 

-r -- Pi-2 
P1-2 M 

I= _____ 
l-2 M 

Eq. (49) 

N 

V12 
Eq. (50) 

N 



39 

Positive power at bus i is given by 

S1 

-= (E1 r jE)(I12 -jI2) 

r(V12 
+ Ql2\ + E 

(V2 

L 1M N) M N) 

rE 
(V?12 

E . (si) LM N) PlM N,)] 

The real and reactive components of power at bus i are 

iv y \ Iv V \ 

P = E 
( 

Pi-2 -) i E 
( 

1-2 Pi_2) 
. (52) 

i Pi\ 
4 N J 

Q1\ M N J 

iV V \ ¡V V \ 

Q E ( __ 
Pi-2 + -2 r E ( 

Q2 - P1- (53) 
i Q11 M N J 

Q]\ M N J 

The positive power and vrs at bus 2 are given by the same type 

of equation as those used at bus 1, but with the signs reversed 

since 12_i h12 The voltages are the rectangular coordinates 

of the bus voltage E2. 

2 _EP2 
(VP12 E(2 

Q2 _E(2 -V2) &i.(55) 

All of the quantities that appear in the above equations for 

power and vrs re scaler numbers. Electrically they could be 

represented by rect voltages .nd resistances, but for convenience 
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they are represented on this network simulator by single-phase 

alternating voltages and resistors. Four resistors and four voltage 

units are reiured 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 
'A 

'B ______ 

E2 

M_________ 
El E 
Q.1J N I _____ Q2 

D 

Figure 10. Network simulator equivalent circuit for power 

systen imp edanc es. 

The line currents of Figure 10 are 

E -E V 

i 
P1 P2 = Fi-2 (56) 

A M M 

E -E V 

I = P2 = Fi-2 (57) 
B N N 

E -E V I.1 
C N M 

E -E V 

I =- 
Qi Q2:= L2 q (59) 

D N N 

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

expressions for power and vars become 



j) (I 
i Pl A 

Q =E (I 
i Ql A 

j) -_j (I 
2 P2 A 

I ) E (I 
D Q1C 

1)-E (i 
D Pi C 

ID) -E(I 
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I) Eq.(6o) 
B 

i) Eq. (61) 
B 

1fq. (62) 

Q2 -E(I ID) 
r 

p2(Ic - IB) F4. (63) 

The current coxithinations are nide with three winding current 

trnsforniers d the iu1tiplications and sums are made with a two 

e1emt wttxneter. 

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- 

amp eres. 

Description of Network Simulator 

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, p. 96) properly connected to direct 

and quadrature components of terutinal voltages. When these voltate 

components re connected to the buses of the system under study, the 

need for actual generators and loads is elininated 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 al]. the circuits connected to that bus. 

Var flow is detiined in a similar uariner. Figure U is a sim- 

plified schnatic 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 elnent, three-phase wattmeters connectes as shown in 

Figure II will read separately the real and reactive power flow t 
bus 1. The calculator discussed here, however, uses a single watt- 

meter and 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 wdtt- 

met potentia circuits :xid is used to indicate the direction of 

power and var flow with respect to the bus being metered. This 

switch is labeled TTOut-In. The 1'Out" position indicates the posi- 

tive direction of power or var flow, while the In" position 

indicates negative flow. Thus, both real and reactive poer flow 

are measured with the sane instrumentation. 

&4S Units The solution of anplo One indicates that in orde' to 

solve stability problans on a network analyzer, it is necessary to 

have continuous phase adjustment of bus voltages from zero to i6O 

degrees. Each voltage unit of this analyzer consists of two 0.165 

Kva, 120/0-132 volt, 1.25 ampere continuously variable autotrans- 

forniere which represent the in-phase and quadrature components of 

bus voltage. .?ower is supplied to aU voltage units by a 1.5 Kva, 



REAL THREE-PHASE REACTIVE 

FIGURE11. SIMPLIFIED DIAGRAM OF NET WORK SIMULATOR 
ILLUSTRATING POWER MEASUREMENT AT BUS ONE. 



120/240 volt, 3ing1e-pÌiase pûwer trnsforiier. The aecondary of this 

transformer ha3 a grounded center-tap which is used as the reference 

bus throughout the calculator. The two raiining secondary ter- 

niina1s htve 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 autotransfornier is 

grounded. The other side of the priiairy winding is fused and 1riar be 

connected through a three position switch to either the positive or 

negative voltage bus. The autotransformer secondaries are iride- 

pendently adjustable in nagnitude, froni zero to 1.75 per unit volts. 

Therefore, the voltage at any bus may be adjusted within the spec- 

iíied 1ia..its, to any desired magnitude and phase angle. 

Because each bus voltage is represented by direct and quad- 

rature coxaponents, 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 initiafly impressed on a separate circuit and later coiabined 

with the proper calculator currents to represent power and var flow. 

A two-phaBe voltage supply would introduce an unwanted 90 degree 

phase shift in the calculator resulting in erroneous power measure- 

merits. This i evident if one exawi.nes Equations (60) to (63) for 

power arid vars in wnich aU 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 pha3e angles, it is now necessary to 

measure the power and var flow dnd the voltage at any desired point 

in the syst bein studied. The primary requirement when inserting 

instruments into the calculator circuits is that they must draw 

negligible power from the circuits. 

Ixxst'uuimentation Circuits The direct arid quadrature components of 

bus voltage are ii'easured usir two identical measuring schemes. The 

voltage measuring circuits may be inserted into the power systn 

any desired bus, or into any circuit connected to a bus. The bus 

selection is relay operated and controlled by a single on-off 

toggle switch. One switch and the associated relays aro 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 

systeci is being neasured, a 15 megohin resistor in series with a 75 

thousand chin resistor is connected between each of the component 

buses and ground. Voltages proportional to each cxiponent 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 approxinately 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 eit.er the direct or Quadrature voltmeters and to the 

watt-var selector switches. The two voltmeters are direct-currit 

instruments and are equipped with external, selenium, full wave 

bridge rectifiers. The voltmeters and the watt and var potential 

circuita each have approximately 5000 ohms resistance to match the 

secondarieß of the etep-up traneforiliers. In order to nairitain a 

go"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 Ep1 and E2 buses is 

redrawn as the equvalent circuit of Figure 12, the power loss due 

to the voltage measuring circuit may be investigated. 

DR 
Figure 12. Equivalent circuit illustrating method of 

voltage measurement. 

+ 

iesistance I is the equivalent resistance between buses, denoted 

as M and N on Figure II. The resistance of each current transformer 

is 3.2 ohms and is email enoui to be ne6lected. R. is the 15 

megohni resistor for the voltage metering system. The 75 thousand 



ohms resistor in series with the shunt branch is small compared to 

15 megohms and can also be neglected. The ioop equations for the 

voltages of Figure 12 are: 
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= RL r RI2 Eq. (64) 

- lU r RI + R I Eq. (65) 
2 1 2 L2 

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

I2 the sum of which is the current 
'R 

through the shunt branch. 

IR = Il 
ì 

12 

RL R. RL R. 

Eq. (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 systan 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 voltage of Figure 12 is 1.10 per unit, the 

shunt branch current is 

I__ - 
X 75 volts/pu 

x( l5xlO6ohms 

- 5.5 microamperes Eq. (67) 
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The power dran by the shunt branch is 

P = IR 

(5.5 x 106)2 x 15 x 106 

= 0.454 mìlljwatts Eq. (68) 

A typical value of E2 is 1.00 per unit volts while will vary 

throughout the range of 0.10 to 2.00 per unit inipedance. The power 

transferred in the series branch of Figure 12 for the assumed limits 

of line iiapedance is 

z 75 volts 
max 0.10 pu x 2500 ohms/pu 

250 

225 mi1liwtts Eq. (69) 

= [i.o _ l,00)u x 75 volts/Pu]2 
'nj-n 2.0 pu x 2500 ohms/pu 

2 
7,5 
5000 

-= 13.25 milliwatts Eq. (70) 

Throughout the range of R1, the transferred power is rmch 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 nieasurin,g circuits of Figure II are over simplifi- 

cations of the actual circuits. The secondary of each three-winding 

current transformer is connected to a currt amplifier which has 

both gain and pha8e adjustnents . The amplifier outputs are each fed 

into other current transformers having turn8 ratios of 40 to 1. In 

turn, each of these transformer secondaries is connected to one of 

the watt-var meter current coils. The over-all gain of the currt 

instruientation circuits is zpproxirnate1y 90, and is adjustable from 

the control panel of the calculator by O,OOO ohm and 2,000 ohm 

variable resistor8 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 ainaU and does not influence the 

power transfer of the system. 

iesistance Units The network simulator is desi<ied to have a 

capacity of 60 buses and 92 circuits. Fifty of the buse8 have a 

capacity of four circuits, the remaining ten buse8 have eight oir- 

cuit capacity. Each circuit represents a power system impedance 

such as a transmission Une or generator reactance arid is repre- 

sentad on the calculator by four resistor units, two of which are 

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

variable resistor of the wire-wound type and has a power rating of 
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three watts ire-wourid resistors were chosen rather than com- 

position type because of better stability characteristics. Pre- 

I ;iinory 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 theif initial values. The 

temperature-resistance characteristics of the sainpies were deter- 

mined by connecting a one and one hai! volt battery to each for a 

period of 30 rdnutes and noting the chance in resistance during 

that period. 3.esistance was measured before and after each test 

with a resistance bridge, and the cumulative resistance drift was 

displo,yed on a dual-trace oscilloscope. After a period of 30 

:ìinutes, the wire-wound resistors appeared to have stabilized, 

whereas the composition type had not. The circuit used and the 

data taken are given in Appendix 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 open 

circuit which must be juiupered with a wire having banana plugs on 

each end. 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 coin- 

ponents are used. These components correspond to the N resistance 

units. By leaving the M units unjuznpered 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 M 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- 

b1ns on the analyzer, two modified Strowger step-by-step connector 

switches are Used to connect any of the 92 circuits to an ohrrimeter 

for setting the M and N constants. The switches, operated by a 

:aodified telephone dial, are connected one on either side of the 

circuit being measured. Each switch 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 contact8 arranged 

in ten horizontal rows. The two contacts of each set are pLiced 

vertically with a thin insulator between them. Each bank has a 

pair of sprin; wipers thich 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 whei the upper pair is raised to a given 

level on the upper bank ol' contacts, the lower pair is raised to 

the corresponding level on the lower bank. The four wipers of 

each switch have loo possible positions and at each position they 

are connected to four contacts. Ninety-two of these positions are 

occupied by the analyzer circuits. The four contacts of each 

position correspond to the two N and two N resistance units of each 

circuit. The circuits have been assigned numbers from 01 through 

92 and each may be selected by dialing the appropriate number. 



The spring wipers of each switch are connected to an auxiliary four- 

position switch which allows independent nìeasurent 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 nornial 

unoperated positions. 

ystu Fault Pane). SystOEn fault studies on the network simulator 

require that the systan can be short circuited to the neutral bus 

at ny desired point. A separate shorting panel provided for this 

purpose connects the fault point to the neutral bus through a four- 

pole single-throw switci. 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 wnen it is desired to study faults through impedances. 

Complete circuit diagrams of the network simulator and its 

component parts are found in Appendix D. 

$jinulator So1utio Of The Swg uaton 

Stability problus are solved on the network simulator by con- 

sidering then as a 8et of simultaneous equations under successive 

steady-state conditions. The systun under study is first reduced 
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to coimon base arid normally set up on the basis ol' the positive 

sequence network. Each aachine internal voltage is connected in 

series with its transient reactance. The system is connected on 

the network simulator for conditions prior to the dist.urbance, 

Values of' machine internal voltages, power flow and machine rotor 

angles are recorded at each bus in the Btudy. Iea1 power at each 

bus of the system prior to the disturbance is assumed to be the 

mechanic al power at that bus Interna], voltage nagnitudes 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 systen 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 systen. 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 anguLr position oÍ' the mchine internal voltages. From 

the relations between machine inertia, change in power and time 

interval, the angular change of each inchine rotor is calculated. 

The símuLitor bus voltage angles are then shifted to the new values. 

The procedure is repeated for the next interval, and continued 



until the system is proven either stable or unstable for the con- 

ditions being studied. 

To illustrate the network siulator solution of transient 

stability problns, the following exanp1e is offered. 

Example Two 

The two achine power system of Figure 13 has the following 

characteristics. 

Sending d 

dg 

R 

RfjX 

Reciving d 

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

Xdfll 

54 

E 
In 

All values of impedance are expressed on O Mva, 33 Kv base. 

Transmission Lines: 

Two circuits 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. Each line 

is assumed to have the following impedances: 
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a. O r jO.75 pu. 

b. 0.53 r jO.53 pu. 

C. 0.75 r ,jQ pu. 

Sending d: 

One 100 Mva, 13.8 Kv, three-phase, 60 cycle waterwheel 

generator. 

Rated current transient reactzice: X - 15 

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

Tr ans f orner s : 

One 75 Mva, three-pha8e, 60 cycle bank at tne sending end, 

connected as shown in Figure 13. 

1eactance: X 4.66, 

One 50 Mva, three-pha8e, 60 cycle bank at the receiving 

end connected as shoin in Figure 13. 

Reactance: X 7% 

Receiving End: 

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

zaotor. 

Rated current transient reactance: X 25 

Inertia constant (Mw-sec/Mva): H 2 

Transient Disturbance: 

The systen is initially operating with both transmission 

lines in service. One line is then opened by circuit 

breakers. For each of the transmission line iipedance 
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conditions, calculate and plot the swing curves of the 

power ystm. 

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 14. 

Syncku'onous Condens er 

Synchronous condensers re over-excited synchronous motors 

used primarily for power factor correction. These condensers 

operate without mechnicai shaft torque, arid under stead,r-state con- 

ditions, do not draw power froi the systu except to overcome 

losses. Being over excited machines, they draw a leading current 

and thus act as capcitcrs. In power 3yotn 8tudies, the syn- 

chronous condenser is often represented by a static capacitor. 

Most commercial network analyzers aake this replaceaent 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 systn to any great degree. If the condenser is large 

enough to be of importance in stability studies, it is treated as 

any other synchronous machine. That is, it is represented as an 

internal voltage in series witn its transient reactance. Initially, 

only reactive power flows in the condenser, but under transient 

conditions, real power will also flow. 
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Figure 14. Swing curves for the two-machine systen of 
Zxample Two. 



The network simulator presented here has no provision for 

representimig capacitance. Thoxefore, cndensers ust be repre- 

sented as synchronous aachines, and analyzed in the sane aanner. 

Simul-tor Lim1tatios 

Voltage instrumentation circuits ol trie network sialator re- 

quire half an hour or more to thoroughly warm up and stabilize. 

During this warm up period, the input voltage to the anplifiers 

decreases about ten percent indicating a positive tenperature 

coefficient of resistance of the voltage measuring resistors. These 

resistors are one watt carbon resistors with plus or minus Live 

percent tolerance. Precision resistors of a higher power rating 

would help to eliminate voltage drift. If, during the warAa 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 iauch current at the 

terminals of the wattiaeter and an incorrect power nìeasurement. The 

present procedure to counteract voltage drift during wara up is to 

change the measuring resistors. Fixed resistors of the type pre- 

viously mntioned are provided for this purpose in a range 14 to 

18 megohms. Clip leads are used to aat<e the connections between 

the resistors and the input terminals of the voltage amplifiera. 

The instruments used in the network sivaulator have scale 

divisions of 0.05 per unit, and can be read only to two places 

with accuracy. The over-all accuracy of measuraent is within ten 
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percent of actual values. Example Two presented here was checked 

by hand calcu1tion. The value of electric power obtained from 

the simulator in no instance v?ried more than ten percent froni hand 

ca1cultions, nd in most cases the error ws about five percent. 



CONCLUS IONS 

Qn electric power systOEns consisting of iaore than two ¡iiachines, 

stability analysis without the aid of a network simulator is very 

difficult and tedious Sosie of the advantages of a network 8iLu- 

lator include: 

a. Little or no network reduction is necessary, provided the 

power system to be simulated does not exceed the capacity 

of the simulator. 

b. Initial systan operating conditions need not be coniputed, 

but may be obtained by a steady-state 8tUdy on the 

simulator. 

c. Load changes, switching operations and symmetrical three- 

phase transient disturbances may be applied cn the simu- 

lator just as they are on the actual power systeì. These 

disturb:nces employ only the positive sequence iiapedance 

network. To study unbalanced system faults, the negative 

and zero sequence impedance networks must also be used. 

d. 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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e. The si2iulator cn be used as a dei tool Lcr eiecbric 

powex systenis. In this respect, it has a decided advi- 

tage over high speed digital computers. 

The network simulator has been designed to have a capacit.y oL 

60 buses and 9 circuits. Hall' of the 92 circuit.s connect direct1., 

through relays to the metering bus aL the aimulator and are used 

when a single impedance is connected betwoen buae8. The other 4.6 

circuits have Cinch-Jones plugs on botn ends and xnj be connected 

in series to represent the various portions 01' a power syste iiped- 

.nce. These circuits have no connection to the aetering 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 maximi.mi of four cir- 

cuits connected to than. The raining 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- 

iiiachine power systems. 

The network simulator is based on the principle that an iLaped- 

ance can be represented by four resistors if they are properly 

connected to in phase and quadrature niagnitudes of the voltages at 

the terminals of the impedance. Connecting these voltage conponents 

to the buses of the systeu eliminates the need for actual generators 

and loads because the power flow in each circuit is determined by 

its constants and terminal voltages. 



62 

dire-wound resistors were cIìcsen for the siøiulator circuits 

because of their resistance stability under tnperature changes. 

The units selected are continuously variable from O-5000 ohms 

and have a power rating of three watts. 

The per unit syrsten of notation is used on the network sinu- 

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-eleuent, three-phase wattmeter which measures 

both real and reactive power. Current and voltage amplifiers are 

provided in the metering 5ysten, thus reducing the power loss from 

the circuits of the simulator. 

Transient stability probi8ns are solved by ploying a point- 

by-point analysis of the swing euation. 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 

ferra and continued until the system is proven either stable or un- 

stable. A special ort circuit panel is provided for systan fault 

3tucbies, 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. ample 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 CHARACTERI ST CS 
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(b) LARGE VERTICAL TYPE WATERWHEEL GENERATORS, INCLUDING 
ALLOWANCE OF 5 PERCENT FOR WATERWHEELS. 

FIGURE A-I. INERTIA CONSTANTS OF GENERATORS(8, P.189). 
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FIGURE A-2. UNSATURATED TRANSIENT REACTANCE FOR 

WATERWHEEL GENERATORS (8, P. 88). 



APPENDIX B 

SOLUTION OF EXiMPLE ONE 

On a sin1e-phase basis, the base values of voltage, current 

and impedance are 

Base voltage I Kv 

66 Kv 

3 

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

= 3 Kva/3 
Base current 

L-L Kv/3 

60.000 Kva 
66 Kv/3 

- 525 amperes Eq. (B-2) 

Base voltaje 
Base impedance 

Base current 

38.1 Kv 

- 525 aAnps 

72.6 ohms Eq. (B-3) 

Resistance of the systn has been neglected, reducing aU 

impedances to pure reactances. The tranaaission line reactance is 

calculated with the aid of Tables i and 6 of reference 9 

(9, p. 49-54). 



XX -rX 
a d 

50 miles (0.487 ± 0.3073) ohms/nine 

- 39.7 ohms Eq. (B-4) 

In per unit notation, the reactance of each line beconies 

pu Base ¿ 

39.7 
72.6 

0.547 pu Eq. (B-5) 

The fault on the systeri is the three-phase tjpe, and only the 

positive sequence reactance diagram of Figure B-1 need be con8idered. 

Figure B-l. Positive sequence reactance diagram of Example 

One prior to the fault. 

The equivalent reactance between the generator terminals and 

the infinite bus prior to the fault is 

Xe - jO.08 + + jO.08 

= jO.434 pu Eq. (B-6) 



Receiver load is 50,000 Kw or 0.833 pu with the voltage con- 

stant at 0.95 pu. The current flowing in the systn is 

= O.833 
o 95 

0.877 e . (s-7) 

The generator terminal voltage is then 

o o 

E E tU 
t in e 

0.95 + 0.877 x J0.434 

= Q95 r jO.381 

1.023 e22 pu Eq. (B-8) 

and the voltage behind the generator transient reactance is 

o o o 

E = E t U' 
g t d 

-= 0.95 - jO.381 + 0.877 x jO.254 

= 0.95 jO.604 

= 1.12 e32'4 pu Eq. (B-9) 

The sending end power is given by Equation (11) of the text, 

which is the power equation for any syst. When syst resistance 

is neglected, Equation (ii) reduces to the following form. 

EE 
P = 

in 

g XeX 
= 1.12 x 0.95 

0.434 0.254 

= 1.55 sin Ç pu Eq. (B-10) 



When the fault is applied, the positive sequence reactance 

diagram becomes that of Figure B-2. 

jO.O jO.;4( jO.OS 

Figure B-2. Positive sequence reactance diagraui of 
anple One during faLit. 

By successive wye-delta conversions, Figure B-2 may be converted 

to an equivalent delta circuit as aho i.n Figure B-3. 

j2.17C 

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 increase the var flow. Sending end 

power during the fault is given by 
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1.12 x 0.95 sin % 
2.178 

0.488 sin % pu .. (B-ii) 

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 renaming 

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

1.12 .95 sin 
g 0.957 

1.11 sin pu Eq. (B-12) 

All necessary infornation for calculation of the swing curve 

is now available, and the tabular solution follows. A time interval 

of 0.05 seconds will be sed. 

The critical 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 anount of power to be transferred is 

0.833 pu. The critical angle is given by 

P 
C ° .-1 s o rl80 -s:in 
c l.11 

= 180 - 48.6° 

= 131.4 Eq. (B-13) 



Tdble B-1, Cù:utat.on sheet 2or poe: 3ystem stability studies. 
íachine No. 1 Total Hva 60 Shaft Po'ier P 50 Mw s 

H 3 Mw-sec,'Mva N = GH/l3O.78O4.i-sec2/elect. degree 

t Q05 Seconds k = (t)2/M 9 M.i/ elect. degre2 

(i) (2) (3) (4) (6) (7) (3) (9) (10) (11) (12) 
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.-4 Q) - 
J 

-u .i 
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C) O 41 ,- 
,-4O 
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'-j- - 
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J C) 

C) 
C) C) 

U >. 

i -4 -J O '-4 
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.-4C) 
E-4c/D H< ±1 

o 
j 4+ 

.-40 O 
< 

C4 

- - - - -. 3+5 Pc-6 7xk 89n-l10n-l9 2-11 

p _ 32.L O -0.537 O.E33 O.Efl3 32.4 

o + 32.4 0 -0.537 0.262 0.262 0.571 
_______ _______ 

32.4 ______ _______ 
o avg 0.285 2.66 2.66 35.06 ______ _______ 
0.05 

_______ 
35.06 0 -0.575 0.281 0.231 0.552 k.97 7.63 k2.69 ______ _______ 

0.10 42.69 0 -0.678 0.331 0.331 0.502 4.52 12.15 54.74 _______ 
0.15 54.74 0 -0.816 0.390 0.390 0.443 3.98 16.13 70.87 

______ 
______ 

0.20 70.87 0 -0.9L5 0.461 0.461 0.372 3.35 19.48 90.35 ______ 
0.25 90.35 0 -1.000 0.488 0.488 0.345 J.10 22.58 112.93 ______ 
0.30 J.2.93 O -0.92 0.41i.9 0.449 0.384 3.45 26.03 13.96 ______ _______ 
0.35 38.96 0 -0.656 0,320 0.320 0.513 k..62 30.03 169.61 ______ 
0.40 .69.61 O -0.180 0.088 0.088 0.745 6.1 37.36 206.97 _______ 
0.45 06.97 o 0.453 -0.221 -0.221 1.054 9.50 6.86 253.85 _______ _______ i-J 



Table B-2. Conirutat ion shcet 2o puue: iten cability studies. 

ac1uine Nc . i Total Mva 60 Shaft Power P 50 

II 3 -sec,'Mva M = GH/l3Of2.78X1Ozsec2/elect. degree 

AL: 0.05 Seconds k = t)2/M 9 h.i/ elect. degree 

(i) (2) (4 (.') (-,) (6) (7) (8) (9) (10) (11) (1) 
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-I o r-4 (j 
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J C) 4 
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C) 
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_-1 C) ß c_ 

i.O 
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C.) D 
-4 C) 

-( - 
ca- 
.- (j C) IJ C) 

.. 
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'I 
3 '-4 -1 Q 

.--j 
E- 

4C 
-< 

L) 

±1 
o 
Ç) 1+ 

.-40 
u 00 
I 

< 

<O < O 
I 

- - - - - 3 - i PJ û 7 X k 8 + 9n1 10n-r - 2 11 

0.15 - 54.74 0 -0.816 0.390 0.390 0.443 _______ _______ _______ ______ _______ 
0.15 f 54.74 0 -0.816 0.906 0.906 -0.073 _______ _______ _______ ______ _______ 
0.15 av 0.185 1.67 13.32 68.56 ______ _______ 
0.20 

_______ 
68.56 

_______ 
o 

_______ 
-0.930 

_______ 
1.033 1.033 -0.200 -1.80 12.02 80.58 ______ _______ 

0.25 80.58 0 -0.985 1.094 1.094 -0.261 -2.35 9.67 90.25 ______ _______ 
0.30 90.25 0 -1.000 1.110 1.110 -0.277 -2.49 7.18 97.43 ______ _______ 
0.35 97.4.3 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 ______ _______ 
0.45 104.27 0 -0.967 1.075 1.075 -0.242 -2.18 0.33 105.05 ______ _______ 

0.50 105.05 0 -0.966 1.073 1.073 -0.240 -2.16 -1.83 104.22 _______ _______ 
0.55 104.22 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 _______ _______ 
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ÀPPE2DLC C 

RESISTOR STABILTrY CHARACTE1USTICS 

The stability characteristics of wire-wound and cposition type 

resistors were desired before resistor units were purchased for the 

network simulator circuits. Samples of each type of resistor were 

connected to the circuit of Figure C-1 to determine how current flow 

through the units affected the resistnce. 

1.5V 

Herman H. Sticht 
Resistance bridge 

5 Kfl. 

Sample 

To Leeds and Northrup 
ballistic galvanometer 

or 

Tektronix Type 532 
Dual Trace Oscilloscope 

Figure C-l. Circuit for measuring resistor stability 
characteristics. 

The wire-wound sample resistor was set at 5000 ohms using the 

resistance bridge and ballistic galvanometer. The galvanoìaeter was 

then rep1ced 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 batterj, the trace drifted away from the 



¿-I. 

B trace indicating a resistance change. This procedure was repeated 

with other settings of the sample and with other 3amples. A1'ter 

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. iesults of the tests are given in Table C-l. 

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

Type Of 
Resistor 

Initial 
Setting 

Resistance 
Increase 

Percent 
Change 

dire-wound 5000 50 1.0 

1000 12 1.2 

500 20 4.0 

Composition 5000 120 2.4 

1000 24 2.4 

0O 20 4.0 
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FIGURE D-6. SCHEMATIC DIAGRAM OF 24 VDC AND 50 VAC CONTROL CIRCUITS 





Tb1e E-1. Cor:putatun heeL 2or po:ev syitem tabi1iLy studies. 

I:acIine No. Gen. pt. (a) Total Mva 100 Shaft Power P 

H 3 Mw-sec1tNva ; = GH/13Of .00O555Mi-sec2/e1ect. degree 

At: 0.05 Seconds k = (At)2/M 4.5 Mw! elect. degrec 

(1) (2) (3) (4) () (6) (7) (8) (9) (10) (11) (12) 

UD 
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.-. 

.- o 
Or .- 
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.-J ) c 
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- 
) 2 H 
1+ ço 

- - - - - 3 -J- j P - G 7 : k 8 + 9n-1 10n-1 2 - 11 

o- 0.75 ________ ________ 25.7 
oi 

_______ ________ ________ 
0.53 

_______ 

0.22 _______ _______ 25.7 _______ _______ 
o ivg 

_______ _______ _______ _______ 
0.11 0.50 0.50 26.2 _______ _______ 

0.05 
_______ _______ _______ _______ 

0.55 0.20 0.902 7..L02 27.6 _______ _______ 
0.10 

_______ _______ _______ _______ 
0.62 0.13 0.586 1.983 29.6 ______ _______ 

0.15 
_______ _______ _______ _______ 

0.70 0.05 0.225 2.213 31.8 ______ _______ 
0.20 

_______ _______ _______ 
0.77 -0.02 -0.09 2.123 33.9 

0.25 
_______ _______ _______ 

0.83 -0.08 -0.361 1.762 35.? _______ _______ 
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 -0.i.51 37.3 _______ _______ 



Tdble E-2. Cj:-:r:aton hceL o po;e1: syiten stabilit:' Lu'Jic. 

Eachine No. Mtr. pt. (a) Total Mva 50 Shaft Power P 

il 2 Nw-sac/Nva M = GH/13Of.00O185Mi-sec2/e1ect. degree 

0.05 Seconds k = (12t)2/M 13.5 h/ elecL. degre3 
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- - - - 3 ± :5 - G 7 ;: 8 + 9n-1 10n-1 2 - 11 

o- -0.75 _______ _______ -10.6 ______ _______ 
o L 

_______ _______ _______ _______ 
-0.53 

_______ 
-0.22 _______ _______ -10.6 ______ _______ 

o avg 
______ ______ _______ 

-0.11 -1.49 -1.49 -12.1 ______ _______ 
0.05 

_______ _______ _______ ______ 
-0.56 -0.19 -2.57 -4.06 -16.2 ______ _______ 

0.10 
_______ _______ _______ 

-0.63 -0.12 -1.62 -5.68 -21.9 ______ _______ 
0.15 

_______ _______ _______ _______ 
-0.71 -0.04 -0.54J -6.22 -28.1 ______ _______ 

0.20 
_______ _______ _______ _______ 

-0.79 0.04 0.54J -5.68 -33.8 ______ _______ 
0.25 

_______ _______ _______ _______ 
_______ -0.85 0.10 1.35 -4.33 -38.1 ______ _______ 

0.30 
_______ _______ _______ 

-0.88 0.13 1.76 -2.57 -40.7 ______ _______ 
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_______ _______ _______ _______ 
-0.89 0.14 1.89 -0.68 -41.4 ______ _______ 
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_______ _______ _______ _______ 

-0.90 0.15 2.03 1.35 -40.0 ______ _______ 
0.45 

_______ 
_______ 

_______ 
_______ 

_______ 
_______ 

_______ 
_______ -0.90 0.15 2.03 3.38 -36.6 ______ _______ 

O) 



Table E-3. C'-'utat.on hceL pc':ev ytern stability studies. 

:acine ::3. Gen. pt. (b) Total 1iva 100 Shaft Power P 44.5 Mw 
s 

li 3 Nw-sec/Mva M = GH/lCOf.Q0Q555 Mi-sec2/e1ect. degree 

At 0.05 Seconds k = (t)2/M Mq/ elect. derea 

(1) (2) (3) (4) (i;) (6) (7) (8) (9) (10) (11) (12) 
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o- 0.89 _______ _______ 18.4 _______ _______ 
o_______ 

_______ _______ _______ _______ 
0.65 

_______ 
0.24 _______ _______ 18.4 _______ _______ 

o avg 
_______ _______ _______ 

0.12 0.54 0.54 18.9 ______ _______ 
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_______ ______ _______ 
0.70 0.19 0.857 1.357 20.3 _______ _______ 
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_______ _______ _______ _______ 
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0.15 
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_______ 
_______ _______ 0.77 0.12 0.54 -1.363 i.3 _______ _______ 
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Tb1e E-4. C putatn hcet oi piev syteîn stability studies. 

Uachine No. Ì'1tr. pt. (b) Total Hva 50 Shaft Power P 

ii 2 Mw-sec/Mva I = GH/130f .OQO185Mi-sec2/e1ect. degree 

Ai: 0.05 Seconds k = (At)2/ 13,5 Mw! elect. degre2 

(1) (2) () (4) () (6) (7) (3) (9) (10) (11) (12) 
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-0.90 0.22 2.97 0. -29.4 ______ _______ 

0.30 
_______ _______ _______ _______ 
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_______ -0.57 -0.11 -1.49 3.491 -13.0 ______ _______ 



Table E-5. C:-uatan lìcet foi- pouer syzitern stability studies. 

:ac1uine o. Gen. p.. (e) Total Nva 100 Shaft Power P 

il 3 Mw-sec/Mva = GH/180f.000555 Mi-sec2/elect. degree 

t 0.05 Seconds k = (t)2/M ].5 Mi/ elect. degree 
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o avg 
_______ 
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Tb1e Co:i'utation sheet o pu7er system stability studies. 

I1achine o. pt. (c) Total Nva 5g Shaft Power 18,5 Mw 

II Mw-sec/Mva N = GH/lßOf .000185Mw-sec2/elect. degree 

At pp Seconds k = (At)2/M J,3a5_MW/ elect. degre2 
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C) - -0.37 _______ -10.6 _______ 

o 
_______ 

-0.09 

_______ 
-0.28 -10.6 _______ 

pavg 
_______ _______ _______ _______ 

-0.14 -1.89 -1.89 -12.5 _______ 
0.05 

_______ _______ 
-0.14 -0.23 -3.11 -5.00 -17.5 _______ 

0.10 

_______ _______ _______ 
-0.29 -0.08 -1.08 -6.08 -23.6 _______ 

0.15 

_______ 
-0.48 0.11 1.49 -4.59 -23.2 _______ 

().2() 

_______ _______ _______ 
-0.6k. 0.27 3.65 -0.9L. -29.1 _______ 

0.25 

_______ _______ 
-0.68 0.31 4.19 3.25 -25.8 _______ 

0.30 

_______ _______ _______ 
-0.58 0.21 2.4 6.09 -19.7 _______ _______ 

0.35 

_______ _______ _______ _______ 
-0.1+0 0.03 0.405 6.13 -13.3 _______ 

0.40 

_______ 
-0.22 -0.15 -2.03 4.10 - 9.5 _______ 

0.45 

_______ 
_______ _______ _______ -0.10 -0.27 -3.65 0.45 - 9.0 _______ 


