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CHAPTER I
INTRODUCTION
1.1 Project Background

The objective of the project described in this report was to deyelop pro-
grams that will enable the students and faculty of the Department of Electrical
Engineering at KSU to make meaningful studies of tﬁe dynamic behavior of
electrical power systems in the first 2 or 3 seconds after the occurrence of
a major disturbance, such as a three-phase fault, at a bus and subsequent
clearing of that fault. The resulting set of programs are dimensioned to
handle electrical power systems containing up to 50 significant buses, 150
transmission lines and transformers, and 20 synchronous machines. All com-
pounent and system modeling is designed to be consistent with the observation
interval of 2 or 3 seconds and to give the user as much flexibility as is
judged to be practical. The models used account for the action of the excita-
tion and speed governor control loops. Although it is recognized that these
control loops are relatively slow and may not affect the response significantly
in this time interval, these ccntrél loops were included in anticipation of
future extension of the program to larger observation intervals.

Stability is defined in "American Standard Definition of Electrical Terms"
published by the American Institute of Electrical Engineering [1], as follows:

Stability, when used with reference to a power system, is

that attribute 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,

In the steady state condition, the mechanical input of a machine is equal

to its electrical output, the machine speed and the relative rotor angular



position are constant. In the transient period resulting from a disturbance

such as a momentary fault in the network or a sudden change in load, there

arises a difference between the mechanical input of a machine and its electri-

cal output, which causes an accelerating torque to be applied to the rotor.

This makes the machine swing relative to the other machines, its speed and

relative angular position along with bus terminal voltage, machine internal

voltage and generated power thus change with time.

The transient stability problem must be solved on the basis of a given

initial static power flow condition which is the solution of a load flow

program.

In this report, the load flow program is formulated using the

Newton Raphson method.

Roughly speaking, in a load flow program, a set of nonlinear algebraic

equations must be solved simultaneously based on some specified information.

In

a transient stability program, a group of linear differential equations must be

solved simultaneously to obtain the values for some variables at every instant

of an observation interval.

The input and output scheme for these two programs are given as follows:

(A) Load Flow program

Specified Information

e
)
(3)

(4)
(5)

(6)

The injected real power at each bus except one (referred to as the
swing bus or slack bus).

The desired voltage at all buses where there is an active source of
reactive power (generator or synchronous condenser).

Capability limitatioms on the injected reactive power at the buses
where there is an active source of reactive power.

The real and reactive demand (load) at every bus.

The appropriate model for each transmission line, each transformer
(including static tap settings), and each static capacitor/reactor.

The bus interconnection scheme.



Determine

(1) The injected real power at the swing bus.

(2) The injected reactive power at all buses where thefe is an active
source of reactive power.

(3) The transmission line real and reactive power flows. i

{(4) The real and reactive power flows through all transformers.

(5) The magnitude and phase of all bus voltages,

(6) The total system transmission losses.

(B) Transient Stability program

Specified Information

(1) The prefault network conditions including configuration, loads, and
generation pattern.

(2) The faulted network condition including fault clearance information.

(3) The mathematical models for excitation and speed governor control
systems and the corresponding data.

(4) A mathematical model for the synchronous machines and their cor-
responding data.

(5) A set of network performance equations,

Determine

(1) The machine speeds and their relative rotor angular positions
throughout an observation interval.

(2) Bus terminal voltages and machine internal voltages throughout an
observation interval,

(3) Bus generation powers throughout an observation interval.

1.2 Guide to the Report

This report is composed of four main parts. These parts deal with the

load flow program, the transient stability program, the user's guide, and the

software of the programs.



The load flow problem will be discussed in Chapter II, including introduc-
tion to the problem, classification of buses, solution technlique, scheme for
storing and cperating on nonzero terms, program accuracy and general
flow chart.

The transient stability problem will be discussed in Chapter III, including
an introduction to the problem and the development and discussion of the swing
equation, the machine equations, the power system equations, the excitation
and speed governor control loops, the Runge~Kutta 4th order method for solving
differential equations, error control and a general flow chart.

The user's guide will be described in Chapter IV, including definition of
variables, input and output scheme, format type, illustrating examples,
troubleshooting and the output solutions of the load flow and transient
stability programs for a sample system,

The user's guide is an independent part, those who are only interested in
how to use these programs may proceed directly to Chapter IV.

The software of the programs are contained in the Appendices. All the

statements of these two programs are listed.



CHAPTER II
THE LOAD FLOW PROGRAM
2.1 Introduction

In this report, the load flow program is used to calculate the prefault
conditions for the transient stability studies. However, this load flow
program was prepared in such a way that it may be used as an independent
program.

Before the discussion of load flow program, the notation to be‘used

throughout this report will be given as follows:

Pp real injected power at bus p.

PGp generated real power at bus p.

PLp real power load at bus p.

APP the change of real injected power at bus p.
Qp reactive injected power at bus p.
QGp generated reactive power at bus p,
QLP reactive power load at bus p.

AQp the change of reactive injected power at bus p.
ﬁp complex terminal voltage at bus p.
E magnitude of E .

P P

AE the change of E_.

p p

§ hase angle of E_.

P ¥ * P

AS the change of §_.

P p

ip complex injected current at bus p.
b magnitude of I_.

p £ P
a phase angle of ib.



ipq complex admittance between bus p and bus q.
Y magnitude of Y .
Pq 8 P
e hase angle of Y_ .
Pq v . Pq
Re indicates the real part of a complex quantity.
Im indicates the Imaginary part of a complex quantity.
* indicates the conjugate of a complex quantity.
jo
Y =6 _+3iB =Y e P4
Pq Pq Pq Pq
a jﬁ
E =e +3f =Ee P
P P P p
; jo
I =a +jb =1Ie P
p P P P

As mentioned in Chapter I, the load flow program is used to solve a set of
nonlinear algebriac equations simultaneously. The equations for bus p are shown

as equations (2.1.1) and (2.1.2).

.* L] - n L] L ]
Pp = PGP - PLP = Re(Ep Ip) = Re(Ep (qzl quEq)) (2.1.1)
mE* 1) = @ (F v & (2.1.2)
O = Qgp ~ Qp = TImE, ) = ol i g’ e

where n is the number of system buses.

Obviously, both equation (2.1.1) and equation (2.1.2) are noniinear. The
main discussion of this chapter deals with solving them numerically.

Both equations (2.1.1) and (2.1.2) will be used to solve for the bus
terminal voltagerfor a load bus, but only equation (2.1.1) will be used if the
bus is a voltage control bus. The details of the bus classification scheme

will be discussed in section (2.2).



Generally speaking, the solution methods for the load flow problem can
be classified as either direct or iterative. The direct methods, such as the
-Newton Raphson method, employ the direct solution of a related linear system
in the iterative algorithm, Whereas the iterative'methods, such as the Gauss-
Seidel method, use a scheme of successive displacement.

Digital computers have been used to solve the load flow equations for
ﬁany yvears. The earliest programs used the Gauss-Seidel method almost exclu-
sively (2,3,4). Alan Glen Barta developed a program based on this method (5)
in 1973 for use at KSU., That program has been used extensively by faculty and
students when studying the steady-state response of small electric power systems;

The load flow program described in this report is based on a solution method
developed by engineers at the Bonneville Power Administration (6}, which was a
development of Newton Raphson method described by Van Ness (7) in 1961.

The number of iterations and the storage requirement of iterative methods
increase almost linearly with respect to increases in system size, it is thus
not efficient for large systems. In general, the direct methods converge in
few iterations and are not subject to the ill-conditioned situation (6,7), but '
sometimes are not eﬁficient for small system problems because of the relatively
large storage requirement.

The main difficulty with the Newton Raphson method lies in the large
storage requirements of the elimination procedure for solving the simultaneous
nonlinear equations. In this report, a reordering scheme and a technique which
only stores and operates on the nonzero elements in the Jacobian matrix and the
bus admittance matrix are used to take advantage of the sparsity of those matrices.

These schemes will be discussed later in this chapter.



2,2 Classification of Buses

In load flow problem, if the voltage magnitude E and its phase angle §
at each bus can be obtained, it 1s easy to substitute those results into
equations (2.1.1) and (2.1.2) to solve P and Q. Evidently, the bus voltage
magnitude E and the phase angle § are the key to the load flow solution.

For each bus, there are six variables, which are P E and

G’ PL! QG! QLS
8, but only two equations. Thus, we must assign values to four variables at
each bus in order to solve them.

The classification of a bus depends on which kind of specification is

given for that bus. Each bus type is described as follows:

(A) Swing Bus

PL’ QL’ E and § are given, it is not necessary to solve equations (2.1.1)
and (2.1.2) for the swing bus simultaneously with the equations for the remain-
ing buses. These two equations are used to determine the injected real and
reactive power at the swing bus after E and 8§ at all othér buses have been

determined. A generator must be connected to a swing bus.

(B) Voltage Control Bus

P PL, Q , E are specified, thus it is only necessary to solve for §.

G’
QG can be obtained once all bus voltages are known. In this case, only
equation (2.1.1) must be solved simultaneously with the equations for the
remaining buses. The generated reactive power QG must satisfy an inequality
constraint (Qmin E_QG j_Qmax)., Qmin and Qmax-represents the machine limita-

tions and their wvalues are assumed to be given. A generator or a synchronous

condensor must be connected to a voltage control bus.



(C) Load Bus

PG’ PL’ QG, QL are given. Since both E and § are unknowns, equation (2.1.1)
and equation (2.1.2) must be solved simultaneously with the equations for the
remaining buses. The voltage magnitude E must satisfy an inequality constraint

(E < E<E ), where E
max m

min —  — and B are given. Generally, but not always,

in

there is no generator connected to a load bus.
2.3 Solution Technique

(I) Basic Method

The Newton-Raphson method is derived from the Taylor's expansion of a
function. A two dimensional function is used to describe the procedure.
£1G0%0) = g
fz(xl,xz) i
If Y1 and y, are given, and fl, fz are nonlinear functions, the problem

is to solve for %y and Xg Assume that xg and xg are starting points.

af
0 0 _ 0 _0 1| ,0 0
fl(x1 + Axl,xz + sz) = fl(xl,xz) + 5;;1 (xl,xz) Axl

of
1] .0 .0
+ szj (xl,xz) sz + H.O0.T. (2.3.1)
£,(x0 + ax,,x0 + ax ) = £, x0,x0) + 2 2,x%) A
2\¥] T 8%1.% 2 2\%12%5 5%, X12%9/ 8%
af
2] ,0 0
+ 3x2 (xl,xz) &xz + H.0.T,. _ (2.3.2)

1f Axl and Ax, are small enough, the higher order terms can.be neglected.

2
The equations (2.3.1) and (2.3.2) can be expressed in matrix form.
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; o oov [*f1] 0 o 10 o o) -
(yy =5 (x15%,)) EN (xy,%,) o, (xy,%,) oxy
= ‘ (2.3.3)
9f af
0 0 2l , 0 0 'l 0 0
[(y2—f2(xl’x2))J LEEI (x15%,) 3;;- (xl,xz).J A%, )

The coefficient matrix is the so-called Jacobian matrix. Axl and sz
can be easily determined from equation (2.3.3), and then added to the previous
starting point (xg,xg) to obtain a new starting point. The procedure is con-
tinued until the process reaches a suitable terminating criterion.

In this method, the point (xg,xg) should be chosen in the vicinity of final
result. ﬁxl and sz should be chosen small enough in order that the truncation
error associated with dropping the higher order terms can be neglected. Equation

(2.3.3) can be easily extended to an n dimensional case.

In the load flow problem, the total injected current at bus k is

The injected power at bus k is

s i* . Bk Wk 5 3.4
Pk+ij-Ekk-Ek(Z Y, E) (2.3.4)
m=1
Equation (2.3.4) is a combination of equations (2.1.1) and (2.1.2). When the
Newton Raphson method is applied to equation (2.3.4), equation (2.3.5) and

(2.3.6) are obtained.

&P, = E TR E 5 O (2.3.5)

3 Q
AQk=£-é———AGm+}1 z=— AR (2.3.6)
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The first order derivatives are all evaluated at the starting point of
that iteration and theilr values must be calculated at each iteration. APk and

AQk at each iteration are the difference between the scheduled P and the

0 %
Pk’ Qk calculated from the previous iteration.

In equation (2.3.5) and (2.3.6), m represents the bus number of each bus
directly connected to bus k except the swing bus (including the bus k itself).

The notation is simplified by writing equations (2.3.5) and (2.3.6) in the

following form:

4

AE
- m
AP, = ) B A8 + N — (2.3.7)
m m m
AE_
aQ =} 3, 88 +J L= (2.3.8)
m m m

The expressions for calculating Hkm’ ka, Nkm and Lkm (7) are shown below.

Two cases k#m and k=m should be considered.

(1) kim
= = ' i - - = 1 — ¥
Hkm L] E]E YI 51n(5k 8 B’ ) a fk b e]

= - = - = - 1 = 1
Nkm ka EkEmYkm cos(ﬁk dm ka) a e bm fk

vy oan oty : s
where (am + me) = (Bm + me).(ka + JBkm)

(2) k=n

2
B = Q% — BBy

i. = Q. =~B FE*

ik = Y%~ By

N. =P +G E

ke ™ Pt S

J.. =P -G . E?

kk = Pk ~ SkeBi
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As discussed in section (2.2), only voltage control buses and load buses

are considered in the E and § calculation process.

(1) A Load Bus
For a load bus, H, K, L, N, AP, AQ should be calculated for every iteration

step. These values are used to calculate AE and AS.

(2) A Voltage Control Bus
For a voltage control bus, only, H, N and AP should be calculated at every

iteration step and use these values to calculate AS.

(II) Jacobian Matrix

The Newton-Raphson method involves the repeated direct solution of a set
of linear equations of the form of equations (2.3.5) and (2.3.6). The Jacobian
matrix gives the linearized relationship between the small change in voltage
magnitude and phase angle and the small change in injected real and reactlve
powers., For a seven-bus system as shown in Fig. 2.1, the matrix equation is

as shown in equation (2.3.9).

Swing Bus
() Load Bus
Z/\ Voltage Control Bus
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AR, HyoNyo | Hog R IRUTLITEE as,
4Q, Taoloa | 23 Ja5bos AE,/E,
AP4 HygNgy | Hyg | HyuNgy Hyg | HayN35 Adly
&Ry Hyg [ Hyalaa | ByeNus LIVLIY As,
AQ, Y3 | Taslas | Jastas T47 47 BB, /By
aPg HyoNgoy HsNos | HssNss | Hgg Sy
AQ Is5ols2 Jerliy | Joslas | Tug AES/Eg
R - | ‘Beg HeeNes | Hee Adg
AP, Hoq | Byu¥y, BaoNoy Ady
A0, J23 | J34b7s J77%97 AE,/E,

(2.3.9)

In this equation the coefficient matrix is the Jacobian matrix.

(I1I) Reordering Scheme

It is necessary to arrange the set of linear equations in an order that
will tend to minimize the accumulation of nonzero terms in the upper trainguiar
matrix during the Gaussian elimination. The order needs to be determined only
once for each network configuration no matter how many times the solution is
iterated.

The order must be determined prior to elimination. The only information
needed by the subroutine for doing this is a bus-branch connection pattern of
the network. An order that would be valid for-the reduction of-the admittance

matrix of the network is also valid for the triangularization of the related

Jacobian matrix.
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Tinney and Hart (6) have suggested these recordering schemes. One of
these was implemented in this program. This scheme is described as follows:

The nodes are numbered, starting with that having the fewest

connected branches and ending with that having the most connected

branches.

The reordering subroutine OPOR is just a general sorting program.

(IV) Elimination of Jacobian Matrix and Storage of Upper Triangular Matrix

Equation (2.3.9) is formed and solved by Gaussian elimination and back-
substitution. The program operates upon and stores only the nonzero elements.
The Jacobian matrix is triangularized either one or two rows at a time, depend-
ing upon which type of bus it is. For a voltage control bus, there is only
one row in the Jacobian matrix. For a load bus, there are two rows In the
Jacobian matrix.

All elements to the left of the diagonal of a single or double row are
eliminated by appropriate linear combinations with previously processed rows.
The linear combination operates upon the nonzero elements, and the nonzero
elements of the new single orldouble row are stored in the upper triangle.
Matrix (2.3.10) shows the form of the upper triangular matrix resulting from
Gaussian elimination of the Jacobian matrix for the sample 7 bus system.

The primes indicate elements that have been altered during the elimina-
tion process. The situation display in (2.3.10) is at the end of the downward
operation., At this point Aq; is equal to.AE7/E7. . The remaining voltage and
magnitude and phase angle corrections can be computed by back substitution.

In the programs described in this report, matrix (2.3.10) is stored in a one
dimensional array JAC and some auxiliary tables are used to find the proper
nonzero terms to perform the back substitution in order to obtain the

corrections.
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L ¥ 1 [ ]
1 Hy, |Hy, HysNos
- 1 L 1
1 192 Jaslas
1 ] T 1 1 ]
1 | Hg Ny, [H3sN3g | Hag 1H3 N3y

1 L} ] Ll \ L}
1N | HasNas | Hae  |Ma7Nay

1 1 1 ] ]
L 9ss¥s [ Tse  [Parter (2.3.10)

1 ] 1 (] L
1 Boe | B {H5ilsy

1 J! JL 1

56 [957557
1 1

1 HeNe7
1

1N

(V) Illustrating Examples for the Scheme of Storing and Operating Upon Only
Nonzero Elements

The bus admittance matrix and the Jacobian matrix of a power system are
always sparse matrices., Usually for a large system, less than one tenth of
their elements are nonzero elements., Therefore, if only the nonzero elements
are stored and manipulated, computer memory requirements can be reduced exten-

sively. A sample system is given to illustrate this scheme as follows:

1 4
Bus 1 Swing Bus
Bus 2  Voltage Control Bus
Bus 3,4 Load Bus

3 2

Fig. 2.2 A FOUR-BUS SAMPLE SYSTEM
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There are only four buses in this system, obviously, it is easy to obtain
the conventional bus admittance matrix from the network connection configura-

tion as shown in Fig. 2.5.

Yy | 0| Y| Yo

0 | ¥y | Yy | Yy
Yy | ¥gy | Y3 O
Yy | Yaa | O | Y

The bus admittance matrix YBUS and its corresponding tables IYBUS, JYBUS

used in these programs are shown as follows:

i

e

)
™
—
-

ot

PR

>3
R W W W N NN R e e

YBUS = 24 IYBUS = JYBUS =

RO W N W N W

ie
P
&
iy
e

IYBUS indicates the row index for the corresponding elements for YBUS
and JYBUS indicates the Column index for the corresponding elements for YBUS.
The second elements of IYBUS and JYBUS are respectively 1 and 3, it means

that the second element of YBUS must be ?13.
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Hyp | HaaMas | HauMay
Hyp | HagN33
Jag | Jaghys
By BaaNay
Y42 Taslay

The Gauss eliminatlon process is performed one bus at a time., In the pro-
cess, a working matrix WKJR and its corresponding table KWKJ must be formed in.

advance., For an example, these matrices for bus 3 are shown as follows:

f Y

Py Hyy Hyy
Q, J J
— 3 J32 Ja3
I
LRI
{3 2 3
KWRI = {, 3

Fig. 2.3 THE WORKING MATRIX WKJR AND ITS TABLE KWKJ FOR BUS 3

In Fig. 2.3, the lst element in the first row of KWKJ indicates the row
index of WKJR, the other elements in this row indicate the corresponding
column index of WKIR. The elements in the second row of KWKJ indicate the

"next location” of nonzero elements.

EXAMPLE
Examining the KWKJ shown in Fig, 2.3.

KWKI(1,1) = 2 indicates that the working matrix WKJR belongs to bus 3.
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indicates that the succeeding nonzero elements will be

KWKJ(2,1) = 2
in colum 2 of WKJE, such as H32 and J32'

KWKJ(1,2) = 2 indicates that the nonzero elements in column 2 of WKJR
are related to colum 2 of the row corresponding to bus 3
in the Jacobian matrix, such as H32.

KWKJ(1,3) = 3 indicates that the nonzero elements in colum 3 of WKJR

| are H33, N33, J33 etc,
KWKJ(2,3) = 0O indicates that no more nonzero elements exist for bus 3

after column 3 of WKJR.

The eliminated Jacobian matrix of this sample system is shown as follows:

Pé 3 3

JAC = Qé IJAC = |3 JJAC = |3
¥ L

N33 3 3

The primes indicate elements that have been altered from their original
values in the elimination process. IJAC indicates the row index of the
elements in JAC, JJAC indicates the corresponding column index.

IJAC and JJAC are used to locate the proper nonzero elements to do the
back substitution until all AE and AS are obtained.

The scheme of storing and operating on the nonzero elements is very
complicated. For large system ﬁroblem, the scheme reduces the storage

requirement extensively and makes the programs more flexible.
2.4 General Flow Chart for Load Flow Program

The flow chart for the load flow program described in this report is
very complicated, thus only a general type can be given here. In this program,
there are three subroutines which are OPOR, GGSEL, and MISMATCH. They are

used to handle the following operations:



19

(1) OPOR: handle the reordering scheme,
(2) GGSEL: handle the Gauss elimination and back substitution process.
(3) MISMATCH: calculate the mismatches at the end of this program.

The general flow chart is shown in Flg. 2.4.
2.5 Accuracy of the Result

The last part of output of the load flow program is the mismatch. The
mismatch tells how good the load flow solution is. The first value is the
net injected power at swing bus, the remaining mismatch values are the
differences between the total line flow from every other bus and its net
injected power (Net injected power equals generated power minus load). If
there is no error existing, the difference should be zero. Total mismatch
are the summation of the individual mismatch. The average mismatch is the
total mismatch divided by (N-1), where N is the number of system buses.

The total error of the solution for the sample systems studied has always
been within +0.05%. It is judged to be practical in the load flow calculation.

The load flow program was used to solve four sample systems which are a
5-bus system, a 7-bus system, a l4-bus system, and a 57-bus system. The
results for these sample systems are judged to be right. The solution for a

7-bus system is listed in Chapter 4.
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CHAPTER III
3.1 Introduction

The transient stability problem involves the calculation of machine speed,
iﬁternal voltages, and relative angular positions throughout a transient
observation period. These quantitiles change during that period because of
the unbalance in mechanical and electrical power.

The performance of the power system during the tramnsient period can be
obtained from the network performance equations. The performance equations
used in this report are based on a bus admittance model of the network.

In transient stability studies, a load flow calculation is necessary
to obtain the system conditions prior to the disturbance. In this calculation,
the network is composed of system buses, transmission lines, and transformers.
The network representation for transient stability studies includes, in
addition to these components, equivalent circuits for the synchronous machines
and static admittances to represent loads. After the load flow calculatiom,
therefore, the admittance matrix of the network must be modified to reflect
the changes in the representation of the network.

The operating characteristics of the synchronous machines, the excitation
and speed governor control systems are-described by sets of differential
equations. The number of differential equations required for machines and
control systems depends on the detail needed to represent accurately the
machine and control systems performance.

A transient stability analysis is performéd by combining a solution of
the algebraic équations describing the network with a numerical solution of

these differential equations. The solution of the network equations provides
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information about the bus terminal voltage and armature currents during the
transient period. The Runge-Kutta 4th-order method has been applied to the
solution of the differential equations in these transient stability studies.
Formulation of suitable mathematical models for the system components
are initially discussed in this chapter. The solution scheme and a general

flow chart of the program are then presented.
3.2 Swing Equation

In order to determine the angular displacement between the machines of
a power system during transient conditions, it is necessary to solve the
differential equations describing the motion of the machine rotors. The laws

of mechanics related to rotational bodies, yields

2
 JELLL B (3.2.1)
g
algebriac sum of all applied torques, ft-1b

2 2

£
X
0]
r-1
m
=)
]

WR™ = moment of inertia, 1lb-ft
g = acceleration due to gravity, equal to 32.2 ft/sec2
o = mechanical angular acceleration, rad/sec2

The electrical angle Be is equal to the product of the mechanical angle

Bm and the number of pairs of poles, p/2, that is,

ee = (p/2) em . {3.2.2)
The frequency £ in Hertz is
£=(p/2) g5 - . (3.2.3)

Then from equations (3.2.2) and (3.2.3), the electrical angle in radians is

_ 60f
Be ™ Sin em . (3.2.4)
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The electrical angular position, &8, in radians, of the rotor with respect to

a synchronously rotating reference axis is

d =06 - W t

where W, = rated synchronous speed in rad/sec
t = time in seconds.

Then, the angular velocity of slip with respect to the reference axis is

as e

dt dt o
and the angular acceleration is

d26 ) de

dc de Y%
and the angular acceleration is

2
a2s 4%
dt2 dt2

Taking the second derivative of equation (3.2.4) and substituting.

2
4% sor ¢ %

dt

2 rpm dtz

where

Then, substituting into equation (3.2.1), the net torque is

2 2
T = WR™ rpm 4”8
g 60f dtz

It is desirable to express the torque in per unit, The base torque is defined

as the torque required to develop rated power at rated speed, that is,
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base kva (550/0.746)
(2) (rpm/60)

Base torque =
where the base torque is in foot-pounds. Therefore, the torque in per unit is

_ ®%/g) (2n/5) (xpm/60) 2 0. 746/550) %

base kva dtz

T L (3.2-5)

The inertia constant H of a machine is defined as the kinetic energy at rated
speed in kilowatt seconds per kiloveolt-ampere. The kinetic energy in foot-

pounds is

2

Kinetic energy = %E—-wg

where
- rpm
R (2m) 20
and ypm is the rated speed. Therefore

oo /) @R%/g) (2m)%(epn/60)%(0.746/550)
base kva

Substituting in equation (3.2.5).

Im

T = T "d——z— . (3-2-6)

h

a%s
t
The torques applied to the rotor of an alternator include the mechanical
input torque from the prime mover, torques due to rotational losses (friction,
windage and core losses), electrical output torques, and dampling torques due

to prime mover, alternmator, and the power system. Neglecting damping and

rotational losses, the accelerating torque Ta is

where Tm = mechanical torque

T, = electrical air gap torque.
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Thus equation (3.2.6) becomes

) 2
H d7°6 .
T =T =——= ., ' (3.2.7)
m e -7f dt2

Since the torque and power in per unit are equal for small derivations in

speed, equation (3.2.7) becomes

2
, g B %ﬁ (Pm - Pe)
dt
where Pm = mechanical power
Pe = electrical air gap power

This second order differential equation can be written as two simultaneous

first order differential equations:

2
dd§ _dw _ 7wf _
et B S8 8 L (Pm Pe) (3.2.8)
dt
and
de
d
df‘_ - dte - D.'lo (3-2-9)

Since the rated synchronous speed in radians per second is 2wf, equation

(3.2.9) becomes

g%—= w - 2nf

Equations (3.2.8) and (3.2.9) are used to calculate the angle § and the
speed w for each machine at every instant during the transient period. The
change of frequency Af is very small during the transient period, therefore,
f= fo = 60 Hertz is presupposed.

3.3 Machine Fquations
During the transient period, the synchronous machine can be represented

by a voltage source, in back of a transient reactance. This voltage source
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is called the machine internal voltage. The relative rotor angular position
changes with time, and because of the Influence of excitation control system,
the magnitude of the machine internal voltage changes with time too. 1In this
report, only the round-rotor machine is considered. In the following dis-
cussion, the armature resistance and saturation effects are neglected, In the
round-rotor machine, the direct axis transient reactance, xé, and the quadrature
axis transient reactance, xé, are very nearly equal (8). The equivalent circuit

and the corresponding equation is shown as follows:

[

()
N/
= 1)

rr

Fig, 3.1 EQUIVALENT CIRCUIT FOR ROUND-ROTOR SYNCHRONOUS
MACHINE AT TRANSIENT STATE

The corresponding equation is

L] 1 = * " ' .
E E + ixg I

t t

where E' = the complex voltage behind the transient reactance
ﬁt = machine complex terminal voltage
id = machine complex terminal current

x& = transient reactance, typical values lie between 0.12 and
0.21 pu for two-pole turbine alternators and between 0.20
ro 0.28 pu for four-pole turbine alternator (1).
The phasor diagram of a round-rotor synchronous machine in the transient

state is shown as Fig. 3.2 (9)
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Fig. 3.2 ©PHASE DIAGRAM OF SYNCHRONOUS MACHINE WITH
ROUND-ROTOR IN THE TRANSIENT STATE.

The following assumptions can be made (8). These assumptions are listed

in their order of increasing accuracy.

(1) The magnitude of the machine internal voltage, E!, behind direct

axis transient reactance may be assumed constanty or

(2) The flux linkage of the rotor circuit on both axes may be assumed

constant (that is, constant Eé and E&); or

(3) The effect of decrement and excitation control system action on
the flux linkage of the direct-axis rotor circuit (that is, on
E') may be calculated, while the quadrature-axis circuit is

assumed open (E& = 0); or

(4) The decrement of the rotor flux linkages of both axes and the

effect of excitation control system action, if any, on the

direct—axis linkages may be calculated.

All the following discussions are based on the third assumption. Based

on this assumption, then Ei is equal to the quadrature component of voltage,

ﬁq' The rate of change of E& is dependent on the output voltage, E

f

a’ of the
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excitation control system, the direct axis transient open-circuit time constant

and the voltage EI (9). The corresponding equation is
{3.3:1)

dE! 1
dt TL (Beq = Ep

where T&o = the machine direct-axis transient open-circuit time constant

and the relation between EI and E throughout the transient period is shown

in the following equation
3.4 Power System Equations

{I) Representation of Loads
During the transient period, the power system loads can be represented

In this report, a static admittance representation is

in several ways.

used (9).
The prefault current flowing into the load is
" B = 3Q
i~ = (3.4.1)
E

t

where PL and QL are the scheduled bus load and ﬁt is the calculated bus

voltage. The static admittance, QL’ used to represent the bus load can be

obtained from
(3.4.2)

e
n
nm.,ﬁ )

Substituting equation (3.4.1) into equation (3.4.2), the equation for the

static admittance representation is formed
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P, - 39,

2
(E,)

YL =
(I1) ©Network Performance Equations
The network performance equations used for load flow calculation can be
applied to describe the performance of the network during a transient period
(9). Using the bus admittance matrix including the loads and the machines,

the voltage equation for bus p is

L] ’ - pil . - 1)1. . o ? L [ ]
Y E =~ Y E - ) Y E -~ Y .E
PP P g=1 P19 gepig PI T 5o pi’i

where ép = complex bus voltage for bus p
ﬁq = complex bus voléage for bus q
ﬁi = complex machine internal voltage
m = number of machines connected to bus p

In equation (3.4.3), bus p cannot be a faulted bus.

3.5 Excitation and Speed Governor Control Systems

{I) Representation of Excitation Control System

There are several differential types of excitation control systems,
however, only those which are described as a '"continuously acting regulator
and excitor" (9) are considered in this report. 7

The excitation control system provides the proper field voltage to
maintain a desired system voltage, usually at the high voltage bus of the
power plant. A convenient way to represent the control system is to use a
block diagram that relates by means of the transfer functioms and the input,

output variables of the principal components of the system as shown in
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Fig. 3.3 (9). The excitation control system discussed here is composed of
the regulator, the amplifier, the exciter and a stabilizing loop. The dif-
ferential equations relating the input and output variables of these com-

ponents are respectively

A RSy
iid
dEzii ] _%_; k(= + Ega _ vy . pliL
aE (3.5.1)
ks %’; (B - K, Egy)
v 1 i Fra _ vy
dt Tf f dt
where Es = scheduled reference voltage in per unit
Eéii = output voltage of the amplifier in per unit prior to the fault
Tr = regulator time constant in seconds
Ka = amplifier gain
Ta = ampiifier time constant In seconds
Ke = exciter gain
Te = exciter time constant in seconds
Kf = stabilizing loop gain
Tf = gtabilizing loop time constant in seconds

and the intermediate variables are denoted by Eii, Eiii, Eiv, E' and EVi.

The intermediate wvariable Eii is

where EVi is equivalent to the demagnetizing effect due to saturation in the

exciter. This is determined from
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vi _ )
E ™~ = A exp(B Efd)

where A and B are constants depending on the exciter saturation characteristic,
To include the effect of the excitation control system, equations (3,5.1)

should be solved simultaneously with equatlon (3.3.1) describing the machine,
The typical value for constants of excitation systems in operation today

on 3600 rpm/min steam turbine alternators (10) are shown as follows:

SEL¥-EXCITED

EXCITERS, SELF-EXCITED ROTATING
COMMUTATOR COMMUTATOR RECTIFIER
SYMBOL OR SILCON EXCITER WITH EXCITER WITH
DIOIDE, WITH MAG-A-STAT STATIC
AMPLIDYNE VOLTAGE VOLTAGE
VOLTAGE REGULATOR REGULATOR
REGULATOR
Te 0.0 to 0.06 0.0 0.0
Ka 25 to 50 400 400
Ta 0.06 to 0.20 0.05 0.02
Kf 0.01 to 0.08 0.04 0.03
Ke -0.05 -0.17 1.0
T 0.5 0.95 0.8

(1]

iid ;E i

i

Eo e
Ka

fd
s .- |E + S 1 t
: -—____*:)———a 1 ¥ ST ‘HEACE?“—# 1+ ST T Generator
- r a 2}
Regulator

Amplifier Exciter

1+ STf Stabilizing loop

Fie. 3.3 BLOCK DIAGRAM OF CONTINUOUSLY ACTING EXCITER CONTROL SYSTEM
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(II) Representation of Speed Governor Control System

The manner in which the speed governor control system is represented is
similar to that used-to represent the excitation control system. The block
diagram is shown as Fig. 3.4 and the describing differential equations (9)

are

= 2 (pi
T (Pm m
5
(3.5.2)

i1 i

m 1
T Py = Bp)

€
p‘
1]
H
m
=
I

steam system time constant in seconds

=3
It

control system time constant in seconds

-}
n

mechanical power in per unit

ii  4idii

and the intermediate variables are denoted by‘P;, Pm 5 Pm and Piv. The

variables P;i and P;li are related by the following:

P =0 if P <0

m max m — max

where Pmax is the maxium turbine capability. The intermediate variable Piii

is
iii Hiv
Pm Pm(O) - Pm
where Pm(O) is the initial mechanical power. The intermediate variable Piﬁ is
W, - W
iv 1,0
Po =R CZap ) £DBp)
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where R is the speed regulation of the unit in per unit and DBT is the dead
band travel. When w is greater than W the sign of DBT is "+", otherwise
it 1is "-". DBT is the speed change required to overcome the dead band of
the governor system.

Equation (3.5.2) and equations (3.2.8) and (3.2.9) should be solved

simultaneously to include the effect of speed governor control system. The

value of Ts’ Tc’ R and DBT (11) used in this report is

SYMBOL VALUE
A 0.3 sec.
0.08 sec.
c
""00 04
DBT 0.0006

B i
L ii
w, i P T p! [T
s, Jouly +
i ITER » 1 STc 1+ STS
. Control Steam Turbineg
® ) System System
Dead Band Limits

Fig. 3.4 BLOCK DIAGRAM FOR A REPRESENTATION OF SPEED GOVERNOR
CONTROL SYSTEM
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3.6 Runge-Kutta Fourth-Order Method for Solving Differential Equations

The subroutine RKGS for the Runge-Kutta 4th-order method is based on
& built-in subroutine of KSU Computer Center, with some modifications added
to adapt it to the needs of the transient stability program.

The purpose of the Runge-Kutta &4th-order method is to obtain an approxi-
mate solution of a system of lst-order ordinary differential equations with
given initial conditions. It is a 4th-order integration procedure which
is stable and self-starting; that is, only the functional values at a single
previous point are required tolobtain the functional values ahead.

For each machine, nine lst-order differential equations must be solved.

They are listed as follows in the order used in the transient stability program.

ds _
(1) F it w - 27f
dw _ 7f -
(2) dt H (Pm Pe)
dp
m_ 1 ..i
,(3) dt T (Pm . Pm)
s
i
dp
m_1 ii i
&2
dE! 1
(5) ac ~ 7 (Bgg - Ep
do
dE
fd _ 1 48
(6) & T, (B - K, Bgq)
114
iii E
dE 1 v 0 iv iii
(7) To =7 KE +— -E ) -ET)
a a
ag' 1 v
(8) dt 1'@'"1'1_ (E, ~ E, - E)
iv dE
- eV 1, “Pfd dv
(9 dt T (Kf dt E)
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In the subroutine RKGS, a modified output scheme is used to give the
result at every desired‘time instant during the transient period. Subroutine
FCT is used to calculate the derivatives from those differential equations one
machine at a time. If there are n machines, the process will be repeated n
times to handle 9n lst-order differential equations. Subroutine OUTP supplies
the output format type, the calculatioﬁ of the injected power and the local
load supplied at each.bus throughout the transient observation interval.

In the subroutine RKGS, control of accuracy and adjustment of step size
hl is done by comparison of results due to double and single step size 2h1 and
hl’ If the difference between these two results exceeds the given error
tolerance, the step size is reduced to one-half of the previous value and the
coméarison will be done again until the difference is within the given error

tolerance.
3.6 General Flow Chart

The flow chart for the transient stabllity program described in this
report is very complicated, only a general type can be given here. In this
program, there are four subroutines which are FORM, RKGS, FCT, OUTP. They
are used to handle the following schemes:

(1) FORM: wused to solve for the bus terminal voltages thrdughout

the transient observation interval.

(2) RKGS: subroutine for Runge-Kutta 4th-~order method.

(3) FCT : wused to calculate the derivatives from the differential

equations.

(4) OUTP: this subroutine supplies the output format type and the

calculation of the injected power and the local load supplied
at each bus.

The general flow chart is shown in Fig. 3.5.
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Fig. 3.5 GENERAL FLOW CHART FOR THE TRANSTENT STABILITY PROGRAM
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3.7 Accuracy of the Result

In the subroutine RKGS, control of accuracy and adjustment of step size

h, is done by comparison of results due to double and single size 2h1 and hl'

1
If the difference between thesertwo results exceeds the given error tolerance,
the step size is reduced to one-half of the previous value. This process will
keep on until the difference is within the given error tolerance.

The error tolerance will be.given by the user., Its value will dominate
the accuracy of the result.

The transient stability program was used to solve two sample systems
which are a 7-bus system and a2 57-bus system. The results for these two

sample systems are judged to be right. The solution for a 7-bus system is

listed in Chapter 4,



CHAPTER IV

USER'S GUIDE

(I) Nomenclature of Load Flow and Transient Stability Programs

Symbol
Al

Bl

BC
BCJ
BM -
BN
BN1
cc
CJGBC
CIGV
CMVAR
DBT
DDEL
DE
DELTA
DELTAA
DELTT
DP

DQ
EB

EB1

guantitz

Exciter saturation characteristic constant
Exciter saturation characteristic constant
Complex current

Complex current

Number of voltage control buses

Index of system buses

Index of buses where a static capacitor/reactor 1s connected
Susceptance of the static capacitor/reactor
Conjugate of complex current

Conjugate of complex ﬁoltage

Static injected power

Dead band travel of governor system

Change in the phase angle of bus voltage
Change in bus voltage magnitude

Phase angle of bus voltage

Phase angle of swing bus voltage

Step size used in RﬁngeuKutta 4th order method
Change in real bus power

Change in reactive bus power

The index of the ending bus of a line

The index of the ending bus of a faulted line

38



Symbol

IJAC

ITER
ITER1

IYBUS
JAC

JJAC

JYBUS

KA

KE

KF
LENGTH
LNHFR
M

MAB

MAGV

NBASE
NC
NFB

NFBL

39

Quantity

The index of the faulted buses
Machine inertia constant

The row index table for the nonzero elements in the eliminated
upper triangular matrix JAC

The number of iteration steps used in load flow program
The allowed iteration steps used in load flow program

The row index table for the nonzero'eleménts in the Bus Admittance
matrix YBUS

A one dimensional array where the nonzero elements in the eliminated
Jacobian matrix are stored

The column index table for the nonzero elements in JAC

The column index table for the nonzerc elements in the Bus Admittance
matrix YBUS

The amplifier gain of the excitation control loop

The exciter gain of the excitation control loop

The stabilizing loop gain of the excitation control loop
The length of the line

A variable used to indicate what type of output is desired
The number of machines

The index of machine buses

The magnitude of the swing bus voltage

The number of buses

New base power used

the number of the static capacitors/reactors

The number of faulted buses

The number of faulted buses

The number of lines



Symbol
NOCL

NTARBI

OBASE

PA
PG

PL

QA
QG
QL
QMAX

QMIN

SB
ST
SERV
SERZ

SHTY

TA
TC
TDOP
TE

TF

40

Quantity

The table used in the Gauss elimination and back substitution
processes '

The table used in the reordering scheme
01d base power used

Bus injected real power

Calculated bus injected real power

Bus generated real power

The real load at each bus

Bus injected reactive power

Calculated bus injected real power

Bus generated real power

The reactive load at each bus

The maximum reactive power censtraint at the vo;tage control bus
The minimum reactive power constraint at the voltage control bus
The speed regulation of governor system

The index of the sﬁarting bus of a line

A variable which indicates total or one-half shunt admittance used
Series line admittance

Series line impedance

Line shunt admittance

Time

Amplifier time constant of the excitation control loop

Speed control system time constant

Machine open-circuit time constant

Exciter time constant

Stabllizing loop time constant
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Symbol guaﬁtitz

TMAX Fault clearing time

TR Regulator time constant of éxcitation control loop

T8 Steam system time constant of speed governor control loop

TSW Switching time

\' Complex bus voltage

VMAX Maximum voltage constraint of a load bus

VMIN Minimum voltage constraint of a load bus

VSPEC Specified voltage magnitude of a voltage control bus

WKJR Working matrix in the Gauss elimination process

XDOP Machine transient reactance

YBUS The bus admittance matrix in which only the nonzero elements are
stored

YSHT Line shunt admittance

ZSER Series line impedance

(II) General Relatlon Between Load Flow and Transient Stability Programs
The programs described In this report are the load flow program and
the transient stability program. The transient stability program must be
used on the basis of a given initial static power flow condition which is
a solution of the load flow program. However, the load flow program was
also prepared to be used as an independent program. The general output

and input relationships between these two programs are shown.in Fig. 4.1.
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Other necessary e . Input data for load

input data for flow program
transient sta-

bility program

|  Load Flow program i

Punched output of
load flow program

Transient stability
program

Output of transient
stability program

Fig. 4.1 GENERAL RELATION BETWEEN LOAD FLOW PROGRAM AND TRANSIENT
STABILITY PROGRAM

If the load flow program is used as an independent program, only printed
output is required. Otherwise, both printed output and punched outputs are
required, the punched output will be used as a part of input data for the
transient stability program, and the printed output will be used to show
the prefault condition to the user.

The description for load flow program and transient stability program

will be given respectively in part (III) and part (IV) of this chapter.

(ITI) Load Flow Program (SLFNR)
(A) Program Description

SLFNR is a Fortran program formulated using the Newton Raphson method.
The program is used to calculate the static poWer flow condition of a power
system,

Input to the program consists of
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(1) System parameters

(2) Static capacitors

(3) Transmission line parameters
(4) Transformer line parameters
(5) Voltage control bus parameters
(6) Swing bus parameters

(7) Load bus parameters

All the impedances, line charging admittances, static capacitor/reactor

susceptances, and voltage magnitudes are in per unit on a known MVA base (old

base). All powers are in megawatts and megavars. The angles are in radians.

Normal output consists of

(1) Input data

(2) Load flow solution
(3) System totals

(4) Mismatch

(B) Program Input

SLFNR uses a fixed format input. The following steps are used in pre-

paring the input data cards,

STEP I TIdentify the system

Variable LNHFR is used to indiecate what type of output that is desired.
If LNHFR 1s equal to 1, both printed and punched cutputs will be given.
If LNHFR is set to 0, only printed output will be given. Number the
buses in a numerical order where bus 1 is the swing bus, the swing bus
must have a generator; bus 2 to MB are voltage control buses, the voltage
control bus must have either a generator or a synchronous condenser; bus
{MB+1) to N are the load_buses. Generally, there is no generator or
synchronous condenser connected to a load bus. If the bus is a voltage
control bué, its bus index must carry a négative sign. Also in counting

buses, the three winding transformer is considered to have a bus located
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at its midpoint (See example below). Number the lines consecutively
from 1 to NL, where each transmission line counts as one line; each two-
winding transformer counts as two lines; and each three-winding trans-

former counts as three lines (See below).

T

3 WINDING TRANSFORMER EQUIVALENT CIRCUIT
3 LINES, & BUSES
The remaining steps will describe the data, its order, and data
. format., The data cards are placed in the following order.
(1) System parameter cards
(2) Transmission line and transformer line cards
(3) Static capacitor/reactor cards (if any)
(4)  Swing bus cards
(5) Voltage control bus cards
{6) Load bus cards
STEP 2 System Parameter Cards
The first card is for the variable LNHFR; its format is (Il). The second
card consists of the tolerance (TOLE), allowed number of iteration steps
. (ITERl); its format is (F10.5,I3). The third card consists of the number
of lines (NL),Vnumber of buses (NB), number of static capacitors/reactors
(NC), old base (OBASE), new baée (NBASE), and the line shunt admittance

(ST); its format is (512,2F10.5). The remaining cards of this class are

for the index of buses (BN(I),I=1,NB), the format for each éard is (8I3).
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EXAMPLE: A system has 14 buses, 20 lines, 4 voltage control buses,
1 static capacitor. 0ld base used is 100 MVA, new base
used is 100 MVA too, the tolerance used is 0,001, the
allowed iteration step is 25, line shunt admittance is
given as one-half of the total line shunt admittance, and
both printed and punched outputs are required.

LNHFR

Col. 1

(Note: If only printed output is required, input LNHFR as 0)

TOLE ITER1

0000. 001 25
# : +
Col's 1 12
NL NB BM NC ST OBASE NBASE
20 14 4 1 0 100. 100.
4 4 4 4 4 b 4
Col's 1 3 6 8 10 12 22

(Note If the total line shunt admittance is used, input nonzero integer
for ST)

BN(I),I=1,8

1 -2 - -4 -5 6 7 8
+ 4 + + t 4 + 4
Col's 3 5 8 11 14 18 21 24

(Note: the index of a voltage control bus must carry a negative sign)

STEP 3 Transmission Line and Transformer Line Cards
Each of these cards is for one single line, it consists of the starting
bus index (SB), ending bus index (EB), serles impedance per unit length

(ZSER), shunt admittance per unit length (YSHT), tap setting (TR), length
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of the line (LENGTH), and a variable TS which iﬁdicates the type of

the line (if TS is equal to zero, it is a transmission line, otherwise,

it is a transformer line). The format of each card is (213,4F10.5,F5.3,

F5.1,11).

EXAMPLE: A transformer line is connected from bus 6 to bus 7, the
series impedance per unit length is 0.0+j0.20912, the

shunt admittance per unit length is 0.0+j0.0, the length
of the line is 1 unit length, the tap setting is 0.978.

SB EB ZSER YSHT TR LENGTH TS
6 7 0.0 0.20912 0.0 0.0 0.978 -1.0 1
+ 4 + t 4 + + + 4

Col's 3 6 10 21 30 40 47 53 57

(Note: If the line is a transmission line, input a negative real number
for TR. If the length of the line is 1 unit length, input a negative

real number for LENGTH. Imnput TS as 0 for a transmission line)

STEP 4 Static Capacitor/Reactor Cards (if any)

Each of these cards is for one static capacitor/reactor, it consists of
the index of the bus where the static capacitor/reactor is connected,
and the susceptance of the static capacitor/reactor (CC). Its format
is (I5,F10.5).

EXAMPLE: A static capacitor is connected to bus 9, and its susceptance
is 0.19000.

BNL cc
9 0.190
4 4

Col's 5 9
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STEP 5 Swing Bus Cards

The first card consists of the real load (PL) and the reactive load (QL)
at the swing bus, its format is fZFlO.S). The second cards consists

of the voltage magnitude (MAGV) and its phase angle (DELTAA) at the swing
bus, the format os this card is (2F10.5) also.

EXAMPLE: The magnitude and its phase angle at a swing bus are

respectively 1.06 pu and 0.0 radian. The real load and
reactive load at this bus are respectively 0.0 MW and

0.0 MVAR.

PL QL

.00 ] 0.00
+ 4

ol's 4 14
MAGV DELTAA

06000 0.000
+ +
Col's 4 14

STEP 6 Voltage Control Bus Cards

Each of these cards is for one voltage control bus; it consists of the
specified voltage magnitude (VSPEC), the maximum generated reactive
power at this bus (QMAX), the minimum generated reactive power at this
bus (QMIN), the real load at this bus (PL}, the reactive load at this
bus (QL) and the generated real power at this bus (PG); its format is

(6F10.5).

EXAMPLE: The specified voltage magnitude of a voltage control bus
is 1.045 pu; its constraints of maximum and minimum generated
reactive powers are respectively 50 MVAR and -40 MVAR; its -
real and reactive loads are respectively 21.7 MW and 12.7 MVAR;
its generated real power is 40.0 MW,
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VSPEC QMIN QMAX PL PG QL
L045 -40.0 50.0 21.7 40.0 12.7

3 4 + 4 4 4

Col's 4 12 23 33 43 53

STEP 7 Load Bus Cards

Each of these cards is for one load bus, it consists of the generated

real power at this bus (PG), the generated reactive power at this bus

(QG), the real load at this bus (PL), the reactive load at this bus (QL),

the maximum constraint of bus voltage magnitude (VMAX), the minimum con-

straint of bus voltage magnitude (VMIN); its format is (6F10.5).

EXAMPLE: The generated real and reactive powers at a load bus are
respectively 0.0 MW and 0.0 MVAR, the real load and reactive
load at this bus are respectively 30.0 MW and 15.0 MVAR, the

maximum and minimum constraints of voltage magnitude at this
bus are respectively 1.5 pu and 0.7 pu.

PG - QG PL QL VMAX VMIN
0.0 0.0 30.0 - 15.0 - 1.5 0.7
+ + 4 4 $ 4
Col's 4 14 23 33 44 54

STEP 8 Combine all the data cards in the order described in Step 1.

(C) Program Output

The program output consists of the input data, the load flow seclution,
system totals, and the mismatch.

The input data i1s the data the user supplied. This section of the output
is used for troubleshooting.

The load flow solution gives the number of iterations for convergence, and
the base MVA value for the output. At each bus the pu voltage m;gnitude,

phase angle (in degrees), real and reactive generated powers, real and reactive
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line flows in MW and MVAR. The positive values of real and/or reactive power
indicate the power flow towards the ending bus, whereas the negative values
indicate flow away from the ending bus. If one desires to calculate the
losses in a line, one simply goes to the two buses to which the line is
connected and notes that the line flow is given twice. Each bus is used

as the reference in turn, therefore the line flows are negative of each
other. The sum of the line flows is the line loss.

The system totals consist of total generation, load, injected power, and
total losses. The total generation is simply calculated by adding the real
and reactive generation at each bus. The static injected power and load are
calculated similafly. The total losses are calculated by adding the total
generation and the total injected power by static capacitors or reactors and
substracting the total load, |

The last part of the putout is the mismatch. The mismatch tells how good
the load flow solution is. The first value i1s the swing bus net power which
is calculated by simply summing the line flows at bus 1. The remaining mis-
match values are calculated by subtracting the total line flows from a bus
from the net power at the bus. (Net power equals generation minus load.) Total
mismatch is calculated by adding the individual mismatches. The average is

the total mismatch divided by (N-1).

(D) Troubleshooting

The input data listed in the output of the load flow program makes it
convenient for users to troubleshoot. If no input listing is printed out,
then one either has the input cards in improper order or does not have the
proper number of cards. Also values in the incorrect columns of data cards

may cause no listing,
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If the program does not converge in the allowed number of iteration

steps, one must make sure that the constraints (Qmax' Qmin’ V Vmin) are

max

given properly.

(IV) Transient Stability Program (TSRK)
(A) Program Description
TSRK 1s also a Fortran program which calculate the bus terminal voltage,
machine speed, relative rotor angular position, machine intermnal voltage, and
bus injected power for a power system throughout a transient observation periocd.
Input to the program consists of

(1) Prefault condition, which is the punched output of the load flow
program,

(2) Fault condition parameters.

(Bj Machine parameters.

(4)- Control loop parameters.

All the time constants are in seconds, machine inertia and transient
reactance are in per unit on a known MVA base (old base).

Normal output consists of

(1) Input data.

(2) 1Initial faulted condition.

(3) Machine internal voltage throughout an observation interval.

(4) Machine speed and its relative rotor angular position throughout
and observation interval. ;

(5) Bus terminal voltage and injected power throughout an observation
interval.
(B) Program Input

TSRK uses a fixed format input. The following steps are used in preparing

the input data cards.
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STEP 1 Identify the System
Determine the number of machines (M), pumber of faults (NFB), fault location,
fault clearing time, switching time, step size (DELTT) used in Runge-Kutta
4th order method, error tolerance (TOLE) used in Runge-Kutta 4th order method.
The remaining steps will describe the data, its order, and data format, the
data cards are placed in the following order.

(1) The prefault condition cards.

(2) Machine parameter cards.

(3) Fault condition cards.

(4) Control loop cards.

{5) Runge-Kutta 4th order method card.

STEP 2 Prefault Condition Cards

The prefault condition cards are the punched output of the load flow program,
they consist of the loads, the prefault injected power at each bus, the pre-
fault bus terminal voltage, the prefault bus admittance matrix (YBUS) and its
corresponding tables (IYBUS, JYBUS), the tables for the reordering scheme, and

the number of lines (NL) of the system In the prefault condition.

STEP 3 Machine Parameter Cards

The first card consists of the number of machines (M) and the machine open-
circuit time constant (TDOP); its format is (I3,F10.5). Each of the remaining
machine parameter cards is for one sinéle machine, it consists of the index

of the bus where the machine is connected (MAB), the transient reactance of
that machine (XDP), and the inertia constant of this machine (H); the format

of each card is (I3,2F10.5).
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EXAMPLE: There is one machine in a system, the open-circuit time constant
of that machine is 0.01 seconds. The machine is connected to bus
2, the transient reactance of the machine is 0.1 pu, and its
inertia is 5 pu.

M ' TDOP

1 0.01

4 1

Col's 3 7

MAB XDP

2 0.1 5.0
4 4 +
Col's 3 7 17

STEP 4 Fault Condition Cards
The first card consists of the number of faulted buses (NFB), the number of
faulted lines (NFBL), the fault clearing time (TMAX), and the switching time
(TSW); its format is (213,2T710.5). The remaining fault condition cards can
be divided into two parts. Each card of the first part is for one single
faulted bus. It comsists of the index of the faulted bus (FB); its format is
(13). Each card of the second part is for one single faulted line. It con-
sists of the index of the starting bus (SBl) of the faulted line and the
index of the ending bus (EBl) of this faulted line; its format is (2I3).
EXAMPLE: A three phase to ground fault occurs at bus 3, one transmission
line connected from bus 3 to bus 6 is involved, the fault will

be cleared after 0.5 seconds, and the fault switching time is
0.3 seconds.

NFB NFBL TMAX TSW
1 1 0.50 0.30
1 + 4 1
Col's 3 6 10 20
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FB

Col's 3

SBl EB1

‘t.
Col's 3

O

STEP 5 Control Loop Parameter Cards

The first card conéists of steam system time constant (TS), speed control
system time constant (TC), the speed regulation of the governor system in
pu (R), the dead band travel of the governor system (DBT), and the maximum
turbine capability (PMAX); its format is (5F10.5). The second card consists
of the regulator time constant (TR} of the excitation control loop, the
amplifier time constant (TA) of the excitation control loop, the amplifier
gain (KA), the exciter time constant (TE), and the exciter gain. (KE); its
format is (5F10.5). The third card consists of the stabilizing loop time
constant (TF) of the excitation control loop, the stabilizing loop time con-
stant (KF), and the exciter saturation characteristic constants (Al) and (Bl);
its format is (4F10.5).

EXAMPLE: An electrical power system has the excitation and speed governar
control loops, their parameters are as follows:

1. speed governor control loop
TS = 0.3 sec. TC = 0.08 sec. R = -0.04, DBT = 0.0006
PMAX = 1.1 pu..

2. excitation control loop
TR = 0.03 sec, TA = 0.1 sec, KA = 30.0, KF = 0.05, TF = 0.6 sec,
KE = -0.05, TE = 0.5 sec, Al = 1.2, Bl = 1.1
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TS TC R DBT PMAX
0.3 0.03 -0.04 0.0006 1.1

4 4 4 4 . "
Col's 4 14 23 34 44

TR TA KA TE KE
(ﬁtOB 0-1 30-0 0-5 ""0-05
4 4 + 4 4
Col's & 14 23 34 43

TF KF Al Bl

0.6 0.05 1.2 1.1

4 4 3 4

Col's 14 14 24 34

STEP 6 Runge-Kutta 4th-order Method Card
‘This card consists of the step size used in Runge-Kutta 4th-order method
(DELTT) and the error tolerance used in Runge-Kutta 4th-order method (PRMT(4));

its format is (2r1i0.5).

EXAMPLE: If DELTT is equal to 0.01 seconds and PRMT(4) is asSigned to 0.1.

DELTT PRMT (4)
0.01 0.1

+ +
Col's 4 14

(C) Program Output

The program output consists of the input data, initial faulted condition
and the solution throughout a transient observation interval.

The input data listing In the program output consists of the number of
machines, the index of machine buses, the number of faulted buses, the index
of faulted buses, the number of faulted lines, the index of the starting

buses and the ending buses of the faulted lines, the machine parameters, the
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control loop parameters, the step size used in Runge-Kutta 4th-order method,
and the error tolerance used in Runge-Kutta 4th-order methodﬁ

The initial fauited condition consists of the terminal voltage at each
bus right after the fault occurs, the internal voltage for each machine right
after the fault occurs.

The solution throughout a transient observation interval consists of
the internal voltage for each machine, the terminal voltage at each bus, the
injected real and reactive powers at each bus, and the local load supplied

at each bus throughout the observation interval.

(D) Troubleshooting

TSRK uses the fixed format input, it is necessary to make sure that the
input cards are placed in the proper order and the input data on each card
is punched at the right position.

If there is no printed transient state solution in the program output,
it is better to ascertain that the step size used iIs not too small and the

error tolerance used is not too small to be practical.

(V) Solutions for a 7-Bus System

The set of programs were used to solve the transient stability problem
for several sample systems. Because the large volume of data involved only
the solution for a 7-bus system are included in this report.

The programs listing are included in the Appendices. The load flow
program is listed in Appendix A and the transient stability program is listed

in Appendix B.
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APPENDIX B
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ABSTRACT

The objective of the projected described in this report was to develop
a set of digital computer programs that will enable the students and faculty
of the Department of Electrical Engineering at KSU to make meaningful studies
of the dynamic behavior of electrical power systems in the first 2 or 3
seconds after the occurence of a major disturbance such as a three-phase
fault at a bus and subsequent clearing of that fauit. The resulting set of
programs are dimensioned to handle electric power systems containing up to
60 significant buses, 100 transmission lines and transformers, and 20 synchro-
nouse machines, All component and system modeling is designed to be consis~
tent with the observation interval of 2 or 3 seconds and to give the user as
much flexibility as is judged to be practical, The models used account for
the action of the excitation and speed governor control loops. Although it
is recognized that these control loops are relatively slow and may not affect
the response significantly in this time interval, these control loops were
included in anticipation of the further extension of the programs to longer

observation intervals.





