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A SINGULAR PERTURBATION APPROACH TO POWER SYSTEM DYNAMICS
John Jay Allemong, Ph.D.
Coordinated Science Laboratory and

Department and Electrical Engineering
University of Illinois at Urbana-Illinois, 1978

This thesis applies singular perturbation techniques to linear
and non-linear models of a single machine-infinite bus power system and a
three machine power system. In the linear realm, we give a method for
obtaining state and eigenvalue approximations by computing approximations
to the block diagonal system which isolates the fast and slow dynamics.
We also give a '"growth of model" method for determining the slow and fast
variables in the power system models.

For the non-linear systems, we find that the zero-order approxi-
mation of the slow variables is inadequate because it does not account for
a non-negligible fast component which is present in these variables. Thus

we develop a new and simple method to correct the non-linear zero-order

approximations.
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1. INTRODUCTION

1.1 Problem Description

This thesis is concerned with the application of singular pertur-
bation techniques to a class of power system dynamics. Generally, power
system models are of high dimensionality and are stiff. Therefore, the
motivation for this study is clear: since singular perturbation techniques
are particularly suitable for analyzing stiff systems of differential
equations, we are naturally inclined to ask whether these methodologies
are applicable to power system models. This thesis demonstrates that the
model describing rotor angle oscillations and associated phenomena can be
analyzed by singular perturbation techniques.

The singular perturbation method is often called a model reduction
method and it is in the sense that information (e.g. eigenvalues, time
responses) about the system is obtained from lower order subsystems.

Reduced order modelling has been of interest to power system engineers for
many years. Much of the work on reduced order models has been aimed at
obtaining dynamic equivalents for transient stability studies.

One of the ''classical' methods of equivalencing [l] merely combines
machine inertias and parallels their transient reactances. This method
requires engineering judgment to determine which machines can be represented
by an equivalent machine. The studies in which this method is often used
do not include additional dynamics such as voltage regulators and speed
governors., For those studies in which the aforementioned dynamics are
important, other methods have been devised. One technique (which can be
regarded as ''classical'’) is to neglect '"small' time constants and other
"unimportant' dynamics. Another method (2], which is limited to linear

systems, specifies a certain structure for the reduced model and certain




eigenvalues of the full model which are to be retained in the reduced model.
Then the gains and time constants of the reduced model are calculated.
This method requires much computation and a solution does not always exist.
In [3] and [4] the authors linearize that portion of the system which is to
be replaced by an equivalent. Then the linearized equations are trans-
formed to a diagonal system and certain "fast' modes and '"unimportant"
modes are neglected. This method requires some prior knowledge of the
system in order to determine which portion of the system can be replaced by
an equivalent. Also there is some judgment involved in selecting which
modes in the equivalent are to be retained and which are to be neglected.
Recently, equivalents based on coherency have been investigated [5]. This
is a promising avenue of research; although, again, some prior knowledge of
the system is needed to determine which machines behave coherently.

Unlike the methods discussed above, the singular perturbation

approach does not necessarily generate dynamic equivalents. However, our

approach does produce reduced order models in the sense that calculations

(of, for example, system time response) are performed on lower order sub-
systems. Thus the full system is not evaluated directly. A major advantage
that the singular perturbation approach has over other reduced order modelling
schemes is that the complete system response is recoverable from the sub-

system responses. Thus we do not lose information about the system as is

the case if some dynamics are completely neglected. Another advantage of

singular perturbation methods is that they are not necessarily restricted to

linear systems.
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1.2 Contributions

Although singular perturbation techniques were applied to a
simple power system example in [6], this thesis appears to be the first
application of these methodologies to detailed power system models. A
necessary part of this study is the development of an iterative scheme to
obtain approximations to the block diagonal system which isolates the fast
and slow subsystems in a linear singularly perturbed system. In addition,
we present a technique (the so called '"growth of model' method) for
partitioning the power system model into fast and slow subsystems.

Finally we give a new and simple method for correcting the zero-order
approximation of a non-linear singularly perturbed system in the case when
the slow variables contain a non-negligible fast component. All of these
methodologies are applied to both a seventh order single machine-infinite

bus system and a twentieth order three machine system.

1.3 Review of Power System Dynamics

Power system transients range from travelling wave phenomena on
transmission lines to very slow boiler response behavior. In this thesis
we will be concerned with synchronous machine rotor angle oscillation
transients and associated phenomena. These transients result from changes
in the system which cause a momentary mismatch between generation and load.
The problem of sustained mismatch between generation and load, although not
treated here, has received attention recently [7].

There are basically two types of motion which can result from
momentary generation-load mismatch, namely 1) stable motion iqzé&ich the

generator speeds and torque angles move toward the equilibrium corresponding

to the new system conditions or 2) unstable motion during which one or more
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of the generators loses synchronism with the others. The latter situation
may result in the removal of generators from the system which in turn could
lead to partial or total system collapse due to cascading events.

In order to design and operate the system in a reasonably reli-
able way, the nature of power system dynamic response must be well under-
stood. This fact was recognized many years ago [l] and the problem of power

system ''transient' response has received attention ever since.

1.4 Some Aspects of Power System Modelling

In the early studies the system was represented by very simple
models. In particular, synchronous machines were represented by a constant
voltage behind the transient reactance [l] and the dynamics of voltage
regulators and governors were generally neglected.

In recent years it has become apparent that these simple models
are not adequate to describe some kinds of power system dynamic response.
For example, sustained low frequency power oscillations which are apparently
associated with voltage regulator action have been observed [8]. The need
to investigate these phenomena combined with the availability of large,
high speed digital computers have resulted in a vast increase in the
complexity of power system models [9].

Unfortunately there is a price to be paid for using more accurate
models of power system components., First, the dimension of the system of
differential equations describing a large power system is very large.
Second, the complexity of the differential equations can often obscure some
underlying physical phenomena which essentially determine the system behavior.
Finally, it is well known that the complete set of differential equations is

stiff [9]; that is, the responses consist of some slow and fast modes.

s S o thian L P & TR . : ‘




This stiffness leads to serious difficulties in carrying out numerical

integration. The singular perturbation approach alleviates both the
dimensionality and stiffness problems by analyzing the fast and slow sub-
systems separately. Hence, singular perturbation methods appear to be

particularly suitable for studying power system models.

1.5 Chapter Preview

In Chapter 2 we discuss some basic principles of singular
perturbations. We then present a method for obtaining an approximation
to the block diagonal system which isolates the fast and slow dynamics in
a linear system. Finally we discuss the problem of partitioning an
arbitrary system into its fast and slow subsystems and we give a procedure
for partitioning our power system model.

Chapter 3 considers a single machine-infinite bus system. First
the partitioning of this system is determined by the growth of model
technique described in Chapter 2, Next the complete linear model is
analyzed by the iterative scheme introduced in Chapter 2 and both eigenvalue
and time response approximations are found to be quite good. Finally the
nature of the zero-order approximation of the non-linear system is explored.
This approximation is found to exhibit some deficiences. A method to correct
them is proposed and verified.

In Chapter 4 we repeat the analysis of Chapter 3 for a multi-
machine system. We find that by introducing a change in angle-speed
variables and by applying the experience gained with the single machine

system, the partitioning of this system is straight-forward. State and

eigenvalue approximations of the linear model are seen to be quite accurate

but more iterations are required to achieve this accuracy than in the single

IUPD———
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machine case. Finally the twentieth order non-linear system is analyzed
and the zero-order approximation is found to suffer from the same type of
difficulty as the zero-order approximation of the single machine system.
The correction procedure is applied and the approximations are seen to be

improved relative to the zero-order approximation.

)
(
=

| p—|

LSV IRI SRS NS o -

e

L

|
{j




i
|
|
|

2. SINGULAR PERTURBATION METHODS

2.1 Introduction
Singular perturbation methods [10] are applicable to systems of
differential equations of the following form

x = £(x,2z,u), x(0) = x

0 (2.1a)
Wz = g(x,z,u), z(0)

z, (2.1b)

where x is an n-vector, z is an m~vector, u is the input vector of dimension
r and b is a small positive parameter known as the singular perturbation
parameter. The presence of B indicates that there are fast dynamiés in x
and z,

Setting ¥ = 0 in (2.1b) is equivalent to neglecting the fast phenomena

in the response and gives the following slow model

% = £(x,z,u), x(0) = X9 (2.2a)

0 =gX,z,0) (2.2b)

where the overbar indicates the slow part of these quantities. The fast part

of the response can be approximately recovered by solving the system

Bz = gX, Z+2, a+u), z(0) = zg - z(0) . 2.3)

In (2.3) the tilde denotes the fast part of these quantities. Notice that
the approximate responses, X and Z +2Z are obtained by solving lower order
subsystems thus reducing the number of differential equations which have to
be integrated simultaneously. In addition, the fast and slow subsystems are
solved separately in their own time scales, thereby ameliorating the problem
of stiffness.

The linear time-invariant version of (2.1 ) is

X = AXx + Bz + Gu, x(0) = xo (2.4a)

Wz = Cx + Dz + Hu, z(0) = zy - (2.4b)

kit it
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In this case, the usual slow subsystem model is

wle

= (A-BD-1C)§ 4 (G-BD-IH)E, X(0) = X, (2.5a)

om0 eE -0 G 4 (2.5b)

and the fast subsystem model is

bE = DF + Hu, z(0) = z5 - Z(0) . (2.6)

In either the linear or non-linear version described above, the
responses x and z are approximated by X and Z+2z. Therefore, this approxi-
mation does not account for a possible fast component in x. In many cases
this approximation is satisfactory. However, if the system is severely
disturbed, the fast response in x may be large. In this case, the effect of
the fast variables on the slow subsystem may not be negligible. Then it is
generally necessary to use modified procedures to calculate the approximate
responses. In the linear case, one such method is to obtain an approximation
to the block diagonal system which isolates the fast and slow subsystems by
using the Chang transformation [11]. Another method to arrive at the same
result will be described in the next section. In the non-linear case, the
method used depends on the specific non-linear functions in 2.1 ). In
Chapters 3 and 4 we give one method for calculating corrections to the basic
approximations for the non-linear equatioms encountered in the power system
models presented there.

Finally, the singular perturbation parameter g is not always identi-
fiable, nor is it necessary that it be isolated. The only requirement for
using singular perturbation techniques to analyze a system is that the system

must possess the multiple time scale property. Once this property has been
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established for the system, then it is necessary that the system be
partitioned correctly. We will return to this topic later in this

chapter.

2.2 An Iterative Scheme

One way to obtain accurate fast and slow approximations is to
carry out the calculations on a block diagonal system which isolates the
fast and slow subsystems. We now give a method to construct, approxi-
mately, this block diagonal system. Consider the linear, time-invariant

system (2.4 ) with u = 0 for simplicity

X = AX + Bz, x(0) = X, (2.7a)
Mz = Cx + Dz, z(0) = zo ¢ (2.7b)
Define
M, =z+ p lex . (2.8)

We substitute (2.8) into (2.7a) to give
) ‘1
x = (A-BD C)x + Bﬂl
= A1 + Bﬂl - (2.9)
Now we take the time derivative on both sides of (2.8) and substitute
(2.7b) and (2.9) to yield
: -1 -1
KTy, =sD C Aix + (D + KD CB)T]1
= Clx + Dlﬂl . (2.10)
This procedure can be repeated iteratively. At the end of the
k-th iteration, the result is
X = Akx + BﬂK {2.11a)

by = Cx + DT (2.11b)

i
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where
A=A _ - BDIC (2.12a)
C, = unl'(fl £k (2.12b)
D, =D, + u-D;fl T (2.12¢c)
In order to avoid computing D;fl at each iteration, we can approxi-
mate these inverses. Let G = Go + uGl. Then
¢t - Gy + ucl)'l
= Mo + HMI + %‘HZMZ + e . (2.13)

It is clear that MO = Gal. To obtain the higher order terms, we employ

repeated differentiation. For M, we have

1
M, = (G, + 16! 2.14
1 = @G THE - R a8)
p=0
But for any non-singular matrix A, AA.1 = I. Hence
TR A 1
® At A - 0
or
ant o -lda -1 (2.15)
& du . -
Applying (2.15) to (2.14) we obtain for Ml r
M, = -G.'G, Gt 2.16)
1 ® %% ° iEs
Repeating this procedure for other higher order terms, we find
that the expansion for G.1 can be written in the following form

-1 - -1 -1
G = GOI{I-H-GIGO (146,65 (I-ee)]] « (2.17)

For example, an approximation of DIl is

0;1 3 " 1wp

1 1 L 1

cBd L 14D tcBD L (14D LcaD” )1} . (2.18)
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Notice that the expression for Ck contains p as a multiplying

factor. Hence, at the end of each iteration, the elements of ck should

be smaller than the elements of Ck-l' Thus, after some convenient number

of iterations, say k, the coupling term Ckx can be dropped. Then the

fast subsystem is defined as

ph) = 87 .

Now we write (2.1la) as

X =dx + BN .

To decouple the slow subsystem from the fast subsystem, we substitute

n= u&'lﬁ into (2.20). The result can be written as

% - B 1 = ox

which suggests the definition of a new slow variable

§1=x-um'1n ’
wWith this definition, (2.21) becomes
§, =5, +uamh
-d§1+31n .
This scheme can be employed iteratively.

iteration, the result is

§k = @& + BT
where -1
Bk = wﬂBk_fS .
As in the case of Ck’ the elements of Bk are reduced

Hence, after some suitable number of iterations, the

be dropped and the slow subsystem defined as

£ =% .

i

After the k-th

at each iteration.

coupling terms can

(2.19)

(2.20)

(2.21)

(2.22)

(2.23)

(2.24)

(2.25)




12

The number of iterations performed on the T subsystem does not necessarily
have to be equal to the number performed on the £ subsystem. However, for
computational symmetry, we will always carry out the same number of iterations
on both subsystems.
We now turn our attention to the problem of recovering x and z
. from £ and M. First, we have

-1
e = Teer ¥ Pecret® @2.27)

If (2.27) is summed from 1 to k, the result is

2 k k k
i x T1&11 * E Ny ¥ & Dm-lcm-lx 2.28)
} m=1 m=1 m=1
{ or
k
i ﬂk = ﬂo + T Dm-lcm-lx . (2.29)
: m=1
| ;
Let
k -1 ;
L= D _,C_,; - (2.30) }
mel i
i
Then (2.29) can be rewritten as ;
N=2z+Lx . (2.31) |

i In (2.31) we have dropped the subscript on T to signify that the result of

the last iteration is taken to be the true fast responmse.

Similarly, for € we have

T

-1

X e

i ES," SC,-wER_ &Y (2.33)

1 m=1 m=1 m=1

1 k ‘ i
i gk = go -4 g Bm-ls g1 (2.34)




Thus, (2.34) becomes

€ = x - WHN (2.36)

By substituting (2.31) into (2.36) and simplifying the result, we

arrive at the following transformation of variables

= . (2.37)

Incidently, this transformation gives us a convenient way to compute the
initial conditions for simulating the § and T subsystems. The inverse

transformation is

= . (2.38)

z -L I-uLH il

This transformation is a special case of the transformation used by
Chang [11]; it is also obtained in [12].

The approximation procedure which has been outlined in this section
is somewhat different than the basic approximation scheme presented in the
previous section. Here, we compute approximations to the block diagonal
system which isolates the fast and slow subsystems. Then, the original

variables are reconstructed by means of the transformation (2.38). The

calculations are always performed on lower order subsystems.
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2.3 Use of Singular Perturbations in Analyzing Power System Dynamics

In later chapters we use a power system model which is valid for
studying synchronous machine behavior for a period of several seconds
following an initiating disturbance. This model consists of swing
equations, flux decay dynamics, and voltage regulator representation. It
possesses the multiple time scale property since it encompasses dynamics
ranging from fast control loops to system frequency drift (in the multi-
machine case). Therefore, singular perturbation techniques are appropriate
for studying this power system model. By means of singular perturbationms,
we can obtain reduced order models which alleviate the stiffness and

dimensionality problems of the full order models.

2.4 Techniques of Partitioning the System

One weakness of the singular perturbation approach is that there
is no general method for locating the fast and slow variables in an arbitrary
system. Fortunately the model used in this thesis allows us to determine
the partitioning fairly simply. We shall call the technique about to be
described the '"growth of model' method.

First, all the synchronous machines in the system are represented
by only their swing equations and the eigenvalues of the linearized system
are computed. Next, flux decay dynamics are included with the swing
equations. The eigenvalues of the linearized system are again computed.

It is an interesting property of these first two models that the flux modes
are weakly coupled to the swing modes. Hence, in the flux decay model, it
is possible to immediately recognize the flux modes and the swing modes.
This behavior is not coincidental since the swing modes are determined

primarily by the machines' moments of inertia and the admittances of the

%- st o i 0l et b o i R s
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interconnecting network. The inclusion of flux dynamics introduces an
energy dissipation mechanism which somewhat affects the damping of the

swing modes.

| Finally the voltage regulaters are included with the model and

the eigenvalues of the linearized system are examined. The swing modes

ST

and the mode due to quadrature axis flux dynamics are discernable. The

other eigenvalues produced by this model result from some interactions

among the variables. The origins of these eigenvalues are clarified after ;

S S

these interactions are understood. |

Thus by the growth of model method we can identify which variables
5 are primarily fast and which are primarily slow. This allows the system to

be partitioned into the form of (2.1) or (2.4).

There is another method for partitioning a system when the system

can be conveniently represented by a block diagram. The block diagram is

examined for small time constants and loops containing large gains since

variables can often be identified by inspection of the block diagram. We

!

|

|

|
\’1
{ their presence gives rise to fast dynamics. Hence, the fast and slow
|

!

. will use this method in the next chapter as an aid in classifying the

dynamics of the voltage regulator model.

NS
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3. SINGLE MACHINE CASE STUDY

3.1 Introduction

In this chapter we analyze a single machine-infinite bus system
by singular perturbation methods. Both linear and non-linear results are
presented. Although this system has no true counterpart in practice, many
practical systems can be analyzed by approximating them as single machine -
infinite bus systems. In addition the multi-machine system considered in
the next chapter retains many of the characteristics of the single machine
system. Hence, it is beneficial to analyze and understand the simpler

system before trying to analyze the multi-machine system.

3.2 System Description

The single machine-infinite bus system is shown in Fig. 3.1.

The voltage regulator model used in this study is the IEEE Type 1 repre-
sentation [13] a block diagram of which is shown in Fig. 3.2. 1In the
model used here saturation non-linearity, represented on the block diagram
by SE’ is retained but limit type non-linearities are neglected.

Following are the differential equations for each of the three
models. The swing model equations are well known [l]. The full model
equations are derived in Appendix A and the flux decay model equations are
obtained from the former by holding the field voltage (Efd) constant and

dropping the voltage regulator equations.

Swing Model

§ = 377 @-1) (3.1a)
n S BEels « TRV sfn &
Q T [Pin D~1) - YE ViSLn 5] (3.1b)
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Fig. 3.1. Single machine-infinite bus system.
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Flux Decay Model
5 7 L - ut ] 1 o~ - 1 3
a8 T [1+ (x4~ el e (x4=x")YV sinb + Efd} (3.2a)
0
o = 1 - ! - -z ]
ec'l F{(xq X )YVicosé [+ (xq x')Y] ed} (3.2b)
9
& % 377 @1 (3.2¢)
e
Q= 0 [ ke DQ-1) -YVi(ec'{cosé + eésiné)] (3.24)
Full Model
I' = 1 - — 1 1 - - L 3 -
eq ?é—{ [1+ (xd %' Y¥ ] eq (xd X )YVismé + Efd} (3.3a)
0
e Ke
Rf =7 (-Rf L Efd) (3.3b)
F F
. 1
e('1 = TT{ (xq-x')YVicosé - [1+ (xq-x')Y] eé} (3.3¢c)
990
§ = 377 @Q-1) (3.3d)
Q = £ [ P—ir-l- -DQ-1) -YV, (e'cosd +e'sind)] (3.3e)
2H Q SN d E
R e
Egg = i { (K +S5 (Egy)] zfd+vR} (3.3f)
a7 k¢
BTE T e e e Vgl (.38
= -x! 12 2 i, ' ' & ey 2.2
Vt [(1-x Y)z(eq +e‘;l ) +2(1-x"Y) (x YVi) (edcosé eqsm6)+ (x'YVi) ]
(3.3h)
SE(Efd) = AsatexP[(Bsat)(Efd)] (3.38)

v i
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The parameters used in this study are

H = 5.0 sec TA = 0.06 sec
D=2.0 pu 'I‘E = 0.5 sec
Xy = 1.2 pu TF = 1.0 sec
xq = 1.0 pu KA = 25
x' = 0.25 pu KE = -0.0445
x = 0.25 pu KF = 0.16
Té = 5.0 sec A = 0.001123
0 sat
T' = 0.50 sec B = 0.3043 s
q.o sat

3.3 Determination of Partitioning

To determine the fast and slow variables in the full system, we
use the growth of model and block diagram methods discussed in the last
chapter. The linearized equations for each of the models described in

the last section can be written in the following form
W= AW . (3.4)

In each case the terminal conditions about which the linearization is
performed are
V, = 1.0 + jOpu
Vt = 1.0 + jO.2 pu
's'g = 0.8 + j0.1608 pu.

Swing Model

In the swing model

w = [AS AQ]" (3.5)

(' denotes 'transpose'). The A matrix is
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-0.2 -0.2

the eigenvalues of which are

-0.1 + j8.68 .
Since this model accounts for only the mechanical motion of the rotor, this
mode is clearly identifiable as the rotor oscillatory mode. Note that the
"frequency' of this mode (1.38 Hz) is quite typical of values found in

practice.

Flux Decay Model

In the flux decay model

w = [Ae& Aeé A8 AQ]! (3.6)

and the A matrix is

-0.58 0 -0.269 0 |
0 -5.0 2.12 0
0 0 0 377
_-0.141 0.142 -0.2 -0.28J .

The eigenvalues of this matrix are

-0.887 + j8.41

-3.78
éj -0.301 .
!; The mechanical mode is clearly visible (-0.887 + j8.4l1). The imaginary

part of this mode has not been affected very much by the inclusion of flux
decay dynamics; but the damping of this mode has been increased substantially.

The energy dissipation provided by the rotor circuits accounts for this

|
|
|
]
|

additional damping.

s bl
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Flux decay dynamics are responsible for the remaining two modes.
The root at -3.78 corresponds to Aeé while the root at -0.301 corresponds

to Aeé. This determination is obvious since Ta = 0.5 sec. and T& = 5.0
0 0

sec.
The quadrature axis rotor coil has a smaller time constant than
the direct axis rotor coil (i.e. it is 'faster'"). Thus, we might suspect
that more of the mechanical mode damping is accounted for by the presence
of the quadrature axis coil than by the presence of the direct axis coil.
If we modify this model's A matrix by removing the dependence of A0 on

Ae' we obtain the following modified A matrix

d
™ -
-0.58 0 -0.269 0
0 -5.0 2.12 0
0 0 0 377
-0.141 0 -0.2 -0.28 | .

The eigenvalues of this matrix are
-0.235 + j8.68
-5.0
-0.390 .
Hence, in this case, a sizeable portion of the mechanical mode damping is

attributable to the quadrature axis coil.

Full Model

In the full model
= ! ! !
w [Aeq ARf Aed As AQ AEfd AVR] (37}

and the A matrix is

i et B g AN i e v i A o sa i WM_M._._‘
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--0.58 0 0 -0.269 0 0.2 0

0 -1.0 0 0 0 0.16 0

0 0 -5.0 2.12 0 0 0

0 0 0 0 377 0 0
-0.141 0 0.141 -0.2 -0.28 0 0

0 0 0 0 0 0.0838 2.0
‘-173 417 -116 40.9 0 -66.7 -16.7-

the eigenvalues of which are
-0.861 + j8.39
-3.93
-0.362 + j0.558

-8.53 + j8.22 ,

The mechanical mode is clearly present (-0.861 + j8.39) as is the mode due
to Ae& (-3.93). However, the origin of the other four modes is somewhat
obscure,

To understand how these other modes arise, we make use of the
block diagram reduction technique alluded to in Chapter 2. We consider the
voltage regulator model of Fig. 3.2. The block diagram of the lineaxized
equations correponding to the loop consisting of the amplifier, the exciter,

and the K’.F/TF feedback path can be drawn in the form of Fig. 3.3. The

characteristic equation of this subsystem is

- 1
s* + (T—l - T—l)s +-K-1—TKZTK3—- . (3.8)
1 2 Lg
" - . —
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Fig. 3.3. Equivalent block diagram of inner loop of

voltage regulator model.
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The gain Kl is usually large for two reasons. First, the voltage

regulator is a proportional controller; hence large gain is needed to produce

small steady state error. Second, large gain makes the regulator faster.
The effect of increasing gain is to move the roots of (3.8) along the
asymptotes shown in Fig. 3.4. Hence, we can consider this subsystem as
singularly perturbed in the sense of high frequency oscillations [6]. For
the numerical values in the system matrix, the roots are -8.29 4+ j7.95.
Thus the fast pair (-8.53 + j8.22) is attributable to the aforementioned
loop.

To understand the origin of the remaining complex pair, we con-
sider the simpler system of an open circuited synchronous machine with
voltage regulator. If the inner voltage regulator loop is reduced by
singular perturbation, the resulting slow subsystem model is as shown in
Fig. 3.5. The characteristic equation of this subsystem is

52 + 1.45 s + 1.26 (3.9)

the roots of which are -0.725 + j0.857. Thus, we can conclude that in the
full model, the complex pair -0.362 + j0.558 arises from the interaction of
Ae' and AR..

q £

Although the partitioning of the full system into fast and slow

subsystems is not unique, one possibility is to place -0.362 + j0.558 in
the slow subsystem and all other modes in the fast subsystem. From the
previous discussions, we see that we should place Ae& and AR_ in the slow

£

subsystem and the other variables in the fast subsystem.




—

|
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Fig. 3.4. Effect of increasing gain on the roots
of Eq. (3.8).
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Fig. 3.5. Slow subsystem model of open-circuited synchronous
machine with voltage regulatcr.
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3.4 Analysis of Linearized System

In this section we analyze the seventh order linear system by
means of the iterative singular perturbation scheme presented in Chapter 2.
First we examine the eigenvalue approximations for the seventh order system
matrix given previously.
The approximate eigenvalues are computed from the subsystem matrices after

the specified number of iteratioms.

28

Table 1 shows approximate and exact eigenvalues.

Table 1. Eigenvalue Approximations for Seventh Order System
Subsystem Eigenvalues
Approximate - Iteration # Exact
1 2
Slow -0.399 + j0.581 -0.359+ j0.560 -0.362 +j0.558
-0.858 + j8.39 -0.862 + j8.38 -0.861 + 3j8.39
Fast -3.9% -3.9% -3.93
-8.49 + j8.22 -8.53 + j8.22 -8.53 + j8.22

Note that the usual zero-order approximation is not used here

since it is not consistent with the iterative scheme.

After the first iteration, the fast eigenvalues are approximated

quite well but the slow subsystem eigenvalues are somewhat inaccurate.

After the second iteratiom, all of the eigenvalues are approximated very

closely.




A very important test of the subsystem approximation scheme is

the accuracy of the approximate responses, x(t) and z(t). To test this
aspect of the methodology, we simulate a system disturbance. The
disturbance chosen for this study is a 5 cycle, 3 phase stub fault applied
at the infinite bus., Figures 3.6 - 3,12 show the simulation results for
a period of 10 seconds following the disturbance. In each case the solid
curve is the exact solution and the dotted curve is the approximate
solution obtained by using one iteration of the iterative scheme. The
initial conditions were calculated by integrating the non-linear equations
(3.3) during the fault and subtracting from the variables' values at fault
clearing the corresponding equilibrium values.

Figures 3.6 and 3.7 are the slow variables. The predominant
slow behavior of these responses is apparent. However, in both cases, an
initial fast component is clearly present. This fast component is probably
due to the forcing effect of the field voltage (note that the field voltage,
Efd’ appears in the equations for e& (3.3a) and Re (3.3b)) which attains a
relatively large value during the fault and shortly after the fault is cleared.
Once the field voltage has decreased to nearly its equilibrium value, the
slow variables regain their dominant slow behavior. The approximation method
used here takes into account a possible fast component in the slow variables
since x = € + MHT. This relationship also shows that a large initial
condition in the fast variables has a non-negligible effect on the slow
subsystem initial condition because £(0) = x(0) - wHN(0).

Even though there is some error in the approximation of the slow
variables, it is clear that with only one iteration, the slow variables are
approximated quite well. The curves of the exact and approximate fast

variables, Figs. 3.8 - 3.12, are in general indistinguishable.
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Since there are some discrepancies between the approximate and

exact responses using the results of one iteration, the system was simu-
lated again using the results of two iterations. However, in this case all

of the approximate responses are indistinguishable from the exact responses.

3.5 Zero-Order Analysis of the Non-Linear System

In this section we examine the usual zero-order approximation
(2.2) as applied to the non-linear system (3.3). The calculations involved
in the zero-order approximation are quite simple. We have previously identi-
fied e& and Rf as slow variables and eé, 6, @, Efd’ and VR as fast variables.

We assume that this behavior carries over to the non-linear system. Then,

the slow subsystem is

éc'l = ﬁ-{ - (L4 (=4x")) ) - (x,-x')YV sind +E ;) (3.10a)
0

PRI el ey SO

By =g (=B, +2E B0 (3.10b)
F F
1 ' by e -t "

0= 57—{(xq-x )YVicosé -[1-+(xq x )Y]ed} (3.10¢)
99

0=377 @ - 1) (3.10d)
R T =

0 = 75 [ - YV; (8}cost +8}sing) - D@-1)] (3.10e)

o-TL{-[KE+sE(Efd)1 By + V) (3.10£)

E
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E
o=—1-[1<('§-&§ T ) eT] (3.10g)
e e B e T e o S8

v, = [(L-x' )2 @3 5'2) +2(1-x'Y) (x'YV. ) (' cosT - ' sinf) + (x'yv,)21L/2,
q d { d q : (3.10h)

=z

Equations (3.10c)-(3.10h) are non-linear, algebraic relationships

between the slow variables and the slow part of the fast variables. During

numerical integration of the slow subsystem equations, updated values of

1 E"l and Ef are used in (3.10c) - (3.10h) to solve for new values of Ec'i’ 5, 0,

Efd’ and VR' The updated values of § and E_, are substituted into (3.10a)

fd

and (3.10b) to continue the integration for Ef'l and -ﬁf.
4 Once the slow quantities are known, the fast subsystem is integrated.
| Expressing each fast variable as the sum of its slow and fast parts, the

[ differential equations of the fast subsystem are

':v _,L o TG, T = Mo ey
&y = {(xq x')¥V,cos (8 +3) [1+(xq x')Y] (Ed+ed)} (3.11a)
90

5 =3770Q (3.11b)

2 1. Pin e i e L

Q= ﬁ{ —_— - YVi[eqcos(5+6)+ (€d+ed)sm(6+5)] -} (3.11c)

Q+Q

2 - I - ~ = ~ o 4
, Fra 7T Lo (RS By *Ep )] (Bpg +Epg) +Vp +Vp (3.114d) “
| g’,gL{K[i-EdE +E ) -V 4V, ] -V -V ) (3.11e) |

R OT,"AE T, Tfd” £a’ T Tt” Ref R™'R .
b .
! V.= ()% @2+ @ 422 +2(1-xY) (x"YV.) [ +3')cos (T +35)

t q d d i d d

- E&sin(3+3)]+(x'YVi)2}l/2 . 3118




Since the slow subsystem has already been solved, the slow

variables appearing in (3.11) are known during integration of the fast
subsystem. The fast subsystem is integrated with a smaller step size than
the slow subsystem; hence, in general, it is necessary to interpolate
between the known values of the slow variables to obtain the correct values
to use in (3.11).

To explore the nature of this zero-order singular perturbation
analysis of the non;linear system, we simulate the system response for the
same disturbance used in the last section. Figures 3.13-3.19 show the
results of this simulation. In each case, the solid curve is the exact
response and the dashed curve is the zero-order approximate response. It is
quite clear that these responses are very similar to their linear counter-
parts.

We have previously noted that the slow variables contain a fast
component. Since the zero-order approximation of the slow variables does
not admit a fast component, e& and Rf are not approximated very well by E&
and Ef. Despite this inaccuracy, the fast variables are approximated quite
well. Thus, we are motivated to search for a procedure to correct the slow

variable approximation.

3.6 A Correction Method for the Non-Linear System

One method to obtain corrections for non-linear systems is given in
[14]. Another, simpler method to approximately account for a fast component

in the slow variables will now be given. Consider the system

x = £(x,2), x(0) = Xg - (3.12)
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Suppose that z is written as

z = Q(x) + ze

fast part of z. Substituting (3.13) into (3.12) we get
x = £(x,9(x) + zf) ¢
Let f be such that it can be decomposed as follows

1 £(,9(x) +2.) = £ (,0)) +£, (@&), z,)

i =E )+ 0, zp) .

zg in fz. Let these solutions be denoted by x° and z_°

f .

1 becomes

x= %l(x) + £, (0x%),2.°)

The integral equation form of (3.16) is

t (=
2 " o (o]
X=X = j £, ()dr + % £, (@(x7), z.)dT.

o

k =g £, (@(x"), z.)dr.

We write (3.17) as

t {4
2 o (o]
x = x +k+ g £, (x)dr + g £, (), 2. )47 - k .

where, symbolically, @(x) is the solution of g(x,z) = 0 and zg is the

Then (3.15)

(3.13)

(3.14)

(3.15)

As an approximation, let us use a previously obtained solution for x and

(3.16)

(3.17)

(3.18)

(3.19)

.
!
|
i
?
3
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|
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As an approximation, neglect the fast part of x in the first integral. Then

the slow part of x is given by

SR fl(xs)’ xS(O) = %, + k , (3.20)

and the fast part of x is approximated by

E
s - i 2 °
xf k + 3 fz(w(x Y P Yy 4T . (3=2L)

Notice in (3.20) how the presence of fast variables in the slow equations can
change the slow initial conditions.

Once the slow subsystem has been solved with the corrected initial
conditions, the fast subsystem can be resclved using the corrected values of

X, namely

uéf = g(xs+-xf, zf+-zs), zf(O) = zo-zs(O) (3.22a)

0= g(xs,zs) s (3.22b)
Note that this scheme could be employed iteratively.

Applying this method first to (3.3a) we find that the slow part of

eé is obtained as the solution of

CA = i 2 =t ' - e | :
eq En—{ [l-l-(xd x')y] eq (xd X )YViSLnés + Efd j
s d0 s s
' (0) = e'(0) + k Jed3
5, ) = iegi) £ (3.23)

and the fast part of eé is

(xd-x')YV. t

¥ ey i bt B )
eqf ky T J [sind ~(-l+cosé. ) +
0 0
o] o} i | «t o)
cos&s sinéf ldT + T J Egq dr (3.24)
do 0 £

{
|
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and
(x,-x')YV, =
d i 4 o o
kl = - T ( [SLnGS (-1 + coséf )y +
d
0
o o i o op
coss "~ sing . ]dT + m— [ E., dr. (3.25)

oo *f

Similarly for (3.3b), the slow part of Rf is solved from

L l %
R, == (-R. 4+ =— E ), R, (0) =R_(0) + k (3.26)
fs TF fS TF fds fs f 2
and the fast part is
% fo
By = Ay wes PRD. (3.27)
f ey £
F
where KF
o
k, = = I Efdf dr . (3.28)
F ©

6s and Efd appearing in (3.23) and (3.26) are solved from the
same algebraic equations as in the original approximation. The integrals
in (3.24), (3.25), (3.27), and (3.28) can be evaluated by any convenient
numerical integration scheme since the arguments appearing under the integral
sign are known functions of time. We also note that it is not necessary
to carry out the integrals in (3.25) and (3.28) to infinite upper limits.

From Fig. 3.16 and 3.18 we observe that 5; and E2, both become approximately

fdf

zero for t > 5 seconds.
Finally the fast subsystem is solved as in (3.11) but this time,

both the slow and fast parts of e' and R_ are substituted instead of just

&
the slow part.
To test this procedure, we use the same system disturbance as in

previous sections. In carrying out the indicated calculations, the zero-
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order approximation is obtained first. The zero-order fast solution is
used to evaluate the necessary integrals. Using the corrected initial
conditions, the slow subsystem is solved again. To complete the pro-

cedure, the corrected responses ea + eé and Rf + Rf are substituted
s £ s £

into the fast subsystem equations and this subsystem is solved again.

The results of the simulation are shown in Figs. 3.20-3.26. 1In
general the agreement between the exact and approximate responses is good.
Regarding the slow variables, it is clear that the correction procedure
has not only accounted for the fast component but also corrected the
initial conditions. Using these corrected slow solutions during inte-
gration of the fast subsystem yields generally excellent fast approximations.
Hence, in this case, the correction procedure for non-linear systems

performs adequately.

3.7 Conclusions

In this chapter we have verified that the single machine-infinite
bus system possesses the separation of time scales property. Using the
growth of model and block diagram techniques, we have discovered which
dynamics of the model are primarily responsible for each mode. It was
found that e', 6, 8, Efd’ and V_ constitute a suitable fast subsystem

d R
while eé and Rf comprise the slow subsystem.
We have applied linear singular perturbation methods to the
linearized seventh order model. In particular, one iteration of the

iterative technique produces quite acceptable eigenvalue and time response

approximations. Two iterations give almost perfect approximations. In the
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simulations, we noted that the slow variables can have a significant fast

component. The iterative scheme for linear systems automatically accounts

for fast components in the slow variables.

Finally, we investigated the behavior of the zero-order singular
perturbation approximation for the non-linear model. We found that the
forcing effect of the field voltage can cause discrepancies between the
true and approximate slow responses. A method to approximately account for
the inclusion of fast dynamics in the slow subsystem was proposed. This
technique proved successful for the particular system disturbance considered

here.
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4. STUDY OF MULTI-MACHINE SYSTEM

4.1. Introduction

In this chapter we generalize the results of Chapter 3 by studying
a multi-machine system. We find this system to be very similar to the
single machine system. In particular, the variables which we previously -
identified as slow and fast remain in these respective subsystems. But we
also find an additional slow mode due to the system frequency drift. The
properties of the angle-speed modes are clarified when the original angles
and speeds are transformed to some new angles and speeds.

We present both linear and non-linear results. The linear itera-
tion technique does not encounter any difficulties with this system. How-
ever, for the particular disturbance considered, the slow variables generally
contain a significant fast component. Thus, the zero-order non-linear
approximation suffers from the same difficulty as in the single machine
case. The method presented in Chapter 3 to correct the slow approximation

is found to improve the approximations relative to the zero-order results.

4.2. System Description

The system studied in this chapter is the 9 bus, 3 machine system
shown in Fig. 4.1. The transmission line data are given in Table 2 and the
synchronous machine parameters are given in Table 3. The exciter parameters
are the same for all three machines and are identical to the settings used
in Chapter 3. The disturbance used throughout this chapter is a 3 phase,

5 cycle fault applied near bus 8 which is cleared by opening the line from

bus 8 to bus 9.
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Fig. 4.1. 3 machine, 9 bus test system.
Note: All load flow information is for predisturbance
The base power is 100 MVA.

conditions.
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Transmission System Data
(100 MVA Base)

Line # To R(pu) X(pu) B/2 (pu)
1 4 0 0.0567 0
2 5 0.017 0.092 0.079
3 6 0.039 0.170 0.179
4 6 0 0.0586 0
5 7 0.0119 0.1008 0.1045
6 8 0.0085 0.072 0.0745
7 2 0 0.0625 0
8 9 0.032 0.161 0.153
9 4 0.01 0.085 0.088
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Table 3. Synchronous Machine Data
(100 MVA Base)

Machine #
Parameter
1 A 3
xd(pu) 0.6 0.8958 0.9
xq(pu) 0.58 0.8645 0.85
xz(pu) 0.056 0.110 0.18
xé(pu) 0.0608 0.1198 0.1813
x;(pu) 0.0608 0.1198 0.1813
Té (sec) 4.0 6.0 5.0
0
T' (sec) 0525 0.54 0.65
90
ra(pu) 0 0 0
H(sec) 23.64 6.4 3.01
D(pu) 9.6 2+5 1.0
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We now discuss the choice of angle and speed variables for

describing this system. The well known non-linear equations for the swing

model are
5., = 317@, <)), i=2,3 (4.1a)
0. = P = ST = 3 V'V'Y, cos@.,.+6,..- 5,.)]
i 2Hi[ b P kot TR T T
i=1,2,3, (4.1b)

When (4.1 ) is linearized about the equilibrium point corresponding to the

post-disturbance network, the resulting system matrix is found to be

[ 0.0 0.0 -377.0 377.0 0.0 |
0.0 0.0 -377.0 0.0  377.0
0.0144  0.0235  -0.203 0.0 0.0
-0.131 0.0930 0.0 -0.195 0.0

| 0.216 -0.371 0.0 0.0 -0.161 |

The eigenvalues of this matrix are

-0.0857 + jl12.90

-0.0978 + j6.09

-0.197 .
The mode -0.197 is the well known frequency drift mode which corresponds to
the common movement of all of the machine speeds to the new equilibrium
speed. The two complex pairs are rotor oscillation modes. Since one
"frequency'" is more than twice the other ''frequency', we suspect that these
modes may be attributed to something other than individual rotor oscillations.

In particular, with the removal of the line from bus 8 to bus 9, machine 2

is relatively weakly connected to machine 1. However, the coupling between

(4
B |

|
|
i
|




machines 2 and 3 remains relatively strong. Thus, it is likely that one

of the oscillatory modes represents the common oscillation of machines 2
and 3 with respect to machine l; while the other mode is the oscillation
of machine 2 with respect to machine 3. This situation is similar to the
one described in [6].

To more clearly exhibit the behavior described above, we intro-
duce the following change of variables. First, since the system frequency
drift involves all of the rotating inertia of the system, we define the
system frequency to be

Hlﬂl + HZQZ + H3Q3

Or = m (4.2a)

where

H=H1+H2+H3.

(4.2b)
Second, to display the combined motion of machines 2 and 3, we define

§ and Q as
c c
H

s |
5c = hH (Hzé21 + H363l) (4.32a)
HQ, + HQ
2 2 Iy
Qc n - Qr (4.3b)
where
h = Hz + H3 v (4.3b)

Finally, the oscillation of machine 2 with respect to machine 3 is described

by

84 = 831 = 651 (4.4a)

Q =0, -0, . (4.4b)

These variables are similar to the ones used by Stanton in [15].
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In these variables, the system matrix is

—

Q. -0.198 - 0.00776 0.00486 0.000733 -0.00181 |
88 [ 00 -'— Do A “; 0.0 0.0

80 0.0122 -0.113 ~0.191 i 0.0304 -0.00454
88, 0.0 ~"o..iiu—"o..;)“-j"o-.é ——————— 377.0 |
M, L -0.0292 0.164 ~0.0292 -0.426 -0.175 |,

The eigenvalues of the indicated diagonal blocks are, respectively -0.198,
-0.0954 + j6.54, and -0.0877 + j12.68. These values correspond quite
favorably with the eigenvalues of the original matrix indicating that this
choice of variables is more appropriate for describing the system than the
original set of angle-speed variables.

Using the new angle-speed variables along with the basic equations

derived in Appendix A, the complete set of equations for this system is

P1'.n Pin I,in
RS Bl 2 5 3
P H, H,
r Hl c Qr+Qc+ T!-Qd Qr+Qc -—h-Qd
h iy o
- D(Qr-l) + (D1 '}-q - D2‘D3)Qc + (-D2 T % D3 = )Qd
3
- g (e’ 4 $el L. ] (4.5a)
tel Y Y Y Y
R =-1—(-R+EE ) fe1.2.3 (4.5b)
£ 4 £, ‘B Edi, " ol ‘
i F, 5 - F i
i s
210 = _1 & | - - 1 I =
eqi Tc'l [eqi (xdi xi)idi-!- Efdil 3 iw1.2.3 (4.5¢)

0i

i TR ’ ; TR a—— e i i i e ) e i N Rt

|
|

2 e S A SRR TS i
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it

i

1 f - L] =
i T di+ (qu xi)lqi] , i=1,2,3
Qo1
Vo= =k (R-EE -V 4V ) -V 1, i=1,2,3
Tk e T R et R Tl R,
b 5 p 3
3 1
E.,==—{-[K +S_(E_, )IE_, +V. } , §int, 2.3
£, TEi KEi AT ALY
§ = 3770
C €
H Pin Pin in
Q, = 3 (P 2 — + — - —
¢ NTZH h H3 H, Q-0
Qr+ Qc+ i Qd ur+ v Qd T Hl c
H, e
- 1) = M | Q
* 0y G0, #001@ L) - [0 5+ (GO, +D] B
S
+ [(5)(-H,D, +H. D )IQ, +e' i +e' i
Wb o bl g Gy o Ry
i 3
-G Tl +el i) )
Beer Yy 4
8y = 377 0
G PinZ/HZ Pin3/H3 B, D,
g = 3t e REEL el S
e C) -
Q+0+ 20, a+a- 2o
D. D H "
5 Dy 1 B3 2
+ (gt goil, -5 ED, + 5 DA
W me B e TR W
-HL(e'i +eéid)+Hi(e'i +ei 1))
2 9% 2 2 5 Y3 93 3%

(4.54d)

(4.5e)

(4.5€£)

(4.5g)

(4.5h)

(4.51)

(4.53)




The currents appearing in (4.5 ) are

I = 1 . 1] 3
iy Yn(ed cos 911 e' sin 6

1 1 9

I

11’

1 — =
+ le[edzcos(e 12+ A 6c+ h éd) eq2

1

i H

1 —
+ Y13 [ed3cos ® 13+ Hl °c

= 1
Yll(eq cos 911 + ey sin 611)
1 1
By

L8 n

H
' ——
le [eqzcos ® 12+ H]_

H
! H 2
Y13[eq3

' o :
4 Y22 (edzcos 322 eq23m 622)

o

+

3

2 - @ g g e
h 6d) eq351n(613 Hl o

o
6d) + ed251n(912+

cos(913+§-£ bc- 5 Gd) + &4

- ' - l{— - — -
! +Y21[e<11°°*’(921 H] 5™ W Yt T "

[ - - ' i -
Y32[ed3c°s(e32 éd) eq sm(632 6d)]




Bt e e

T ereeran

K
R —— e L
b= J Bg) * ey i@, H %™ h 841

Hy 1

- 5d) + ec'l3sin(623- Sd)]

- 1 1
cos 633 e' sin 9

¥ el )
35, ay 33

i g, 5
1 RIGRREE. L 5 — o 1 $ - - — ——
Y31[edlcos(83l H § .+ g 84) eqlszi.n(l:v31 H S 6d)]

1 = 1 :
Y32[ed2cos(632+ éd) eqzsm(632+ éd)]

' 1 =
Y33(eq3cos 333 + ed351n 933)

H HZ H I'12
' R — 1 : = s
Y31[eqlcos(831 H, 6c+ h 6d) i edlsm(en Hl 5c+ h Sd)]
L

' 1 . s
Y32[eq2cos(932+ éd) + edZSLn(a32+ od)] 3

4.3 Determination of Partitioning

In the previous section, using the swing model, we found the
location of the swing and drift modes. The next step in the growth of
model method for determining the system partitioning is to examine the
eigenvalues of the flux decay model. Unfortunately, the flux decay model
does not have an equilibrium for the post-disturbance network chosen for
this study. Thus, the linearized equations cannot be obtained. However,

the complete model (4.5) does possess an equilibrium and the eigenvalues of

the linearized equations fall into groups which are reminiscent of the




location of eigenvalues in the single machine case. Hence, we can use our
experience with the single machine system to determine which dynamics are
primarily responsible for each mode. Having made this determination, we
can proceed to partition the system into slow and fast subéystems.

The system matrix for the complete model is shown in Fig. &4.2.

The eigenvalues of this matrix are

-1.26 + j12.95
-8.16 + j7.69
-8.56 + j8.26
-8.50 + j8.09
-0.988 + j5.35
-6.90

-4.45

-1.90

-1.22 + j0.989
-0.245

-0.505 + jO.761

-0.289 + ;0.480 .
Based on our examination of the swing model in the last section, it is
clear that the pair -1.26 + j12.95 is primarily due to AGC and Aﬂc while
the pair -0.988 + j5.35 arises from Aéd and AQd. The real root -0.245 is
the system frequency drift mode and, hence, is mainly determined by Aﬂr.

Now, using the experience gained during our study of the single

machine system, it is clear that the pairs -8.16 + j7.69, -8.56 + j8.26,
and -8.50 + j8.09 are mainly produced by the interaction of AEfd and AVR
in the three individual voltage regulators. Furthermore, the pairs
-1.22 + j0.989, -0.505 + jO.761, and -0.289 + jO.480 obviously arise from
the combination of Aeé and ARf in the respective machine models. Finally,

the three Aeé's areprimarily responsible for the three real roots, =6.90,

-4.45, and ~1.90.
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It is apparent that this system behaves, in many ways, like
three single machine systems. Thus, for partitioning the system into

fast and slow subsystems, the variables should be grouped per phenomenon

(as opposed to per machine) using the previously identified fast and slow
variables as a basis for the grouping. Of course we must include the new
variable, AQr, which does not appear in the single machine system.

Based on this discussion and the system eigenvalues, we choose

as the slow subsystem the variables Aﬂr’ A ARf ¥ ARf , be' , Ae' , and

Rf > .
1 2 5~ B, ;

Aeé . The remaining variables constitute the fast subsystem. '
3

4.4 Linear System Study

The eigenvalue approximations of the full system along with their
exact counterparts are shown in Table 4. We notice that most eigenvalues
are approximated very closely after the second iteration. However, the
approximations corresponding to exact modes at -1.22 + jO0.989 and -1.90 are
not completely satisfactory after only two iterations. In fact, it takes
six iterations to obtain reasonable approximations for these modes.

Regarding this latter behavior, we observe that -1.22 + j0.989

is the largest of the slow eigenvalues while =-1.90 is the smallest of the

fast eigenvalues. The ratio of their magnitudes is 1.21; hence, there is
no clear separation between them. Based on this fact, we can speculate
that these eigenvalues are somewhat sensitive and therefore more difficult

to approximate than the others. 1In particular, these eigenvalues converge

!
| to their correct values non-uniformly. ﬁ

The next eigenvalue to the left is =-4.45., The separation between
-4.45 and -1.90 is more favorable than the separation between -1.90 and

-1.22 + j0.989. Hence we are led to believe that if the variable which is

PSS R VTI ear
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responsible for the =-1.90 mode were placed in the slow subsystem, this
non-uniformity of convergence might not occur. By examining the Aeé block
in the system matrix, we see that the eigenvalue -1.90 is primarily deter-
mined by Aeé . ‘So a more reasonable choice for the slow subsystem would

3

include Aeé with the variables already selected.
3

The simulations reveal some interesting characteristics of this
system. The time responses for the post-disturbance network are given in
Figs. 4.3 - 4.22. The initial conditions for these linear simulations were
calculated by the same procedure as was used to calculate the linear initial
conditions in Chapter 3. 1In each case, the solid curve is the exact solution
while the dotted curve is the approximation obtained using the results of
three iterations of the iterative procedure. It was found that if four or
more iterations were performed, the exact and approximate curves were
virtually indistinguishable.

We note that, as in the single machine case, the slow variables
(Figs. 4.3-4.9) contain fast components. In addition, it appears that the
machine 1 slow variables contain more of the rotor angle oscillations
(particularly the lower frequency oscillations) than their machine 2 and 3
counterparts. This observation suggests that the mode -1.22 + j0.989 is

a machine 1 mode. Thus, Aea and ARf respond more strongly to the fast

phenomena than the machine 21and 3 sl;w variables. The effect of large
field voltage (AEfd) is readily observed in the Ae&'s and ARf's as was the
case in the single machine system. The slow part of all of the slow
variables is clearly present.

The response of AN, (Fig. 4.3) is very interesting. Adr i3

proportional to the mismatch between total system real power generation

and total load. Approximately the first 4 seconds of the Aﬂr response is
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dominated by fast dynamics. This behavior can be explained as follows.
In this study, the loads are modelled by constant impedances. Thus, the
real power absorbed by the system is very sensitive to the internal machine
voltages and angles. Since both the internal voltages and angles have fast
parts, the total system load should have a fast part; hence, we should not
be surprised that the system frequency has a fast part. In addition, once
the internal voltages and angles have come nearly to steady state (after
about 4 seconds), then Aﬂt is dominated by a single exponential characteristic
(namely the pole at -0.245). Once the voltages and angles reach steady
state conditions, then the power absorbed by the system also comes to
steady state. Thereafter,bﬂr is governed primarily by the system speed
regulation characteristic.

The fast subsystem responses also have some interesting features,
Ae&l (Fig. 4.10) contains a much larger compone;t of the rotor angle

oscillations than do Ae! and Ae! .
4 S
mode -6.90 is primarily due to Aeé . Incidently, the other machine 1 fast
1

variables also contain more rotor angle oscillation component than their

Thus, we are led to believe that the

counterparts of machines 2 and 3.

Regarding the rotor angle oscillationms, 88, and Aﬂc (Figs. 4.19
and 4.20) appear to be very pure, namely they consist primarily of the lower
frequency oscillations. Aad and AQd (Figs. 4.21 and 4.22), on the other
hand, show evidence of a mixture of the two oscillatory modes. However,
the lower frequency mode appears to dominate indicating that the inter-

machine oscillation is not excited very much by this disturbance.
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4.5 Study of the Non-Linear System ‘

In this section we consider the non-linear system (4.5). Based

on the linear study of the previous section, we choose Qr’ Rfi, and eéi
(i=1,2,3) as the slow variables and the remaining states as the fast
variables. The calculation of the zero-order approximation proceeds along
the same lines as in the single machine case. To test the zero-order

approximation, the system was simulated for a period of 10 seconds

following the test disturbance. The results of the simulation are shown

3 in Figs. 4.23 - 4,42, As before, the solid curve is the exact solution and

the dashed curve is the approximation.
We notice the similarity between these responses and the corre-
sponding responses of the linearized system, Thus, the general comments

made about the physical interpretation of the linear responses can be carried

- gt i e i

over to the non-linear system.

e

The zero-order approximation of the slow variables (Figs. 4.23 -
4.29) evidently suffers from the same difficulties as the zero-order
approximation of the single machine slow variables, namely, absence of a

shift of the slow initial conditions and a lack of fast components. The

————

approximations of the fast variables also have some shortcomings. In

particular, in several cases it is apparent that the slow part of the variable

is in error; furthermore the '"frequency' of the slower of two rotor angle
oscillation modes is not correct. Since this mode is a component of many
other responses, this error propagates through most of the zero-order fast

approximations.

Thus we again find it necessary to compute corrections to the zero-

order approximation. To this end, we will use the method of Chapter 3.

B e

Most of the labor involved in applying this method to the slow subsystem

o LA RS e L AT TN e R
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equations is contributed by the machine currents. The expressions for

the currents are given below in terms of the original angular variables.
This is done for notational and computational simplicity. It is an easy
matter to calculate the slow and fast parts of the original angles in terms
of the respective parts of éc and éd since these two groups of angles are
linearly related.

The components of the currents are

3
i = ! - -p! i -
iy -Z Yij[ed,cos(eij+5j1 6]._1) eq.SLn(Bij+6jl éil)] (4.7a)
ij=1 b 3
3
¢l ' £y ' s - )
lq‘ E Yij[eq.cos(eij+6jl 5i1)+ed.sm(eij+6jl éil)] . 4.7
i j=1 j J
We write ec'1 and 6j1 as the sum of their slow and fast parts
3
B e ' =~
ed. ey + &4 3 Ji=12.3 (4.8a)

o= Sioy 6

§1% 8518 * 85160 L T8 S (4.8b)

We substitute (4.8) into (4.7) and, after some manipulation, obtain the
slow and fast parts of the currents

3
= L} - - L] :
id z Yij[ed cos(eij+6jls 51’.13) eq sm(eij+6

-8, . 31 (4.9a)
is j=1 is j i

jls

3
. % ' i -e' si +6 =9,
i J.El Yij{[edjscos(eij +818 = 8114/ eqjs b Tl LT

[-1-1-cos(6jlf - Gilf)] - [(eéjs+ e"ijf)sin(eij +5jls - éils)

+ e B..+6
eq.cos( 13

’ “ 01901880002 010)

jls

(4.9b)

d

+e'! cos@®,.+58
T

j1s " 81167008 (8 yyg =84y )}
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. = ]
Lqi z Yij [eq.cos(e 1] + Gjls (4.9¢)

- ' i -
_ Gils) + ed. sm(BiJ.+6 )
s j=l ] js

jls ils)]

2
= ' -
iqif jEl Yij{' [eqjcos(e 1] + Gjls 6113)

1 =4 - -
+ edjssin(eij+6jls éils)][ 1+<::os(6jlf 6ilf)]
' ' - -a! i - i -
+[(edjs+ edjf)cos(eij+6jls Gils) eqjs:.n(eij+éjls 6ils)]sm(6j1f 6i1f)
) : — -
+ e} s:.n(eij+5jls éils)cos(éjlf 6ilf)} > (4.9d)

jf

Approximation of Or Equation

In order to apply the method of Chapter 3 to (4.5a), we first

approximate the quotients as

P P E

in in in
1 - 1 h 1q
- = + — (4.10a)
Q1': hﬂc/ul Qr H1 Orz 5
Pinz Pin2 Pin2
= = Q_+H.Q./h) (4.10b)
Qr +Qc +H3ﬂd/h Qr Qrz c 3'd
Pin3 Pin3 Pin3
= = = Q -HQ./h) . (4.10c)
a_+a,- B /m a_ Qrz e " Ty

Equation (4.10) follows since, generally, Qc and Od are small. Now we

write ec'l 3 id , and iq as the sum of their slow and fast parts. The sums
i i i

in (4.5a) can be split as follows
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3
slow: el B pal o4 ) (4.lla)
=) M Ye %4e Yo

3
fast: L [e'i + (e} + eé Vi fa e SRR R [ - (4.11b)

i=1 4 ¢ L T LT

B

Finally, since ch = st = 0, the slow part of Qr is approximated by the

solution of

a 1 in1 in2 in3 3
‘ = = ~DEl 1) =% (o 1. +e; 1, )],
4 : 5 L . e vt U Us s “is
q |
i Q_ () =Q_(0) + ¢y e, Fegte, FegHc, +ey (4.12) |
E and the fast part is approximated as
‘; ]
f B, o E o o
: DGR e GRL ft et s j-t( o H3Qdf/h) =
1 rf 1" H 2H Q02 2 28 Q02
: 0 % 0 r
i B, o o
] Vs ing t( Q¢ -Hzﬂdf/h)dT gt Dy j‘tn° 5
| 3 2H 02 4 " H, 2H J cf
1 Q 1770
r
D t D t
2 . g FUNEREY - O P
| cg = 2H'g (ch+H3Qdf/h)d-r o ZHg (ch Hzﬂdf/h)d‘r
‘ 1 ft 3 o .0 o o ..o RN i
e, ==l {gle' i + (! +e! )i +al 1 ]1}dr (4.13) ;
PoeB o ael T Sep S Vg e Ses Wy |
" where
| h Pinl © Q:f
g T ﬁ; 0 I 002 dr (4.14a)
.} 0
Fin, » Q2 +H,05 /h
; C. .= = ) dT (4.14b)

(
2 2H 02
0 Q.

P R




1 h
% " E 7 j (4.14d)
0
D2 Cad o
e = - Tag @ +H,0] /h) dr (4.14e)
I')3 g o
g * =g | G~ Ih) ar (4.14£)
0
1L 3 o
e sl le WO ¥ Ty wwl” 1 1) e . (4.14g)
oo ARe Teey Y g gy g By A 4y
Approximation of eq Equations
In (4.5c) we write id and Efd as the sum of their slow and fast
i i
parts. The slow part of ec'l is given approximately by the solution of
i
Wt e e X )iy + By 1
b by Us i is is
(4.15)
e' (0) =e' (0) +c, +c
1, @ "%, @t gt e
and the fast part is approximated by
& ¢
| (xdi xi) t o 1 o
' 2 - . —————————— - B
e eq o J $g e ez] 2, & (4.16)
if dOi 0 if

s e R NN
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where (xdi- xi) ®
cq = - ; 19 dr (4.17a)
s Ta & s
0i
TL J" (4.17b)
d 0 1
0i
Approximation of Rf Equations
Writing Efd as the sum of its slow and fast parts in (4.5b)
i
gives the following for the approximation of the slow part of Rf
i
. 1 ]&‘i
Be "FTCB 7 Ry )
is F is F is
4 1
s i
The fast part is approximated by
i 'J't o
R. = =-¢ e ] 8 dr (4.19)
fif 10 T 2 0 fdif
F
i
where
i @
. I E " (4.20)
£ 0

The results of the calculations are shown in Figs. 4.43 - 4.62.

These plots were made after 3 passes through the iterative cycle. Regarding

the slow variables (Figs. 4.43-4.49), it is clear that a fast component has

been added, but the "amount" of fast component is not enough.

The fast variables (Figs. 4.50 - 4.62) also show some improvement

over their zero-order counterparts.
slower rotor angle oscillatory mode

The increased accuracy of this mode

In particular, the ''frequency" of the
is more accurate in the corrected case.

favorably affects many of the other fast

e e
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variables. 1In addition, it appears that the slow parts of some of the
fast variables are more accurate due to the improvement of the slow sub-
system approximation.

Thus, it is obvious that while this procedure has produced some

improvement over the zero-order approximation, the improvement is not as
dramatic as in the single machine case. The probable reason for this
behavior is that the separation between the fast and slow dynamics is not
as great in the multi-machine system as it is in the single machine system.
We observed this fact when studying the linearized system. Hence, approxi-
mating the slow subsystem as an integrator of the fast dynamics is probably

not very accurate. This state-of-affairs might be improved somewhat if

ed3 were included with the slow subsystem.
4.6 Conclusions

In this chapter, we first explored eigenvalue location for two
models of the three machine system, namely, 1) swing model and 2) full
twentieth order model. Using the swing model, we were able to identify the
system frequency drift mode and two rotor angle oscillatory modes. We

found that the smaller of these modes was primarily determined by the

combined inertia of two machines while the larger of the two was associated

with the oscillation of one of these machines relative to the other. This
observation prompted us to transform the angular variables to more readily
display this behavior,

The eigenvalues of the full model were found to fall into groups
the locations of which were very close to the locations of some of the eigen-

values of the single machine system. Hence we were able to identify which
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phenomena were responsible for each of the eigenvalue groups. We con-
cluded that to achieve time scale separation, it is necessary to group
the equations on a per phenomenon basis.

The variables Q_, e' ,e' , e' , R. , R. , and R, were chosen

5 B g Fy g £3

to comprise the slow subsystem with all other variables in the fast sub-
system. With this split, there is hardly any separation between the fastest
of the slow modes and the slowest of the fast modes. Because of this lack
of separation, the eigenvalue approximations took six iterations to con-
verge to reasonable accuracy. The state approximations showed good
accuracy after three iterations and excellent accuracy after four iteratioms.

As in the single machine case, the slow variables exhbibited a
large component of fast phenomena. Thus the zero-order non-linear approxi-
mation of the slow subsystem was not particularly accurate; however, the
fast subsystem approximation was reasonably accurate. Applying three
iterations of the non-linear correction procedure resulted in some improve-
ment in the approximations. But this improvement was seen to be less dramatic
than in the single machine probably because of the relatively small separation

between the slow and fast subsystems.

e e —————
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5. CONCLUSION

This thesis applies singular perturbation techniques to a power
system model describing rotor angle swings and associated phenomena.

First we considered a single machine-infinite bus system. Using
the linearized model we ascertained the proper partitioning of the system
into fast and slow subsystems. We also found that the eigenvalues and
states of the linearized model could be approximated quite closely by
using a block diagonalization procedure. Finally the zero order approxi-
mation of the non-linear model was investigated. The slow subsystem
approximation was found to be in error because it failed to account for a
large fast component in the slow variables due to forcing action of the field
voltage. A method to correct for this inadequacy was introduced and was
seen to perform well.

We concluded by studying a three machine system. From the
linearized swing model, we found that this system possessed a slow mode
which was not present in the single machine case, namely, the system
frequency drift. In addition, the nature of the swing eigenvalues suggested
a change of angle-speed variables in order to facilitate partitioning the
system. Once this change of variables was made and after the equations were
grouped on a per phenomenon basis, partitioning the system into fast and slow
subsystems was relatively easy. Again we found the state and eigenvalue
approximations of the linearized model to be very good, although more
iterations were required in this case because of the relatively small

separation between slow and fast subsystems. Finally the zero-order approxi-

mation of the twentieth order non-linear system was tested. The true slow
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subsystem responses were seen to have a large fast component as in the
single machine case. We applied the correction procedure but with less
dramatic success than in the single machine case probably because of the
poor separation exhibited by this system.
Directions for future research are numerous. An automated
; methodology for partitioning an arbitrary system should be sought. More
work needs to be done regarding correction methods for non-linear singularly
1 perturbed systems. In this same light, models of some power system components

such as voltage regulators and governors contain such "hard" non-linearities

as limiters and deadbands. Methodologies need to be developed to account

for these non-linearities.




145

APPENDIX A: Derivation of Synchronous Machine Model

Figure Al shows a simplified three phase synchronous machine
which illustrates some of the conventions and nomenclature which will be
used in the following discussions.

Two circuits are shown on the rotor. The coil labelled f is the
main field winding; the coil labelled g is a ficticious coil often intro-
duced [16] to account for so-called "transient' effects in the quadrature
axis. Its presence is an attempt to model eddy currents which can flow
in the solid rotors of high speed turbo-alternators under non-steady state
conditions. Additional rotor circuits are often included [9] to account
for "subtransient" effects. These rotor ¢ircuits are needed in order to
model eddy currents flowing near the surface of the rotor (or in the
amortisseur winding of a salient pole machine) which contribute to the
damping of rotor oscillations. Hence, the additional rotor circuits are
often included when studying those problems in which an accurate assessment
of rotor oscillation damping is considered essential. Since this thesis is
concerned with time scale separation properties and not with accurate
calculation of synchronous machine damping, these additional rotor circuits
have not been included.

Notice also that the quadrature axis is shown in Fig. Al to be
leading the direct axis. This state-of-affairs was the formerly adopted
convention [16]; but some recent literature [17] has suggested the opposite
convention. Neither convention appears to have any particular advantage
over the other,

Based on the discussion of the previous paragraphs, the following

per unit equations for the machine's electrical variables can be written (18]
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e D (Direct Axis)
Direction of
Rotation
a
i
i C Q (Quadrature Axis)
| FP-6190
Fig. A.l. Simplified synchronous machine.




1472
v, =Ly -0y (Ala)
d w, 'd q
0
v = +Qy (Alb)
q wo q d
O=zd +2y (Alc)
g8 W, 'g
v, = e +=y (ald)
£ f° £ wo £
¥g = Lyl + Mo i (Ale)
= -L i + M . Alf
Wq qq qg 8 ( )
b= My ly+Ledg (Alg)
= -M i + L 1 Alh
Ve ¢ BB k)

The symbolism used here is explained in Appendix B.

Some additional comments concerning these equations are in order.
First, the stator resistance has been neglected for simplicity. Second,
the zero sequence equations are not included. The zero sequence relation-
ships are only needed when unbalanced operation is being considered. All
the studies carried out in this thesis are for balanced operation. Third,
saturation of the synchronous machine is neglected. It has been found [18]
that saturation can be approximately accounted for empirically. The usual
procedure is to adjust the mutual inductances as a non-linear function of
the currents. One of these approximate methods could have been employed
in this thesis; however, because our main emphasis is studying time scale
separation, we chose the simplest synchronous machine model which neverthe-
less retains the basic time scale information.

Now we carry out some manipulations and simplifications to put

the general equations (Al ) in their final form. First the &d and ﬁq
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terms in (Ala) and (Alb) are neglected and 2 is set to Qo in the same
equations. The former step is almost always taken [19]. The inclusion
of these terms accounts for certain rapidly decaying components of the
stator current during transients. The torque produced by these components
of the current is generally negligible except in the case of a fault on
the generator terminals in which case the neglected components of the
braking torque can be accounted for empirically. A more compelling reason
to neglect these terms is that if these terms were included in the stator
equations, then similar terms arising from inductances in the network to
which the machine is connected should be included. For large networks,
this requirement is clearly prohibitive.

The latter simplification carried out above is often done [19].
As pointed out in [20] both the terminal voltage and network inductive
reactance vary in direct proportion to the machines' frequencies. Hence,
in a network which is mainly inductive, relatively small variations in
machine speed do not appreciably effect the calculation of network currents.

The modified stator voltage equations are

vy - -Qowq (A22)

v, - Qu¥y - (A2b)

We substitute (Alf) into (A2a) and (Ale) into (A2b) with the result

s L5 -0 & A3
Va = Molqlq T Mo'qe'e o)

vq = - Lyig + Q i % (A3b)

0 0 df £
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Now solve (Alh) for ig and (Alg) for if yielding
1 Mg
i m=—y% + i (Aba)
L L
g g g g 9
M
A 1 df -
e Lf vf + —E; id . (A4b)

= ! — a8 3
v4 QoLqiq Qo Lg ¢g (A5a)
Mdf 3
= - ' —
Vq QoLdid + QO Lf q‘f (ASb) 3
where MZ
Ly =Ly - —o (46)
L
f
is the direct axis transient inductance and
L' =1 - -3& A7
* 4 Lg (A7)

is the quadrature axis transient inductance.

At this point we let

x! = QOL& ' (A8a)
xé = QOL; (A8b)
Lag
ed = -QO L ‘#g (A8c¢)
g
M
df
E' = O _w . (Asd)
| g i Y

The first two quantities above are respectively the direct axis and

L quadrature axis reactances. Thus using (A8), (AS) can be written in final

form as
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v, xéiq + e& (A9a)

vq = -x('lid + eé . (A%)

We will discuss the role of (A9 ) after we derive the remaining equations

for this synchronous machine model.

First we obtain the differential equations for eé and e&.
Substituting (A4a) into (Alc) gives
L N
ol b o, CEEE (a10)

Multiply this equation by -QOM g/L . Then by using the definitions of
1

ey and Lé, the result can be written as

L B
m——— e—— '- - -
-, e + I ey Z, % Qp(Ly Lq)iq . (Al1)

The ratio rg/Lg is the per unit quadrature axis open circuit time constant,

3yl . We can also make the substitution
90 (pu) '
x -x' =Q (L -L' . Al2
a %q 0( q q) ( )

With these substitutions, (All) becomes

p ey 3
736 = = Té [ -e + (xq-xq)lq] 3 (Al3)
0(pu)
Finally, we multiply both sides of (Al3) by wye The ratio wo/Té is
0(pu)
l/Té if T& is expressed in seconds. Thus, the final form of the
0 0
differential equation for eé is
de& o 1
E = T [-e (x -X )l | (Al4)

99
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Carrying out similar manipulations on (Ald) gives the following

differential equation for eé

o 1 i
. 71,&—[ -ecl - (xd-xd)ld] + 0y Tf Ve (Al15)

0

This equation (or one similar to it) is often written in a slightly

different form which we now obtain.

In the per unit system being used in this thesis [21], base field
current is chosen so that one per unit field current establishes the same
fundamental component of the mutual flux as does one per unit stator

current. In other words, the base field current is chosen such that

Mif "

&M (Al6)
Va(b)/wolf(b) df

where the tilde is temporarily used to denote per unit quantities and the
subscript '"b" indicates base quantities. ﬁdf is the difference between the
per unit direct axis inductance and the per unit stator leakage inductance.
It is common practice [13] to choose the base exciter voltage Efd(b) so that
one per unit exciter voltage produces one per unit open circuit terminal

voltage on the air gap line of the synchronous machine. From (A3b) the

open circuit voltage is

vq = wOMdfif . (Al17)

Note that (Al7) is in ordinary units (volts, amps, etc). Hence, we set

Eeab

= o M T, (A18)

Vab) 0 df
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in other words
\ w.M
{ z a(b) = Ordf ; (Al9)
| £d (b) £ |
{ But from (Al6) we have
| 4
‘ Vagbz ~ A
WgMye = 1. Yas (AS0)
£(b)
! and from the definition of per unit quantities
b v |4
rf = Ef Tbe_l ot (A21) '3
gi £(b) .
b Substituting (A20) and (A21) into (Al9) gives upon rearrangement
i v M
i Efgbz - SE 3 (A22)
K fd (b) Ef
Now let the voltage applied to the field circuit be Efd(volts). This ‘
| value can be written as the product of its per unit value and the base
H
K exciter voltage
i
i . .
i Eea = Fea Fran) - e
o
{ To put this quantity in per unit on the base field voltage, we divide
¢ :
(A23) by Vf(b) o give
Eeg = Eram) |
\4 A Efd v (a24) f
| f(b) £(b) i
| -~ - t
‘ Substituting (A22) into (A24) and using Té = Lf/rf yield E
- 0
E |
| Vfd = Egy £ ;—f—- . (A25)
f£(b) Mdf Td ?
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In other words, a per unit value of Efd (which might come from the solution
of the exciter equations) must be multiplied by L /Mdfl‘d in order to refer
it to the field circuit.

We now return to (Al5) and hereafter drop the tilde convention
for per unit quantities. We substitute the per unit value of Efd from

(A25) into (Al5) to give

de'
. (ORI SR R T
dt Té ( eq (xd xd)ld & Efd] (A26)
0
where all quantities are in per unit except T& which is in seconds. This
0

final form follows since QO = 1 per unit.
We next consider the mechanical equation of motion which can be

written as [18]

a
mSe e B T - BT (A27)

The last term on the right hand side of (A27) is a damping term which is
often introduced [9] to account for such effects as changes in turbine
power with speed and changes in connected load with system frequency. The

developed electrical torque is [18]

Toie * Nal, = %5, - (A28)

ele q qd

Now if (A4b) is combined with (Ale) Wd can be written as

df
*d Ldid o) B, 7 . (A29)
Similarly, wq is
g
¢ = -L'i + . 0
e R —




Using (A29) and (A30) together with (A8c) and (A8d) in (A28) gives the

following result for the electrical torque
T - (L' =Li5L 4 % o (e'i + e'i))
ele q “d dgq QO qq d"d
e ¥ oopling 4 [ )
(Lq Ld)ldlq -+ eqlq + eily (A31)

since QO = 1 per unit. The final form for (A27) is obtained by sub-

stituting
Pin
Tin ulie . b (A32)
hence,
P
dQ g | Fle s b e ki i
2H S0 (Lq Ld)ldlq eqlq edld D@1y . (A33)

Having derived the differential equations for the synchronous
machine model, the importance of the currents, id and iq’ is clearly seen.

Equation (A9) is one relationship between the machine terminal voltage and

current. There is another constraint between the voltage and current,
namely the constraint imposed by the network to which the machine is
connected. Therefore, the procedure for computing the currents in terms
of the state variables depends on how the network is modelled.

A condition which results from neglecting the &d and éq terms
in (Ala) and (Alb) is that the network currents and voltages are in a quasi-
sinusoidal steady state. The reason we say ''quasi-steady state'" is that
the per unit frequency of the voltages produced by the synchronous machines
is equal to their per unit speed. Since these speeds vary during a transient,
the currents and voltages cannot truly be considered as sinusoidal. This
non-sinusoidal character is always neglected in large system studies. i

If the currents and voltage are considered to be sinusoidal, then

they can be represented as phasors. The frequency of these sinusoids is
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taken to be the fundamental frequency (60 Hz). 1In general, the only speed
effect which might be included is the variation of the magnitude of the
machine's terminal voltage with speed.

Regarding the phasors, the formerly accepted practice [16] was
to take direct axis quantities as real quantities and quadrature axis
quantities as imaginary quantities. More recently [l7], the opposite
convention has been advocated. In this thesis, we will use the former
convention. For example, the phasor for the machine's terminal voltage

is written v, + jvq. Note that phasors written on this basis are local to

d
a particular machine because they depend on the position of the machine's
direct axis for reference. The implication of this observation is that

the angular differences between the machines¢' direct axes are fundamental
in calculating the network currents. The variation of these angular
differences during transients is therefore of great importance in assessing
system stability following disturbances.

A vast simplification in computing the machine's currents is
obtained if transient saliency is neglected; that is, we let x& = xé = ',
Hereafter, we assume that this has been done. Note that (A9) can now be
written as one equation
ec'1+jec'l = jx'(id+jiq) + v

T jvq . (A34)

Equation (A34) is sometimes referred to as the voltage behind transient
reactance model. Using (A34) allows us to easily compute the components
of the currents in terms of the state variables because the transient

reactance can be combined with any external impedance.

TNCUTRAN T TR,
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As mentioned previously, the task of calculating the currents
depends very much on how the network is modelled. In this thesis, we
represent the loads by constant impedance. With this simplification, the
network can be reduced so that only the internal generator nodes remain.

Then the generator currents can be written as

I(l) =Y V(l) (A35)

where E(l) and V(l) are vectors the components of which are the complex
generator currents and voltages respectively. The subscript 1 indicates
that the reference for these phasors is the direct axis of machine 1. It
is easy to show that any machine phasor, say @, which uses the machine 1
direct axis as reference can be ref:rred to its own direct axis by applying
the transformation

=35

— = =
a(m) e o (A36)

where 6jl is the angle between the direct axes of machine j and machine 1
and the subscript m denotes machine reference.

Now, write

Y(l) =T E(m) (A37a)
V(l) =T V(m) (A37b)
where
‘1+j0 0 T B E
0 o2 0w 0
T = m (A38)
0 0 . . e al .
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Substituting (A37) into (A35) gives

-— __1___.
NN N
| (m) (m)
! = T*YTV
(m)
=YV A39
where the superscript * indicates complex conjugate. If we write
Y]._j = Yi.j e (440)

~

then the elements of Y are

- i@, . +8, -
A Jid 3

Yij = Yij e . (A4l)

Splitting (A39) into its real and imaginary parts gives
> sy = S & 1 LI
1d+_]1q (Yr+JYi) (ed+3eq) s (A42)

In (A42), id’ iq’ eé, and ec'l are vectors; the subscript r denotes ''real
part of' and the subscript i denotes 'imaginary part of." Equating real

%
|
?A and imaginary parts on both sides of (A42) yields

-%e

i, = ?reé 4 & (A43a)

~

iq ?reé + Yieé 5 (A43b)

The i-th component of (A43a) can be written as

n

3, w8 . vl %, w) (A44)
e O W e R TR

which, if we use (A4l1), becomes

s =
di i

"neM o

' - - L} 3 i
A Yij [ed cos(eij+<‘5jl 6i1) eq sx.n(eij+6jl 611)]. (A45)

j j




where n is the number of generator nodes. Similarly for (A43b) we get

n

i =g Yij[eq cos(Gij+6

- ' 1 -
- 11 éil)+ed,su‘@ij+6jl éil)]. (A46)

1 j=l j b
From (A45) and (A%46) the importance of the angular differences is

clearly seen. These angles must be included in the state description of

any system of synchronous machines. Differentiating the angle 6j1 with
respect to time gives

6j1 = wo(QJ. -Ql)

377 (Qj'Ql), s Bdr o FELESY S (A47)

The factor 377 is needed to convert from per unit to radians. With (A47)
we complete the derivation of the general equations for the synchronous
machine model.
The single machine -infinite bus system shown in Fig. 3.1 allows
some simplification of (A45) and (A46). Choosing Vi as the reference
and writing
= 1

Y = m : (A48)

it is easy to show that
iy = Y(eq + Vi sing) (A49a)
. = & 1
lq Y ey + Vi cos§) . (A49b)

The other equations needed for both the single machine and multi-

machine models are the equations describing the voltage regulator. By

inspection of Fig. 3.2, these equations are




$ 1

R. ®io=e (aR . o4 == ) (A50a)
. S 7, id

. 1

B T {- [Kp + SpEgy)Egy + vR} (A50b)
\'I=—1-[K(R-§E -V + V. )-V.] (A50¢)
RTAAfTFfdtRefR'

In (ASOc), Vt is the magnitude of the machine's terminal voltage. Since

the terminal voltage is v, + jvq, the magnitude is

d

e . (A51)




With reference to the synchronous machine electrical equations of

APPENDIX B: Notation

Appendix A, the following notation has been adopted:

Subscripts

d

q
£

g

direct axis quantities
quadrature axis quantities
main field quantities

quadrature axis '""field" quantities

Other Symbols

i

L

Q

current

self inductance
mutual inductance
resistance
voltage

flux linkage

machine rated electrical speed in radians/second

machine per unit electrical speed
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APPENDIX C: Listing of Computer Programs

This appendix gives the listings of the three major programs used

during this research.

1.

These programs call the following system library subroutines:

12.

NET——

13.

14,
15.

Program LINSP does the calculations for a linear singularly
perturbed system.

Program VRSMSP does the calculations for the non-linear model
of the single machine-infinite bus system.

Program MMSP does the calculations for the non-linear model

of the multi-machine system.

RKGS - from SSP for integrating differential equations.
LEQTIF - from IMSL for solving linear equationms.

EIGRF - from IMSL for calculating eigenvalues.

INITT i
BINITT
NPTS
XFRM
YFRM
From Tektronix Software Package for drawing graphs.

CHECK

DSPLAY |

ANMODE
CPLOT |

LINE

DLIMY il




-

11

31
49

120
231

342

499

509

620
729

809

902
132y

1182
1220
1300

1494
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lxnwxxx2xPROGRAM LIMSP PAGE lankanan
[MENSIQN Fa(27,22),A(7,7),8¢7,13),C0(t3,7),0(13,13),
Ww(2m),CN(13,7),WIC(29),PRMT(S),AUX(8,223),AL(13,7),

2H(7,13),w0QT(2Q),Ns(13,13) ,4KAREA(13),AS(7,7),8N(7,

313),TR(2Q,27),TRI(27,29),X%X1(7),ETA(13),PLT(S@1),TFST

4(Sa1),TSLO(SY1),XTS(7,5@1) ,ETAS(13,521),WH(SA1),WS(29,

S591),Ta(S21),NIC13,13)

COMPLEX UAC7),UDCL13),2C1,1)

COMMON/BLK1 /FA,N

COMMQON/BLK2/A,NS

COMMON/4LK3/0,NF

CUMMON/BLKA /WS, TW,NSW

COMMON/BLKS/YIS,TSLO,NSS

COMMON/SULKAK/ETAS,TFST,NSF

EXTERNAL FW,04,FSLO,NSLO,FFST,NFST

FORMAT(Al)

FURMAT ¢(AQ)

FORMAT(I)

FORMAT(G) - _

FQRHAT(* 22°,A1,°2?2 TYPE AGAIN *,8)

TYPE 2924 ]

FORMAT(’ GIVE A MATRIX FILE NAME *,$)
ACCEPT QJNMAM

TYPE 372 .

FORMAT(®* NSz *,5)

ACCEPT y1,MS

TYPE 400 ‘

FORMAT(?” NF= *,8)

ACCEPT 11, ,NF

N=NS+MNF

CALL IFILE(29,NNANM)

DO S2Q [=1,N

READ (22,31) (FA(I,J),d=1,N)

CONTINUE

0g 13@@ I=t,N

II=I=NS

D0 1209 Jsi,N

JJ=J=NS§

IF(Il) 629,673,990

1F (JJ) 700,760,800

ACI,J)=FA(I, )

GO TO go@2

B(l,JJ)zFAC(I, )

GO TO 1229

IF(JJ) 1007,1008,1100

COCII,J)sFA(T,d)

GO TO (22Q

D(II,JJ)=sFA(I,])

CONTINYE

CONTINUE

TYPE j14Q@ 3

FORMAT(’ GIVE IC FILE NAME r,$)

ACCEPT 4 ,NNAM

CALL IFILEC(22,NNAM)




1593

194

1723

18629

1900

200y

2193
2279

23aqg
2403

25@9

2629
279y
289y
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NG 15492 1Isi,M
REAU(2A,31) AIC(I)
CONTINUE

TYPE 162 ]
FORMAT(* NUMRER OF ITERATIONS= *,3)
ACCEPT {1,MITER

TYPg 1740 :
FOQR1AT (¢ HSLOWz *,38)
ACCEPT 31,HSLUW

TYRE 18QQ2 :
FORMAT(’ HFAST= *,S)
ACCEPT 31,HFAST

TYPE 19ud

FQRHAT(J THAX=s 7,8)
ACCEPT 31,THAX
PRMT(1)=2,2

PRMT (2)=sTMAX

PRMT (3)=HFAST

PRMT (4)=29,091

EwEz] ,A/FLOAT(N)

D0 294Y@ Is{,N

WOOT (I)=sEWE
W(I)swICc(I)

CONTINUE

NSW=1 :

CaLL RKGS(PRMT,d,unQT , N, IHLF,FW,0W,AUX)
NgwsNSw=1

DO 2240 I={,NF

ng 210@ J=st ,NS
AL(¢I,Jy=2,2

CONTINUE

CONTINUE

D0 2430 I=1,NS

DU 23992 Js=1,NF
H(I,J)=0.02

CONTINUE

CONTINUE

DU 620A@ ITER=f{,NITER
D0 28Q2 I=si,NF

D3 27¢@ J=1,NF
DS(I,J)=D(1,J)
IF(I=J) 2672Q,2527,2600
0I¢l,I)=1,0

GU TO 272¢
01(I1,J)=e,0

CONTINUE

CONTINUE

CALL LEQT{F(DS,NF,NF,13,01,2,WXKAREA,1ER)

0DQ 3292 I=y,NS
00 31¢ad J3{,N§
SUMK=0,2
0g 39Q@ K={,NF
SuML=2.02
0u 2929 Lsi{,NF
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SuML=SUML+NT(K,L)xCO(CL,J)
2929 CUNTINUE
SUMK=SUMK+B (1,K) #SUML
30y CONTINUE
‘(IJJ)=A(IAJ)-SUPK
3103 CONTINUE
3229 CONT IMNUE
DO 362a I=t1,NF
00 357 J=i,N$
SUMK=Q,9
00 34ya Xay ,NF
SUHL=3.9
0y 3329 Ls=i,MS
f SUML=SUML+CO(K,L)YxA(L,J)
3309 CUNTINUE :
SUMK SSUMK+DT (I, K) aSUML
349y CONTINUE :
CNCI,J)=SUMK
1 3524 CUNTINUE
' 3600 CUNTINUE
00 42Q@ T=1,NF
00 399@ J={,NF
SUMK=9,3
00 382@ Kaf,NF
SUML=9,9 ;
0g 370@ L=1,NS
SUML =SUML+CO(K,LY=R(L,J)
3794 CUNTINUE
SUMKISUMK+OT (I ,K) xSUML
3309 CONTINUE
NCI,J)=0(I,J)+SUMK
| 3909 COMTINYE
! 4429 CONTINMUE
4133 DO 44g@ Isi, NF
1 00 4302 J=1,NS
! SyM=2 .9
: DO 4230 K={,NF
SUM=SUM4DICIK)*CO(K,J)
4222 CONTINUE
ALCIrg)2ALCI,J)+SUM
4329 CONTINUE
44092 CUNTINUE
4 3509 DO 47909 Is1,NS
D0 4632 J=1{,N§
AS(I,Jy=A(I,J)
4602 CAONTINUE
a7a9 CUNTINUE
00 492a I=y,NF
00 482@ Jsi,NF
| 0S¢I,Jd)=D(I,d)
i 8379 CONTINUE
| 49909 CCNTINUE

CALL EIGRF(AS,NS,7,0,UA,Z,1,WKAREA,IER)
cALL EIGRF(DS,MF,13,d,UN,2,1,4KAREA, TER)




5494
5129

5299

E S3ay)
; S42a4
5SSy
Se2y
5724

S804

5974
6209

6174
6119

61343
6154
6274

6329
6499

65013
j 65674

6729

63292

1
|
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PO 319@ 1I=1,N3

PrINT 5@“2-(‘(70J)1J=11N5)
FAORMATC(’ ‘0G120519(1x161215))
CONTINUE

PRIMNT s22¢

FORMAT(,7/7)

N0 sapa Tst,NS

PRINT S3722,UA(I) P
FORMAT (s ¢,Gt12,5,2%,°+J*,2%,612,5)
CONTINUE

PRINT 5279

IF(NFayg) 55M3,55¢62,572¢
DQ S632 I={,NF

PRINT S92Q@,(ND(I,J),J=1,NF)
CUMTINUE

GU TO ggaad

00 saga I=1,NF

PRINT 5229,(N(I,J),Jd=1.,1%)
CONTINUE

PRINT 5223

NY s39ge I=st,NF

PRINT S@23,(N(T,J).J=11,NF)
CONTINUE

PRINT 5293

00 e1ya I=i,NF

PRINT S329,uN(I)

CONTINUE

Dg 6t16a I=1,NF

00 139 J=1,N§
colg,Jg)=CHCI, I

CUNTINYE

CUNTINUE

CONTINUE

00 s6g@na I=t,NF

00 6590 J=1,NF
0s(I,Jy)=0(T,J)

IF(I=J) 6473,6337,642Q
0I(I,I)s1,9

GU TO 6529

DIC(I,d)=@,3

CUNTINUE

CUONTINUE

caLL LEQT{F(DS,NF,NF,13,D1,d,WKAREA,1ER)
DG 78¢A ITER=),NITER

DO 7820 I=1,NS

D0 690@ J={,NF

SUMK=9 2

00 6893 X=1{,NS

SUM_ =0,9

Dg 6798 L=t ,NF
SUML3SUMIL+R (X ,L)*»0T(L,J)
CUMTINUE
SUMKSSUMK+A (T, K) «SUML
CONTINUE

M‘ . . e " » & e .-'4




69A¢y
7399
7129

7294

7304

7404
7504

7524
7729
782y

7924
8400

8122

827249

3309

8400

8594
8602

8792

8822
8999

90022

91232
9294
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BNCI,J)=sSUMK

CUNTINUE

CONTINUE

DQ 74972 I={,NS§S

DU 73QQ J=1,NF
SuM=9,2

00 7243 K=1{,MF
SUM=SUM+B (I, K)»0T(K,J)
CONTINUE
H(I,J)=H(I.J)+*SUM
CONTINYE

CQONTINUE

DU 77ga I=1,NS

DU 7633 J=1,NF
B¢I,Jy=aN(I,J)
CUNTINUE

CONTINUE

CONTINUE

DU 9200 I=4,N

I[=1=NS

00 91909 J=si,N

JJ=J=N3

IF(I1) 7994,7924,8502@
IF(¢JJ) 87ym,80mu,8427
SuMzq 2 :

D0 B81Y? X=z1,NF
SUM=SUMLH (T, K)»AL (K, J)
CONTINUE

1IF(1=J) 83729,822@,831Q
TR(I.I)’l.fﬂ-SU"
TRI(I,1)=1.2

GO TO 9179
TR(I,J)==SUM
TRI(T,J)=20.2

GO TO 9190
TR(I,J)s=H(I,J])
TRICT,I)=n(I,JJ)

GO 10 9122

IF¢JJ) 8620,86020,8709
TR¢I,JysAL(IY,.])
TRI(I,J)==AL(CII,J)

GO 10 9104

SuUMszg .92

00 8803 Kai NS
SUMsSUMLAL (I, K)wH(K,JJ)
CONTINUE

IF(I=J) 9070,89¢3,9022Q
TR(I,I)=1,2
TRI(I,I)=1.,2=SUM

GO TO 912@
TR(I,J)s0,0
TRI(I,J)==3UM
CONTINUE

CONTINUE
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D0 9434 I=t, NS

X1(r1=2.12

Ny 9323 J={,N

X[ Cr)=XTCI)+TR(I,J)AWIC(J)

9304 CONTINYE

94y CAONTINUE
D0 392 I=1,NF
Il=[+n8

EvA(1)=4,3
D0 3592 J=i{,N
ETA(T) =ETACI)+TR(IT,JI*wIC (I
95249 CONTINyE
QMY CUNTINUE
E."S:l.g/FLGAT(NS)
DU 9744 I=1,NS
ADDT ¢I)sENS
972y CONTINUE
PrRUT(L)=2,2
PRMT (2)aTHAX
PRMT (3) aHSLOW
PRMT(4)=2,291
NSS=1
CAlLL RKGS(PRMT,X1,%W00lT,NS,IHLF,FSLO,0SLA,AUX)
NSS=MS§S=1
FwFzy,A/FLOAT(NF)
D0 98U [=1,NF
WOOT (I)2EWF
94275 CUNTINUE
PRMT(1)=0.2
PRMT (2)3TMAX
PRMT (3) sHFAST
PRMT (4) 22,7221 |
NSFs=st
call RKGS(PRMT,ETA,wO0dT, NF,IHLF,FFST,QFST, AUX)
NSF=EN3GF =]
CNST=1,0/416,67
TYPE 9920
9999y FORMAT(’ GIVE BAUD RATE “,%)
ACCEPT 11,1BAUN
1daan TYPE 12102 3
18140 FORMAT(” WHICH STATE WILL BE PLOTTED? *,8)
ACCEPT 11,IPLT
IFCIPLT=21) 13140,12112,10112 !
1211@ IR=11+2x(IPLT=21)
AHINSI.GESQ\ !
AMAYzwAMIN
00 12132 I=y,NSW
PLT(1)=202.0
00 12120 J=1,3
JP4asJ+4
JP72J4+7 :
PLT(I)=PLT(I)+FACIR,JPU)*dS(JPU,T)+FA(IR,JPY)xWS(IPT,I)
14120 CONTINUE
PLT(I)=aCNSTa(PLTCT)+FACIR, 1 7)#WS(1T, 1) +FACIR,19)«WS (19,

o — -




121392

121409

1322
14340

13442

14599
13642

13742
12849

12949

11249
11109

11239

11329

11420
11422
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11))

IF CAMIN,GTLPLTCI)) AMINZPLT(I)
IF(PLTC(I) . GT.AMAX) AMAX=PLT (1)
CONTINUE

GQ TQ 11422

DU 11120 I=},NSF

WH(I)=z?,2

TIME=TFST(I)

DO 1@2A¢ JT=1,NSS

JF=JT
IFCARS(TIME~TSLO(CJT)) =1 ,2€E=35) 1230Q3,13300,12222
CONTINUE

GO TO yp408

TINT=2g,0

GO TQ 12809

NM{=NSSal

D0 (e7mp JT=1, MMy

JF=JT

IF(TIME=~TSLOCJT)) 1@372?2,127929,13502
IF(TIME=TSLO(JT+1)) 1026Q29,127u2,10722
TNUMSTIME=TSLOCJT)
TDENOM=TSLO(JT+1)=TSLOWJT)
TINTSTNYM/TDENOM

GO TO 148@9

CONTINUE

D0 10924 J=1,NS :
WHCI)=WHEI)+TRICIPLT »JYRCTINTRCXISCI,JF+1)=XIS(J,JF))+
1xIS¢S,dF))

CONTINUE

00 t12@ey J={,NF

JJ=J+0NS
WHCLY=wHCI)+TRI(IPLT,JJ)*ETAS(J,I)
CONTINUE

CUNTINUE

AMIN=1 aE30

AMAX=LAMIN

00 11209 I=1,NSW
IFCAMIN,GT . WS(IPLT, 1)) AMIN=US(IPLT, 1)
IF(ASCIPLT, L) .GTLAMAX) AMAXZWS(IPLT,I)
CONTINUE

DO 11303 I=1,NSF

IFCAMIN.GT  WH(I)) AMIN=WH(I)
IF(WH(T) . GT ,AMAX) AMAX=WH(I)
CONTINUE

Co 11429 I=1,NSW

PLT(I)=wS(IPLT,I)

CONTINUE

CALL INITT(IBAUD)

CALL BINITT

CALL DLIMY(CAMIN,AMAX)

CALL NPTS(NSW)

CALL xFRM(4)

CALL YFRM(4)

CALL CHECKX(TW,PLT)
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CallL OSPLAY(TA,PLT)

CALL FRAME

IF(IPLT=21) 11440,11467,114672
11440 CALL LINE(34)

CALL OLIMY(AMIN,AMAYX)

CALL NPTS(MSF)

CALL CHECK(TF3T,uwH)

calkl CDLOY(TFST,NH)
11444 CALL AMMOQE

ACCEPT y, IANS

TYPE 11529
11540 FORMAT (s MORE PLOTS? *,S)
11629 ACCEPT {,IANS

IF(IANS="Y’) 11704,17022,11722
117392 IF(IAMSLNY) 118094,1192Q,118049
11849 TYPE 4@,TlANS

Gg TQ 115a9
11949 TYPE 12492 .
124349 FOQRMAT(® RUMN ANOTHER CASE? “*,%)
12149 ACCEPT {,IANS

IF(IANS="Y*) 1227¢,172,12233
12290 IF(IANSQ’N’) 12321,12470,1230)
123402 TYPE 49, laNS

Gy TOo (2124
1243n 3TOP

END

ixanxxxxSUBROUTINE FW PAGE 2xwexrasx

SUBROUTINE FY(TIME,,wNOT)

NIMENSION W(N),ADOT (N),FA(20,29)

cOMH0M ) BLKY /Fa,N

DU 22Q [={.,M

wiCT(I)=2,9

00 f{ag J=i,N

WOOTCI)aWDATCLIY+FA LTI J) AW ()

1dm CONTINUE

249 CONTINUE
RETURN
ENO

laxxx2xx2SURROUTINE FSLO PAGE Jamkxwnx

SUBROYUTINE FSLO(TIME, XI,w0OT)

DIMENSION XI(NS),wDQT(NS),A(7,7)

COMMON/BLX2/A,NS

nC 229 I=1{,NS

WDOT(I)=2,m

N0 yag J=1,NS

WROT(I)=4DOTCIY+A(T,J)*xXI(d) ‘

120 CONTINYE ,
240 CONTINUE 1
RETURN
END

JaxnxuxxSURRNUTIMNE FFST PAGE dewkxnsws
SUBROUTINE FFST(TIME,ETA,wDQT)
DIMEMSION ETA(NF),WDOT(INF),0(13,13)
COMMON/8LK3/0D,NF




132
242

1aa

149

139

170

0Q 20y I3f,NF

WDOT(I)=2,9

DQ 1@y J=1,NF
WDAT(I)=WDATCIY+D(T,J)*ETACS)

CUNTINUE

CONTINUE

RETURN

END

le2xxxxxSURROYUTINE QW PAGE Skaxxxxutn
SUBROUTINE OW(TIME,Ww,wWwDOT, THLF,N,PRMT)
DIMENSTION W(N),WDQT(N),PRMT(S5),WS(29,531),Tw(Sa1)
COMMON/BLKA /WS, TW,\NSY

DU 1089 I=1,N

WS (I, NSH)=sH(T)

CUNTINUE

Tw(nswW)=TIME

IF(HNSA GE,S21) PRMT(S)=1.0

NSwsMNSy+1

RETURN

END

Ixexex4x*SUBRQUTINE QSLO PAGE Arwaraxxn
SUBROYTLINE OSLO(TIME,XI,WDOT, IHLF,N,PRMT)
NIMENSTAN XTI (M) ,W0O0T(N),PRMT(S),XIS(7,541),TSLO(SaL)
COMAON/BLXS/X1S5,T3LAQ,NSS

DO 12Q@ 1={,N

XIS(I,NSS)=axI(I)

CONTINUE

TsLo(NS3)=TIME

IF(NSS.BE,S@1) PRMT(S)=1,0

MSS=N3S+!

RETURN

END

laxaxxx22SUBRQUTINE OFST PAGE 7Txwekwaxkkn
SUBROUTINE NDFST(TIMEL.ETA,WDQT, IHLF,N,PRMT)
DIMENSIAON ETA(N),WDQT(N),PRMT(S),ETAS(13,501),
1TFST(S5ul)

COMMON/BLKA/ETAS,TFST ,NSF

D0 129 [={,N

ETAS(I,NSFY=ETA(D)

CUNTINUE

TFST(hSF)=TIME

IF(NSF.GE_, 521) PRMT(5)=21,2

NSFsNSF+1{

RETURN

END




127
2ua
350
429

530

647
742
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IxxxxxxxxxPROGRAM VRSMSP PAGE f{awxaxxtexrr
DIMEMSION A(7,7),XICCT),XEQ(7), PCTY,ASC7,7),0XIC(T),4K(T)
DIMENSIQM A1(€2,2),42(2,5),A3(5,2),44(5,51,4A48(5,5),44!
1(5,5),A4C(5,5),NXSIC(3),OXFIC(S),A8(2,2),X%X(7),PRMT(S),
20ERX(7),AUX(8,7),%XBAR(2),2BAR(S),ZaGL(S),XS(7,521),TXC
3T(S21),XB8ARS(2,521),22ARS(5,571),T3AR(S21),ZWwhGLS5(S5,541),
ATAGL(SA1),PLT(S?1),CTMP(3) ,FFOINT(S21),NELTINT(S2Y),
SAHUGLS(2,521),XC(2,921),TXC(Sa1).C(18)
EOMPLEX WeT),ZCL,1),YT,56,TL,U8(2), ,UF (S5}
REAL KA,KE,XF
COMMON/BLK3 /XA ,KE,KF
CuMMOM/BLKI/H,D
CUMMAON/BLK1/ASAT,8S5AT
coMHON/BLK2/E
COMMOM BLLK3/VYREF ,PIN
CUutMOM/RLKA/XS, TXCT , MSXCT
COMMON/BLKS/XBARS,ZBARS, THAR,NSXBR
CUMMON/BLKE/ZAGLS, THHL /NSZWGL
COMMON/BLK7/2BAR
CUMMON/BLKLID/XC, TXC,NSXC
EXTERNAL FXCT,FXBR,FIANGL,QXCT,NXRR,024G(L,FZ4GLC
DATA TDOP/S5.2/,TRQP/3,S5/
DATA XBzY, a/ XQ/1,7/,XF/2,25/
NATA Ta/@, 76/,TE/Z S, TFE/L .81
TYRPE 229 .
FGRMAT(* CHANGING ANY PARAMETERS? ‘,8)
ACCEPTY 4M@,1ANS
FORrATCAL)
IF(IANSa‘Y”’ ) 523,879,570
IF(IANS=°N’) 633,5102,5002
TYPE 729.,IANS )
FURMAT(® 22°,A1,%22 TYPE AGaIN *,8)
GO 10 3202
TYPE 990 b
FORMAT (” WHICH ONE? *,8)
ACCEPT 1022@,IANS
FCRMAT (A8)
IF(IANS=“H’) 11Q@,25@a,1122
IF(IANS-’D ) 12092,2889,12292
IF(IANS-’TDOP') 1329,3093a,1332
IF(IANS-‘TOOP’) 142¢,3223,1423
IF(IA‘S-’XO‘) 1509,3422,1529
F(IANS-’XQ‘) 1620,3602,1672
IF (IANS=’XP?) 1700,38u2,1730
IF(IANS-’KA') 18R29,4220,1822
IF(IANS-’KE’) 1904¢,420Q@,1922
IF(IAVS-’KF‘} 23Mn¢,4432,22283
IF(IANa-’TA‘) 21293,4623,2122
IF(IANS-’TE ) 2222,4822,2222
IF(IANS-‘TF’) 2232, SWGG,EESQ
IF(IANS-’ASAT‘) 2260,522@,2262
IF(IANS=’3SAT?) 2309,5402,2334
TYPE 2422, TANS
FORMAT ¢(* HEY DUMMY #,A08,¢ 135 NOT ONE OF THE CHOICES’/* TRY




—

R R YT T e

25a3
269¢

27192
23ay
2924

3392
3129

32149
3329

34923
3522

3622
3734

38a0
390y

8409
4199

42923
3379

a404
4509

4622
4729

4329
4329

5429
5122

1AGAIN®)
G0 TO 802
TyPE 2629,H
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FORMAT(? QLD MW=z *,612,5/° NEW Hz *¢,$)

ACCEPT 2722,H4
FOIMATI(G)

GO TO 5623
TYPE 29y42,D

FOQRMAT(® OLD D= *,612,5/* NEW Os

ACCEPT 2724,0
60 TQ 5620
TYPE 31y2,T0AQP

FURMAT(® OLO TNOP= ¢,G12.5/° NEW

ACCEPT 2722, TDOP
GO TO Sa2¢
TyPE 33472,TQ0P

FORMAT(? QLD TACPs #,G12.5/¢ NEW

ACCEPT 2724, TGNP
GO TO S&8293
TyPE 3S42,X0

‘. 8)

TDQPs=

TIQPs=

FORMAT(® OLO XDz ¢,G12,5/*% NEW XD= *,3)

ACCEPT 2727,X%0
GO TO Se22
TYPE 37492,%Q

FGRMAT(® QLD XAz ¢,G12,5/°¢

ACCEPT 274@,XqQ
GO TO 56029

TyPE 39u2,XP
FQRMAT(® QLD XxPs=
ACCEPT 272a,XP
GC TQ S64ag¢g

TYPE 4139,KA
FORMAT(’® OLD XA=
ACCEPT 272Q,KA
GO TO 5420

TYPE 43y@,KE
FORMAT(® QLD KE=
ACCEFT 27020,KE
G4 TO 5620

TYPE 4SgQ,KF
FORMAT(* OLD KFs
ACCEPT 27¢2,KF
GO TO 5422

TYPE 4722,TA
FORMAT(’ QOLO TAs
ACCEPT 272@,TA
Ga TO S629

TyPE 4933.75
FORMAT(® OLD TE=
ACCEPT 2729,TE
G0 TO 5622

TyPE S109,TF
FORMAT(® OLO TFs=
ACCEPT 2720,TF

°,G1a,5/°

$,612,5/°

f,612,57°

$,612,5/°

$,612,5/°

$,612,5/°¢

$,612,5/°

NEW

NEA

NE A

NEW

NEW

NEW

NEW

NEW

KA

KE=

TAs

TEs=

TFs

.5

s

‘., 3)

‘.3

Y. 3

0 8)

‘.8

‘.3

*,3)




52723
5329

S4dn
5524
Se?
S7@n
[882¢

SS534
pd2Y

6102
6274

6322

h42y

6503

6623
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GC TQ Sse23

TyPE 5322,A3AT7 ) & :

FURMAT(® QLD ASAT= *,G12,5/° NEA ASAT= ‘,8)
ACCEPT 2722 ,ASAT

GO T4 S&em2

TYPE S5509,R83AT : i _
FORMAT(® OLD B8SAT= *°,G512.,5/° NEW BSATz *,38)
ACCEPT 272@,83AT

TYPE S727 !

FORMAT (* CHANGING ANYMORE? “,8)

ACCEPT 422, TANS

IF(IANS="Y*) S5¢2,822,5922

IF(IANS<’N’) 6724 ,6120,6700

TYPE 723, ANS

60 10 5879

TYPE 6232 h¥
FURMAT(’ xx#xANTER LOAQING INFORMATION#xx’/° VT= *,3)
ACCEPT 43290,VT

FORMAT(26)

TYPE 64922 .

FURMAT(* SG= *,8%)

ACCEPT 830g@,56G

IL=CONIG(SG/VT)

RIL=REALCIL)

AITUSATIMAGIILY

RYTzREAL(VT)

ALVT=AIMAGCYT)

ANUM=xaxATIL=RVT

DENQM=XQ#RIL+ATIVT

TH=ATANZ (ANUM,DENGM)
ALPHA=ATAN2CAIVT,RVT)
BETA=ATANZ2(ATIL,RIL)

VHMAG=CABS(VT)

AILMAG=CABS(IL)

ANG=ALPHA-TH

VD=VMaG#CQOS (ANG)

VasIyMAGaSIN (ANG)

ANG=BETA=TH

AID=AILMAG#COS (ANG)

AIQaAILMAG*SIN(ANG)

XIC(1)=VvO+XPxATIO
xIC(5)=xIC(L)+(XN=XP)AID

XIC(2) =KFaXIC(S)/TF

XIC(3)=TH

XIC(u)sy,02

XxIC(6)=(KE+SE(YXYIC(S)))*xIC(S)
XIC(7)=2V0aXPwAIG

VREF=xIC(6) /KA+VMAG

PINIREAL(SG)

TYPE 6520 2 :
FQRMAT (¢ GIVE FINAL ADMITTANCE’/’ Y2: *,8)
ACCEPT 272a,ve

TYPE 6629 )

FOQRMAT(* v2=z *,8)




6729
6809

6922
7224

7199
7292

7323
74209

T419
74243

7433
7440

7450

7522
7609

174

ACCEPT 27232,V2

TYPE 6707 '
FORMAT(” IS THERE A CHANGE IN VREF? “,8)
ACCEPT 4Qa, IANS

IFCIANS="Y?) 699@,71793,6922

IF(IANS.’N®) 709Q,7300,72a0

TYPE 7@2,1ANS

GO 10 6879

TYPE 7222 ,

FORMAT(® NEW VYREF= *,$)

ACCEPT 272@,VREF

DO 74g0 I=1,6

XEQA(I)=xIC(I)

CoNTINyE

C¢1y=y.a/700P

C(2)=%1,p+(X0=XP) Y2

C(3)=(x0=XP)xY22aV2

C(a)={,a/TF

C(s)=KFaC(a)

C(6)=2,5/H

C(r)=sY2aV2

cc8)=1,a/TE

€C(9)=1{,3/TA

C(10)=(1e2=XP2Y2) % (1 ,d=XP2aY2)
CClL1)S(LeB=XP2aY2)xC(7)xXP
C12)=xP*xPxC(7)2C(7)

c(13)=1,9/TGOP

C(1a)=(xN=YPI2C(7)

C(15)=1 , A+ (XR=XP)xY2

clle)=c(14)/C(19)

Ce17)=292,5*C(18)

C(18)=KE+(KA#KF/TF)

TYPE 7418 .

FORMAT (¢ DO LINEAR ANALYSIS? *,8)

ACCEPT 40, IANS

IFCIANS="Y") 7432,7454,7430

IF(IANS-’N’) 7440,14452,7449

TYPE 7@4d,IANS

GO 10 7422

D0 820 ITER=4,52

ICONV=z1

D0 7602 I=1,7

00 7520 J=21,7

A(IIJ).Q.G

AS(I1,J)=0,9

CONTINUE

CONTINUE ) )
VTBAR=SQRT(C(12) »(XEQCL)*XEQCL)+XEQ(T) «XEQ(7))*2.2*C(11)
{a(XEQC7)RCAOS(XER(I))I=XEQ(L)*SINCXEQ(3)))+C(12))
PCL)sCL)aCCC2IAXEQCL)*C(3) aSINCXEQ(3))=XEQ(S))
P(2)=C(4)n(XEQC2)I=C(S)*XEQ(S))
P(3)3377.0%(=XEG(4)+1,.@) :
P(A)2C(6)a(=PIN/XER(A)*C(T) 2 (XEQCL)*COS(XEQ(I))+XEQ(T) >
1SIN(XEQ(3)))+0D*(XEQ(4)=1,2))




1712y
7829

7924
8¢y
8142
8203
8324
8409
8540
8679
8793

a8s8ea

8903

93n¢
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P(S)=Cla)a((“E+SE(XEA(S))) «xEQ(S)=XER(R])
P(R)SCS)x(KAx(=XEN(2)+C(S5)2aXEN(S)+VTBAR=YREF)+XEQ(6))
P7)=C(L13)%(=C(Ll4)2COS(XEZ(3)II+C(L1S)*xEQ(T))
A(t,1)=3=C(1)=C(2)
A(1,3)3<C(1)*C(3)=xCOS(XED(I))

AC1,5)=C(1)

A(2,2)==C(4)

4(2,5)=C(d)=xC(S)

A(3,4)=377.2

A(d,1)==C(b)*C(7)aCOS(XER(3))
A(4,3)=ClE)2C(7)»(XEN(L)2SIN(XFEQ(3))=xEJ(7)2CAS(XER(3)))
AC4,8)==C(6)*(PIN/CXEUC4)2xXER(4)) +N)
AC4,7)=aC(R)*C(T)ASIN(YXER(3))
A(S,S)==C(B)#(KE+(BSAT#XEQ(S)+1,3)*SE(XET(S)))
A(h,1)=s=(C(I)aKA/YTBAR) x(C(12)*XEQ(L1)=C(11) #«SIN(XEQ(3)))
Ach,2)=C(9) XA

A(6,3)=(C(9)*KkA/VTBAR) x(C(L1L1)=(XEQ(T7) *SIN(XER(3))+XEN
1(1)=COS(XEQ(3))))

A(6,5)==C(9)xKAXC(5)

A(6,6)==C(3)
A(6,7)2=(CCIV#XA/VTBAR)«(C(12)+XEQ(7)+C(11)*COS(XER(3)))
A(7,3)==C(13)#xCC14)xSIN(XER(3))
A(7,7)==C(13)aC(13)

0Q 78%9 1=t,7"

DQ 7722 J=1,7

AS(I,J)=A(I,J)

COMNTINYE

CONTINUE

CalLL LEQTiF(A,t,7,7,P,a,4K,IER)

DU 8122 I=1,7 .

IF(ABS(P(I))=G.40L1) 872003,8372,7909

ICONV=Q

XEQ(I)=XEQCI)+P(I)

CONTINUE

IFCICONV) 8209,82¢0,3427

CONTIMUE

TYPE g3p@ ‘
FORMAT(* EN POINT CONVERGENCE FAILURE’)

STOP

PRINT 8570 :

FORMAT(” xxx0QLD EGUILIBRIUMx2x*)

D0 87¢ga I=1,7

PRINT 862@,1,xIC(I) . ;
FORMAT(®2’,2X,"XEQC(C’,I1,?)= *,612,S)

CONTINUE

PRINT 8322 .

FORMAT(” x#xMEW EQUILIBRIUMx+x*)

00 89922 I=1,7

PRINT 8672,I,%XEQ(I)

CONTINUE

PRINT 9309 :

FORMAT (* w##xSYSTEM A MATRIXaxxx’)

00 9522 I=1,7




SSey

9664

97439

9329
99090

993y
9964

102¢@

1g122
192u2

13392
19440

16542
1a6ye

139749@
10890

134990
11220

11122

PRIMT 942Q@, (ASCI,J),J=1,7)

FORMAT(® “*,7(2%,G12,.,5)

CONTINUE

D0 9602 I=t,7
OXIC(I)=XIC(I)=XEQ(I)

COUNTINUE

PRINT q72¢C "
FORMAT(® xxalINEAR INITIAL CONDITIONS#*ax’)
00 99ga I3t,7

PRINT 95@3,I,0XIC(I) : ) y
FORMAT("Q°,2%,°0XIC(’,11,%)= *,G12.5)
CONTINUE

D0 99s2 I=1,7

nNU 9932 J=t,7

a(1,J4)=a58(1,J)

CONTINYE

CUNTINUE

CALL EIGRF(AS,7,7,8,U,2,1,WK,IER)
PRINT (g@ge .
FORMATC(” a#xSYSTEM EIGENVALUES*x%x*)
0C (@223 I=i.,7

PRINT 1213@,U(T) , :
FORHAT(‘ '.EXaGla.S,' ’J '061205)
CuNTINYE

DO 1@42@ I=1.,2

00 1@322 J=1.2

AL(TI,J)=A(CT,J)

CONTINYUE

CUNTINUE

00 12629 I=1,2

DO 1@5@0@ J=1,S

JJ=J+2

A2(I,J)=A(I,Jdd)

CONTINUE

CUONTINUE

00 1@8eg I=t{.,5

00 12729Q J=1,2

Il=sl+2

A3(CI,J)=A(II,J)

CONTINUE

CONTINUE

DO 11209 I={,5

00 12909 J=21,5

Il=1+2

JJ=aJ+2

Ag(I,J)=A(CIT,JJ)

Ags(I,J)=Aa(I,J)

CONTINUE

CUNTINUE

D0 114029 I=1,S

00 11379 J={,5S

IF(I=J) 1124@,11100n,11200
Agr(I,l)=1.2

GO TO 11322

SIS S AP




"

11200
11320
11439

11a¢2
12234@
12197
12290

12342

124299
12549
12640

12720

12842

12940@

AaT(l,J)=298.9

CONTINUE

CONTINUE

CALL LEQT{F(A4,S5,5,5,A41,9,HWK,TER)
00 11823 1=1,2

CQ 11722 J=1,2

SUuM122.2

DU 11672 X=1,S

SuM2=y .0

DO 11599 L=1,5
SUMaz3UM+42¢I,L)Y»AdT(L,K)
CUNTINUE

SUM| =SUML+SUM2*A3 (X, ])

COMNTIMNUE

AG(I,d)=A1(l,J)=85uML

CGHTINUE
CgNTINUE
00 2275 I
DU (212a J
SuM1=9.2
NQ 12¢72 K=1,2

SuM2=2,.92

NG 11929 <=1,5

SUMEe=SUM2+A4TI(T,L)»A3(CL,K)

COP:TINUE .

SuMi=suUMl+SUM=A2 (K, )

CONTINUE

AgC(T,J)=A4S5(1,J)+SuUM]

CONTINUE

CUNTINUE

00 12300 I=1.2

DXSIC(I)=0XIC(I)

CoNTINYE

DU {2629 I={,S

Il=21+p

syMi=2,2

NG 12522 X=1,2

SuM2=:9.2

Dy 12429 L=},S

SUM2=SUM2+AQI(I,L)=A3(L,K)

COUNTINUE

SUM| =SUM1+SUM2=DXIC(K)

CONTINUE

OxFIC(L)=OXIC(II)+SuUMY

CONTINUE

PRINT 127Q@2 .
FOQRMAT (4 xx»SLOW SUBSYSTEM MATRIX#x#x’)

N0 12673 l=1,2

PRINT 94202, (AQ(CI,J),Jd=1,2)

CUNTINUE

CALL EIGRF(AQ,2,2,@,US8,Z,1,WK,IER)

PRINT 12909 b
FAQRMAT (* xwxSLOW SUBSYSTEM ETGENVALUES®#2%’)
00 {3222 Isy,2

1,5
1.5

|
@
5@




1300

13192

13240
13390

13429

135¢e

136¢4@

13730

138g@

139w

1499

14129

14230

14320
14430
14450
14542

14519

145292

14530
14549

14559
1450

PRINT t@1em,uscl)

CONTINUE

PRINT 13147 .
FORMAT (¢ =x2SLOW IMITIAL CONODITIONS##x*)

pu i{332e [=1,2

PRINT 43227,1,0xSIC(I) ! .
FORMAT(?2°,2%,°0¥XS1CC%,I1,%)s *,G612,5)
CUNTINUE

PRINT 3422 .
FORMAT(® w*xUNCORRFCTED FAST SUBSYSTEM MATRIXx#x?)
0Q t350¢ I=1,5

PRINT 9474, (A4S(I,J),J=1,5)

CONTINUE

CaLL EIGRF(A4S,5,5,0,ufF,2,!,%K,1ER)

PRIMT 13620

FURMAT (¢ xaxUNCURRECTED FAST EIGENVALUESw#xx*)
PO 1372¢ I=1{,S

PRINT 121&é2,UF (D)

CONTINUE

PRINT 13840 '
FORMAT (e »#aCORRECTEO FAST SUBSYSTEM MATRIXwwx’)
NG 13929 I=4,S

PRINT 642@, (A4C(I,J),J=1,9)

CONTINUE

CALL EIGQFtAuC'SJSlaoUF‘Z,1'NK,IER)

PRINT (40QgQ

FORMAT (* a#xCORRECTED FAST EIGENVALUES#*xx*)
pa 141@Q I=4.,5

PRINT 1glc@,UF(I)

CONTINUE

PRINT 14222 s
FORMAT (¢ x»xFAST INITIAL CONNITIONSx*x*)

NQ 144422 1=1,5

PRINT 1432@,I,0XFIC(I) ) X
FORMAT(’2°,2X,°0XFICC’,I1,?)= *,612,5)
CONTINUE

TYPE 14520 s
FORMAT(® »#«PREPARING FQR SIMULATION*zx”/° FAST STEP
1 SI2E= *,8)

ACCEPT 2720,HFAST

TYPE 14512

FOQRMAT(” SLOW STEP SIZE=z *,3)

ACCEPT 272@,HSLOW

TYPE {4520 )

FORMAT(®* TMaxs *,$)

ACCEPYT 279@,TMAX

PRMT (4)=92,201

TYPE 14530 :

FORMAT (? IS THIS A FAULT? *,%)

ACCEPT 42Q,IANS

IF(IANS="Y’) 14550,14570,14554

IFCIANS-’N®) 18560,14752,14562

TYPE 700, IANS

GQ 10 14542




14572
145432

1459

146992

146502

14720

147502

{48yv
143892

s n i i
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TYPE 14580 :
FURNMAT(® xxxNH GOONY=A4 FAULTw#2+’/’ GIVE Y2 QURING
LFAULT 4,3)

ACCEPT 2722,Y2F

TYPE 14599 :
FQR“AT (s GIVF FAULT NURATION *,S8)
ACCEPT 2727, TCLR

CTMP(1)3C(2)

CTMP(2)=C(3)

CTMP(3)=C(7)

CrHp(4)=C(1A)

CTMP (S5)=C(11)

CTHP (g)=C(12)

CTMP(7)=C(14)

CTMRP (g)=C(19)

0 jaeae 1=1,7

X(I)=xIC(I)

CuNTINUE

C(2)=1,0+(X0=XP)»Y2F

C(3)=2,.¢2

c(7)=90,0

C(1Q)=2(1.2=XPxY2F)w(! PaXPxY2F)
C(11)=p,2

C(12)=a,2

C(l14)=n,2 :
C(15)=1,2+(XQA=XP) »Y2F
PRMT(1)=2,2

PRMT (2) =TCLR

PRMT (3) =HFAST

En=1,2/7.9

DU (465@ I=t,7

DERX(I)=En

CONTINUE

NSXCT=1

CaLL RKGS(PRMT,X,DERX,7,IHLF,FYXCT,0xCT,4auUXx)
c(2)scTHMP (1)

C(3)=CYN°(2)

C(7)=2cTMP(3)

C(12)=CTMP (4)

C(11)sCTMP(T)

c(12)=CTMP ()

C(14)=CTMP(T)

C(1S)=CTMP(8)

DO {4709 I=1,7

XIC(I)=x(1)
TYPE x,X(I)
CONTINUE
PAUSE *IC°

GO TOQ 14852

0Q 148922 I=1,7
X(I)exIC(l)
CUNTINUE

PRMT (1)30,4
PRMT(2)3THAX

P i . LS T e




149942

15000

15852

15120

15152

1529

15320

15439

15419
15429

15430
15440

154s2

PKMT(3)sHFAST

Ew=1,0/7,2

D0 149@g9 I3t,7

DERX(I)=EW

COMTINUE

MgxCT=t

CALL RKGS(PKMT,X,0FRY,7,THLF,FXCT, XCT,AUX)
NSXCT=MSXCT=

PrMT (1)=2,2

PRMT (2)=THAX

PRMT (3)=4SLOW

Og {5awg I=t,2

X8AR(I)=XIC(T)

CUNTINUE

ISEDRE -

2ZBARCI)=XIC(ID)

COMTINUE

NSXBRz{

CALL RKGS(PRMT,XBRAR,DERX,2, IHLF,FXBR,Q0X8R,AUX)
MSXBRaNSYXBR=1

D0 15102 I=y,2

XBARCI)sXIC(I)

CONTINUE i

Do 15158 I=t,S

1l=z[+2

ZBAR(I)=XIC(II)

CONTINUE

CALL SOLVFA(XBAR,ZBAR)

PRMT(1)=0,2

PRMT (2)=TMAX

PRMT(3) =HFAST

Dg 15200 I=4,S

IIal+2

DERX (1)=0,2

INGL (I)sXICCII)=ZBAR(I)

CUNTINUE

NSZwWGL =1

CALL RKGS(PRHTOZNGLQDERXOSOIHLFIPZNGLIOZwGLlAUx)
NSZWGL=4SZWGL=1

TyPE 15320

:o:nnr(' »*xPREPARING FOR PLOTS#*2*/° GIVE BAUD RATE °,
$

ACCEPT 15429,1RAUD

FORMATI(I)

TYPE 15410

FORMAT (* PLQT ZERQ QROER APPROX? *,§)
ACCEPT 47@,lANS

IF(IANS="Y’) 15430Q,15450,15432
IF(IANS=“’N’) 15440Q,15460,15442

TYPE 730, IANS

GO TOQ 154292

CALL SMGPLT(XS,TXCT,NSXCT,YBARS,ZBARS,TBAR,NSXBR,IWGLS,




1S5dsd
19542
15620

15749
158,09

135949

10ALA

16542

16640

1674@
168300

IYWGL'NSZ"GLO I“AUU.7.2.5.\JSXRR.T3AQ)
TYPE 15524

FURMAT (® DO CGORRECTIONS? “,8)

ACCEPT 424, IANS

IF(LANS=’Y*) 15723,159%22,15799
IF(IANS=*N’) 1S3%¢,194720,15872

TYPE 7249,14AMS

GUu TO 1SKI?

EFDINT(1)=20,7

N 1bpag I=2,NSIWGL

ITMlizsr=1
EFDINT(I)SEFDINT (IML) +2 S (TWGL(T)=THGL(IML)) »(ZWGLS (3,
11)V+ZwGLS(3,1IM1))

CONTIHUE

EFOSUMzEFDINT (MSZWRL)

NELINT(L)=22,9

NSxuM|=NSXRR=]

ng 17623 I=22,NSZYGL

IM{=Tay E

DU 175@@ J=1,2

JT3l=J+1}

TIME=TWGL(JT)

ng 162729 Jx=1{,MSXBR

JFIND=JX
IF(ARSCTIME=TSAR(JIX)) =1 ,AE=2S) 16373,1637Q, 16202
CUNTINUE

Gu TO (4664Y2

IF(Jay) 16427,16427,18522
Z1BRK=2BARS(1,JFIND)

GU TQ 175¢d2

Z1BRK1=2ZBARS (] ,JFIND)

GO TO 1753~

DO 16920 JX=1,NSXBM{

JFIND=JX

IF(TIME=-TBAR(JX)) 16922,16920,16739
IF(TIME-TBAR(JX+1)) 16820,16923A,169Q30
TNUM=TIME=TBAR(JX)
TDENOM=TBAR(JX+1)=TBAR(JX)
TINT=TNyM/TDENOM

GO TO 17209

CUNTINUE

DIFFzTIME-T3AR(JFIND)

TYPE 176@8.TIHE,TBAR(JFINO).DIFF
FORMAT(*® *,3(2%,E15.8))

PAUSE °*CORECT’

TYPE 17120 y
FORMAT (4 INTERPUGLATION FAILURE QURING CORRECTION®)
STQP
ZINTSTINT#(ZRARS(L1,JFINO+L)~2BARS(1,JFIND))+ZBARS(!,JFIN
10)

IF(J=4) 1738A,17347,17400Q

21B8RK=ZINT

GO TO {75¢2

Z1BRKL=ZINT




1754y

17629

17792
L7743

17726
17749

17712
1772

17740
17760

17780
17790

17807

17920

18200

182
CUNTINUE
FKESIN(ZIBRK) & (=1 ,2+COS(2Z4GLS(1,1)))+COS(ZIBRK)aSIN(Z4G
1Lsct, 1))

FKI=SIN(ZLIBRK{)x(=1,2+CQS(ZWGLS(L,IM1)))+COS(Z1BRKL)*ST
INCZWGLS (L, IMLY) .
DELINT(L)SDELINT(IM1)+D, Sa(TWGL(I)=TWGL (IM1))»x(FX+FK])
CUNTINUE

DELSUM=DELINT(NSZAGL)

CNST1=C(1)*»C(3)

CNST2=C (4) *C(3)
AK1==CNST{*x0ELSUM+C (1) *EFDSUM
XBAR(1)=XIC(1)+AK]Y

AK2=CNST2*EFNSUM

XBAR(2)=XIC(2)+AK2

TYPE =»,XBAR(1),XRBAR(2)

TYPE 177@9

FGRHMAT (* PRINT CORRECTION RESULTS? *,3)
ACCEPT 493, IANS

IF(IANS=°Y*) 177726,17712,177%6
IF(IANS=°N") (7729,1779@,17729

TYPE 7@Q,1ANS

GO TO 17733

PRINT {7729,EFDSUM,DELSUM

FGRHAT(’ ’oGlS.a.SX'GlS.a)

00 17760 I=3{,MSZWGL

PRINT 17740, TW6LCI),ZWGLS(Y, 1), ZWGLS(3,1),EFOINT(I),
L1OELINT (1) )

FURMAT(® *,G6!5,.8,4(5%,615,8))

CONTIMUE

DU 1778@ 1=1,NSXRR

PRIMNT 17740,TBAR(I),2ZBARS(1, 1)

CONTINUE .

PAUSE *CORIC®

Do 17832 I={,NSZWGL .
XWGLS(1,1)==AK 1 ~CNSTI*0ELINTCI)+*C(L1)*#EFDINT(I)
XWGLS (2,1)==AK2+CNST22EFDINT(I)
CONTINUE

Do 17928 I=21,S

ZBAR(I)=ZBARS(I,1)

CONTINUE

PRMT ()32 .0

PRMT (2)=TMAX

PRMT (3) =sHSLQW

0g 184¥ad 1=y,2

DERX(I)=92,S

CONTINUE

NSXBR=y

CALL RKGS(PRMT,XBAR,DERX,2, INLF,FXRR,0X8R,AUX)
NSXBR=NSXBR=1

NSX8M]| zNSXBR=1

DO 1910208 I=1,NSZWGL

TIME=TwWGL(I)

0Q 1812¢ JTa1,NSXBR

JFIND=JT




St

13142
13292
133493
13433

155,09
16k 30

18749

18840

13940

19049
19149

19240

19392

193172
19329

19339
19340

15dy9
19549
19649

183

IF(A3S(TIME=T3AR(JT) )=t ,AE=QS) 18274,18279,18170
COh:TINUE

GC TO 18422

NC 183a J=1,2
XCEJ,T)2XNGLS (T, 1)+ XBARSICS, JEIND)
conTIMUE

GU T 19129

PQ 187ay JT=st  NIXBEML

JFLiio=JT

IF(TIME~T3AR(JT)) 13702,18732,18597
IF(TIME-TAAR(JT+1))Y (3RAUA,1873¢,18734
TNUM=TIMF-TRAR(JT)
TOENCH=TARAR(JT+1)=TRAR(JT)
TINT=TMUM/TDENON

G0 TO 1/9@a?2

CONTINUE

DIFF=TIME«T3AR (JF [N

TYRPE 1747@, TTHE, TBARIJFIND) ,NIFF

PAUSE “*XxC~’

TYPE (8371 :
FURMAT(® INTFRPULATION FAILURE AT XC*)
STQP

00 193"‘2} J=1.2

X3R=TINT# (XBAFS(J,JFIND+1)=XBaRS(J,JFINDY)+xBARS(J,
1FING) -

XC(J,I)3XuGLS(J, ) +XBR

CUMTINUE

COMNTINUE

N3XC=NSZWGL

DU 16233 I={,NSZWGL

TXC(I)=TwWwGL(T)

CAONTINUE

PrHT(1)=2,0

PRMT (2)=TMAX

PRMT (3) =HFAST

0g 19324 I={,S

DERX(I)=2,2
ZAGLCI)=XIC(I+2)=2RARS(I,1)

CONTINUE

NSZAGL =1

CALL RKGS (PRMT,ZWGL ,DERX,S, IHLF,FZWGLC,QZWGL,AUX)
NSZHuGLENSZWGL =1

CALL SNGPLT(XS,TXCT NSXCT,XC,2RARS,TBAR,NSXC,ZWGLS, TWGL,
{NSZWGL , ITHAUN, Y ,2,5,NSXBR,TXC)

TYPE 19310 g
FORMAT(” WANT ADDITIONAL ITERATIONS? *,$)
ACCEPT 42@,IANS

IFC(IANS="Y*") 1933¢,15929,193392
IF(IANS=*N’) 1934a¢,194723,193432

TYPE 7@, lANS

GG TO {9322

TYPE 19594 |

FORMAT(’ RUN ANQTHER CASE? *,$%)

ACCEPT 4722, IANS

ideinen i Rise e d
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IFC(IANS="Y*) 19773,1%2,1970¢

IF(IANS’M?) 19800, 19900,19872

TYPE 7@2.1ANS

GG TO 19637

STOP

Eidl)

LxexexxxxxRLOCY DATA PAGE 2xxxxaxawnx
ARLOCK DATaA

RLAL KA'KE!KF

CGMHMOMN/4LK1 /A3AT,BSAT
COMMOMN/BLKB/XA,KE ,XF

CUMMON/aLK9/H,D

NATA ASAT/2,201123/,B85A47/0,3243/

DATA Hys.,37,h72,2/ p

DATA KA, 2S,83/,KE/=A, 7445/ ,KF/3,.18/

END

lanxxex4xx2C N CTION SE PAGE Jhkkaxkiiin
FUMCTION SE(AER)

CUMHON/BLK L /2SAT,BSAT

SE=ASATAEXP (RSAT®ARG)

ReTURN

EnD

lekxxxxvxeSUNROUTINE FXCT PAGE dwavxvxxxx
SURROUTIMNE FXCT(TIME,X,DERY)

NDIMEMSIGM X(7),DERX(7),C(18)

REAL KA,XE,KF

CuMmMOM/BLK2 /0

CUMNON/ZBLK3/VREF,PIN

CUMMON/BLKR /XA, KF ,KF

CUMMOM/LXI/H,D

Cx3sCaS ¥ (3))

SX3=SIM(X(3))

VLTSSARTCCCLIA) # (X (L)X (L) #+X(T)*#X (7)) 2, 4*CCL1)n(X(7)aC¥X3
1=X(1)*SX3)+C(12))
NDERX(1)sC(1)x(=C(2)xX(1)=C(3)2SX3+X(5))
NERX(2)=C(4)»(=X(2)+C(5)*x(5))

DERX (312377 .,x(X(4)=],?)
NERX(AY=C(6)*»(PIN/X(A)=CUT) 2 (X 1) RCX3+X(T7)%SX3) =N (X(4)=
11.9))
DERX(S)=C(B)#a(=(KE+SE(X(S)))#X(S)+x(6)) ,
NERA(S)=C () #(KAx(X(2)=C(S)aX(S)=VLT+VREF)=X(6))
DERX(7)3C(13)x(CC18)*CX3=C(15)#X(7))
RETURM

END

lawaxnxxxx *xSURRNUTINE FXBR PARE Saktextxxnn
SUBROUTINE FXBR(TIME,.XBAR,DERX)

DIMEMSTIAN XBARC2),0ERX(2),C(18),2ZBAR(S)
cOoMiON/ZgLK2/C

COMMOn/BLKT7/28AR

calLlL SOLVFA(XBAR,ZRAR)

NERX(L)IC (1) x(=C(2)xXBAR(1)=C(I)*SIN(ZRAR(]))+ZBAR(3))
NERA(2)zC(4)x(=XRAR(2)+C(S)x28AR(3))
RETURHM

EfD




AD=AD69 859  ILLINOIS UNIV AT URBANA=CHAMPAIGN COORDINATED SCIENCE LAB F/6 9/3
A SINGULAR PERTURBATION APPROACH TO POWER SYSTEM DYNAMICS. (U)
AU6 78 J J ALLEMONG DAABO7=T2=C=-259
UNCLASSIFIED R=A14

an
3¢ 3
Iy, A
END
DATE
FILMED
7-79
- oDC




m 10 e

= m E¥ Hlll’“

EX

T
'.HE e
22 it e

]

-

MICROCOPY RESOLUTION TEST CHART
NATIONAL BUREAU Of STANDARDS-1963-1




{9
152

2yn

252

349

359
4492

45¢

sS40

532

649

742
75@

340

185

lxexexwx®xSURROUTINE FZuUGL PAGE barxxvxwthxn

SURROYTINE FZWGL(TIME,2ZAGL,LFERY)

CIMENSIOQOM Z2wAL(S),DERX(S),C(18),XBARS(2,521),2%435(5,521),
1TBAR(S91),2%4R%(S) ,xBAR(2),Z ()

REAL KA,XE,KF

cumMMOit/eLKk2/C

CaHNNN/BLKI/VIREF ,PTN

CUMMON/HBLKS/X0ARS,ZRARS, T3AR, ISX8R

CuMAQON/BLKA /KA, KE ,XF

COMNON/ZBLKI/H N

NU 1@y JT=1,HMSYnR

JEIND=IT

IFCARS(TIMETBAL(JT) )=t (AE=0S) 150,154,125

COUNTINUE

Gu TN 3@

NG 2up I31.,2

Xt dR (1)3XBARS(T,JFINN)

COMTINUE

0y 2%S2 I=1,5%

23AR([)=ZBARS(T,JFIND)

CONTINUE

Gy TN 7852

NSXuMyzhSXRR=]

NU 459 JTs,MN5XRMY

JF=JT ;

IF(TIME~TBARCIT)) 459,459,350

IF(TIME=-T3AR(JIT+1)) 422,450,450

TNUMsTIME=-TEARCIT)

TOENON=TRAR (JT+11=TBAR(JT)

TINT=TNUM/TGENON

GU TO 622

CONT INUE

DIFF=TIME=<TBAR(JF)

TYPE S22,TIME,TBAR(JIF),0IFF

FueMatT(*® *,3(2X,EL15,8))

PAUSE ‘FZafGL’

TYPE SS¢ ‘

FORMAT (* INTERPULATION FAILURE IN FZAGL®?

STOP

Og 656 I=1,2
XEAR(L)=TINT#(X8ARS(L,JF+1)«X3ARS(Y,JF))+xBARS(I,JF)
CONTINUE

00 722 I=1,5 .
2BAR(I)=TINT#(ZBARS(I,JF+1)=«Z8ARS(T,JF))+ZRARS(I,JF) f
CUNTINUE
Np 890 I1=¢,5 |
Z(I)=ZRAR(I)+ZWGL(T) |
CONTINUE

Czwi=Cos(Z2(1))

SZW1=SIN(Z(1)) § bhig

VI TSSGRT(CCLA) »(XBAR(1) #XBAR (L) +2(S)*Z(S))+2.2*C(11)*(2(S)
1=CZWl=XBAR(1)#3ZA1)+C(12))

DERX(1)=2377,0=ZnWGL(R2)

DEDX (2)2C(A)*#(PIN/Z2(2)=C(7)#n(XRAR(1)#CZW1+Z(S)*SZW1) =]
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1d@

2@

198

186

12ZwWGL (2))
DERX(3)3C(8)n(~ (KE*SE(Z(3)))tZ(3)*Z(4))
DERX (4)3C(3) #(KAa(XBAR(2)=C(S5) «Z(3) #VREF=VLT)=2(4))
DERX(S)sC(13)=(C(14)*CZWwi=C(15)22(S))
RETURN
END
Lanxaxex *xSURRNUTINE QOXCT PAGE Thavavrasxxwn
SURRAUTIME OXCT(TIME.X,DERX, THLF,NDIM,PRMT)
ODIMENSTIQM X(7),0ERX(7),PRMT(S),XS8(7,531),TXCT(501)
CQMHOM/BLRA/XS,TYXCT,NSXCT
nag 1eg I=21,7
XS(I,NSACT)=%(T)
CUNTINUE
TXCT(NSXCT)=TIME
IF(NSXCT.,GE,S01) PRMT(S)=1.0
NSXCTaNSXCT+1
RETURN
End
Lxxaxx2aa*2SUBROUTIMNE QX8R PAGE Seatiaxdann
SUBROYUTINE OXBR(TIME,xBAR,DERX, IHLF,NDIM,PRMT)
OIMENSION XBAR(2),NERX(2),PRMT(S),XBARS(2,501),TBAR(SQ!).,
128AR(S),2RARS(5,5MY)
COMMGON/BLKS/XBARS,ZBARS, TBAR NSXBR
CUMMON/BLKT/Z8AR
CALL SOQLVFA(XBAR,ZRAR)
no 1@9 1=1.2
XBARS (I,NSXBR)=XBAR(I)
COMNTINUE
Dy 2990 [=1.,S
IBARS (I,NSXBR)=ZBAR(I)
CONT INUVE
TOAR(NSXBR) =TIME ‘
IF(NSXBR.GE,S31) PRMT(S)=1,0
NSXBR3NSXBR41
RETURHN
EnD
I arnaxe2x2aSUBROUTINE OZWGL PAGE Sewwxraxtnp
SUBROUTINE OZWGLCTIME,ZWGL,DERY, IHLF,NDIM,PRMT)
DIMENSIQN ZWGL(S),0ERX(S) ,PRMT(S),2WwGLS(S,5@1),TWGL(SQ1)
COMMON/HLKE/ZWGLS, TWGL ,NSZWGL
DO 120 I={,5
ZAGLS (I, ,NSZWGL)=ZWGL (I)
CONT INUE
TWGL (NSZWGL)=TIME
IF(NSZWGL ,GE.5A@1) PRMT(S)=1.,0
NSZWGL=NSZWHGL+1
RETURN
END
InanzxexanevaSUBROUTINE SOLVFA PAGE 1D0awaneaxvnn
SUBROUTINE SOLVFA(XBAR,ZBAR)
DIMENSION XBAR(2),2B8AR(S),C(18)
REAL KA,KE,KF
COMMON/BLK2/C
COMMON/BLK3/VREF,PIN
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330

459
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640

187

CUMiQN/3Lx1/ASAT,BSAT
CUMHOM/RLKB/KA,KE,XF
cuMHON/BLKQIH.O
0IT=78AR(}])
00 @@ ITER=1,S92
ANUHg-p;n+r(7).(bentx)-COS(DIT)*C(17)tSIM(a 2x01IT))
DENUM=C(T)w(XBAR(L)«SIN(DIT)=C(16)*L03(2,2+0IT))
DEL=ANUM/DENOM
DIT=DIT+NEL
IFCARS(DEL) =2, ,0921) 367,302,100
CUMNMTINUE
TYPE 223
FunaAT(' CONVERGFNCE FAILURE ON DELTA=SOLVFA®)
STOP
2B8AR(1)=0IT
25AR(5):C(lu)-COS(Zdlﬂtl))
2BAR(2) =1,
VTBAR:SQPT(C(lﬂ)t(!aAﬂcxlnXBAR(11+ZBAR(S)-ZBAR(51)*2 AxC(
111)#(Z3AR(S) #COS(ZBRAR(1))=XRAR(1)»SIN(ZRAR(1)))*C(12))
DIT=228AR(3)
N0 4@¢ ITER=21,50
NUH:-(C(IB]*SE(DIT))*UIT¢KA'(!BlR(2)*VR‘F -yTBAR)
DENUMsC(18)+(BSAT2NIT+1,72)
DEL=ANUM/DENNOM
NIT=s0IT+0EL
IFCABS(DEL)=Q,0472L) 607,629,407
CQONTINUE
TYPE Sag
FURMAT(®” CONVERGENCE FAILURE QN EFNeSQLVFA’ )
STOP
ZuAR(3)=N]IT
IBAR(Q)sKA» (XBAR(2)=C(S)*ZBAR(3) +VREF=YTRAR)
RETURM
END
lenananar»xxSUBRUUTINE FZWGLC PAGE 1lwsannangxwsn
SUBROUTINE FZAWGLC(TIME,ZWGL,DERX)
NIMENSION ZwGL (S),DERX(S), C(!d) XBARS(2,501),2ZBARS(S,S71
1), TBAR(SQ1).xC(2,5@1), TXCtSPl) Z3AR{SY X (2),2(S)
REAL KA, KE,KF
COMMON/BLK2/C
COMMON/BLR3I/VREF,PIN
COMMON/BLKS/XBARS,Z8ARS,TBAR,NSXBR
COMMON/BLKA/KA,KE,XF
CUMMON/BLK9/N,0
COMMON/BLK1@/XC, TXC,NSXC
D0 129 JTey,NSXC
JFIND2JT
IF(ABS(TIME«TXC(JT))=1,.0E=Q5) 202,229,122
CONTINUE
GO TO ag@
00 300 I=1,2
X(I)sxC¢I,JFIND)
CONTINUE
GO TN 127y

|
s
.!
|
i




4uQ

539
6ygm

702

849

939

1399
1182
1202
1309
1403
15a9

1609

1709
180y

1904

2000
2102
2209
2372
24ayg

MSYXCM]1aNSxC=1

00 7@@ JT=1,MSYCM]

JFIND=JT

IF(TIMETXC(JT)) 724,724,529
tF(TIME=TXC(JT+1)) 600,729,709
TNUMeTIME=TXC(JT) :
TOENOMSTXC(JT+1)=TYXC(JT)
TINT=TNyYM/TOENOM

GO TO 1@04 g
CONTINUE
DIFF=TIME=TXC (JFIND) |
TYPE 603,TIME,TXC(JFIND),0IFF

FURMAT(® *,3(2X,E15,8))

PAUSE ’FIWGLC®

TYPE 993 i

FORMAT (4 IMTERPUOLATION FAILURE IN FZWGLC=XC*)

STOP

Oy 1192 I=y,2
XCI)STINT#CXC(I,JFIND+1)=XC(L,JFIND))+XCCI,JFIND)
CONTINUE

DO 1322 JT=1,NSXBNR

JFIND=JT

IFCARS(TIME=TBAR(JT)) =1 ,2E=QS) 1402,14Q23,1300
CONTINUE

GO TQ $6@Q

DO 15¢m Is=t,S

ZHARCI)=28ARS(I,JFIND)

CONTINYE

G0 TO 2309

NSXuMyaNSXBR=1

DG 1902 JT=y,NSXBMY

JFINO=JT

IF(TIMETBARCJT)) 19920,19002,1799

IF(TIME-TBAR(CJT+1)) 18@9,1992,1920
THUMSTIME=TBARCJT) :

TOENOM=TBAR(JT+{)=TBAR(JT)

TIMTSTMUM/TDENOM

GO TC 2129

CQONTINUE

DIFFSTIME=TBAR(JFIND)

TYPE 8@@,TIME,TBAR(JFIND),DIFF

PAUSE ‘FZIWGLC’

TYPE 2@0Q 5

FORMAT (* INTERPOLATION FAILURE IN FZWGLC=ZBAR’)

STOP

Dp 22029 Is1,S _ .
ZBAR(I)sTINT#(2BARS (I, JFIND+1)=28BARS(L,JFIND))*ZBARS
1¢1,JFIND)

CONTINUE

00 24g9 Is=1,S

TC1)=ZBARCI)+ZWGL(Y)

CONTINYE

CZwy=C0S(2(1))

§Zu1sSINCZ(L1))
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VLT=S5QRT(CC1A) (X (1) 2X(1)+2(S)x2(S))+2.24C(11)*(Z(S)~
1CZA1=X(1)aSZu1)+C(L12))
DERX(1)3377,22ZWGL (2) -
DERX(2)=C(6) % (PIN/Z(2)=C(T7)x(X (L) 2CZWLI+Z(S)*SZW} )=
102ZWGL (2))
NERX(3)=C(8)x(~(KE+SE(Z(3)))*»Z(3)+Z2(4))
NERX(A)=C ()« (KAx(X(2)=C(S)aZ(3)+VREF=VLT)=Z(4))
DERX(S)=C(13)x(C(La)*CZN1=C(15)Y2Z2(S) Y
RETURN
END
|xvnkxxa*x2SUBRUUTINE SNGPLT PAGE 12watrrawxnsk
SUBROUTINE SHGPLT(ES,TX,NSTPE,XBARS,ZB8ARS,TBAR,NSTPXR,ZWS,
LT, N3TRZw, [DAUD,N,NS,NF,NSTP28,TXC)
DIMENSTIQN ES(N,NSTPE),TX(NSTPE),XBARS(MS,NSTPXB),ZBARS (NF,
{NSTPZR) , 243 LHF ,NSTPZA) ,TBAR(NSTPZR) ,TW(NSTPZW) ,PLT (521),
2ZHAT(SG1),TXC(NSTPXB)
440 FORMAT(AL)
NQ &4@a IPLT=],NS
AMIN=Y ,JE3D
AMAX=2<1 AE3Y
D0 63w2 JT=2),NSTPE
IFCAMIN,GT ESCIPLT,JT)) AMIN=ES(IPLT,JT)
IFCES(IPLT,JT) GT AMAX) AMAX2ES(IPLT,JT)
6572 CONTINUE
0 61920 JT=i,MSTPXR
IFC(AMIN,GT.XRARS(IPLT,JT)) AMIN=XBARS(IPLT,JT)
IF(xBARS(IPLT,JTY ,GT.AMAX) AMAXSXBARS(IPLT,JT)
619 CUMTINUE
Ng 62¢™ JT=),NSTPE
PLT(JT)I=ES(IPLT,dT)
e20 CONTINUE
CALL INITT(IBAUD)
CALL BINITT
CALL OLIMY(AMIN,AMAX)
CALL NPTS(NSTPE)
call XFRM(4)
caLlL YFRM(Q)
CALL CHECK(TX,PLT)
CALL DSPLAY(TX,PLT)
CALL FRAME
DO o309 JT=21,NSTPXB
PLT(JT)sXBARS(IPLT,JT)
6303 CAONTINUE
CALL LINE(34)
CALL OLIMY(CAMIN,AMAX)
CALL NPTS(NSTPXB)
CALL CHECK(TXC,PLT)
CaLL CPLOT(TXC,PLT)
CALL ANMOOE
ACCEPT 4a@Q, IANS
6472 CONTINUE
DO 76@a I1ZHATs| NF
ZHATC1)3ZBARS(T2HAT, 1) +ZWS(IZHAT, 1)
D0 68p0 ITZws2,NSTPZW




6509

655y
6604

6709

68073

6949

7609

710y

72@3

7300

190 u

00 6500 ITXB8=2.NSTPZ8

NTXB=ITx8 ;
IFCTW(ITZH) ,LE.TBAR(CITX8B)) GO TO 6709

CONTINUE

IFC(TWCITZW)=TRAR(NTXB) ) =1 ,0E=04) 6772,6729,655Q
TYPE 6600

FORMAT(® =*xSEARCH FAILURE DQURING INTERPQLATION##x*)
STOP
ZINTS((TW(TTZW)=TBAR(HNTXB=1))#(ZBARS(IZHAT ,NTXB)=ZBARS
L(IZHAT ,NTX3=1))/(TBAR(NTXB)=TAAR(NTX8=1)))+ZBARS(IZHAT,
2NTXB=1)

ZHAT CITZN)=ZWS (IZHAT, ITZW) S ZINT

CONTINUE

IzZHAT2=2[ZHAT+NS

AMINz1,0€E30

AMAXza) ,@E32

00 699@ JT=21,NSTPE

IFCAMIN,GT . ES(TIZHAT2,JT)) AMINZES(IZHAT2,JT)
IF(ES(1ZHAT2,JT) . GT  AMAX)AMAXSESCIZHAT2,JT)
CONTINUE

DQ 7000 JT3),NSTPZW

IFCAMIN(GT ZHAT(JTY) AMIN2ZHAT(JIT)
IF(ZHAT(JT) . GT . AMAY) AMAX=ZHAT(JT)

CONTINUE

0Qg 71@@ JTa{,MSTPE

PLT(JT)SsES(IZHAT2,JT)

CONTINUE

CALL INITT(IRAUD)

CALL BINITT

CALL OLIMYCAMIN,AMAX)

CALL NPTS(NSTPE)

CALL xFR™(a)

CALL YFRM(4)

CALL CHECK(TX,PLT)

CALL DSPLAY(TX,PLT)

CaLL FRAME

CaLL LINE(34)

CALL DLIMYCAMIN,AMAX)

CALL NPTS(NSTPZNW)

CALL CHECK(TW,ZHAT)

CALL CPLOT(TW,ZHAT)

CALL ANMODE

ACCEPT g0@,IANS

AMINz} ,2E30

AMAx2=1 ,AE3D

0Q 720@a JT=y,NSTPZS

IF(AMIN,GT.ZRARS(IZHAT,JT)) AMINSZBARS(IZHAT,JT)
IF(ZBARSCIZHAT,JT) .GT,AMAX) AMAX=ZBARS(IZHAT,JT)
CONTINUE

00 732 JTs} ,NSTPZW

IF(AHIN.GT.ZHstI;HAr.JY)) AMINSZWS (IZHAT,JT)
IFC(ZWSCIZHAT,JT) GT AMAX) AMAXSZWSCIZHAT,JT)
CONTINUE

0g 7420 JTs={,NSTPZR
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PLT(JT)2Z8ARS(IZMAT,JT)
T4@y CUMNTINUE ‘

CALL IMITTC(IBAUDY ’

calL BINITT ,

cal.L OLIMY(AMIN,AMAX)

CALL NPTS(NSTPZB) |

-CaLL xFRM(4) ’

CaLL YFR™(4)

CallL CHMECK(TRAR,PLT)

CaLlL DSPLAY(T3AR,PLT)

raLL FRAME i

NY 7997 JT=]l ,NSTRIA

PLT(JT)SZAS(IZHAT,UT)
7529 CONT INUE

capy LINE(34)

call ULIMYCAMIN,AMAX)

CALL NPT3I(M3TRZW)

CaLL CHECX(TwW,PLT)

call CPLOT(TW,PLT) o

CaLlL ANMNNE 3

ACCePT 4293,IANS '
7oty CUMNTINUE

RETURNM

END
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!arxxx2xxaPROGRAM MMNSP PAGE tavarasxrxs

DIMEMNSIQN H(3),DEL(3),XQ(3),Vv0(3),VvR(3),XIC(20),XP(3),
IXD(3),TFC3),VREF(3),PINC3),Y(3,3),TH(3,3),PRMT(S),
2xNQT (29) ,%X(29) ,AUX(8,20),XS(23,541),PLT(50A1),TS(5A1)
3,0¢3),TA(3),TE(3),TDQP(3),TNOP(3),VLT(3),X84R(T]),
4Z9aP (13),XBARS(7,551),2RaRS(13,541),TRAR(SA1),XC(T7,
5524),TXC(591),ZwGLS(13,591),TuGL(Sa1),ZWGL(13),DELRUW(3),
GBAINTI(SA1Y,AINT2(Sutl),ATNT3I(SAL),AINTL(SAL),XWGLS (7,
7S21),AINTS(5231),0ELR(3),2ZD0T(13,501),T00OT(591)
COMPLEX TITC,YF(3,3),YPN(3,3),86(C3).VT(3)

REAL IMAG,IDC3),10(3),XF(3),kKEC3),KAC3),TIDR(3,521),1IQ8¢(
13,5@1),104¢3,541),[0W(3,501)

COMMONM/BLKY1 /XD, XN, XP

COMMON/RBLX2/TOQOF,TRQP

CUMNMUN/HBLKI/TA,TE,TF

CUM“ON/LK4/H,D

COMMON/BLKS/ASAT ,bSAT

COMMDON/BLARO/XA,KE,KF

COMMON/BLK?/Y,TH

CUMMUM/BLKB /BN, SH

COMMON/BLKS/VREF ,PTN

CUMMON/BLK13/XS,TS,NXCT

COMHOM/BLRLLZVLT

CUMMON/BLK12/2RAR

CUMMOMN/G6LA13/XRARS,2RARS, TRAR, NXRR

CUMMUN/ALRL1L/XC, TXC,NXC

COMMO/2LK15/ICRCT

CUMHON/RLRLIAG/ZWELS, THGL (NZWGL
CQOMHON/3LRLT/2NAT,TDOT,NDQT

EXTERNVAL FXCT,OXCT,FXBAR,OXBAR,FZulL,QZwWGL

DaTA (SGg(I),I=1,3)/(A,723,2,2773),(1.63,7,2654),(23,.85,"
1=0,1395)/ : : E

DATA (VTC(IY,I1=31,3)/(¢1,44,3.0),(01.912,2.1648),(1,022,92,9
18292) 7/

FORMATCAL)

FURMAT CAQ)

FOQRMAT (D)

FORMAT(G)

FURMAT (26G)

SHaH(2)+H (3)

BH=HM (1) +SHd

00 27y [=1.,3

ITCaCONJG(SGCIY/ZVT (L))

IMAG=CABS(ITC)

BETA=ATANQIAIMAGCITC),REALCITC)Y)

VMAGSCASS(VT(I))

ALPHASATAN2CAIMAG(VT(I)) ,REALCVT(I)))
ANUMSXQCI)»AIMAGCITC)=REALCVT(I]))
DENQMaXQ(I)*REALCITC) #AIMAG(VT(I))

DEL(I)=ATAN2 (ANUM,DENOM)

ArGSALPHADEL(T)

Vu(l)2sVMAG*COS (ANG)

VQCI)sYMAGASTNCANG)

ANGSBETA=0EL(I)
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IGCI)=TMAG=COS (ANG)
TJ(I)=TMAG=SIN (ANG)

229 CONTINUE
XIC(1)=1.2
NY 324 I1=21,3
xIr(Ip1)sVO(T)+XP(t)-ID(I)

3da CUNTINUE

Pg 423 I=y,

XIC(I+gy)= 3(11+!D(I)~ID(I)
aga CUMTIMUE

Dy Seg I=¢,3
XIC(I+4)SKF(T)aXICCI+1)/TF(I)
542 CUNTINUE
Ny o2¢ I=21,3
CIC(Ta1u) 3 (KE(T)*SE(XIC(TI+11)))aXIC(I*11)

bd® CUNTINUE

Ny 779 I=21,3

XIC(le17)3VD(TI)~XP(I)=1Q(CI) [
722 CUNTINUE

g Ng 3¢2 I=1,3

i VREF (I)s(XICCI+14)/KA(I))+CABS(VT(I))

9 PIN(TI)REAL(SGC(ID))

1 Bo% CUNTINMUE
XIC(8)=(H(C1)/BH)#((H(2)wDEL (2)+H(3)#DEL(3))/SH=DEL (1))
XIC(9)=3,2 :
xIC(13)3NEL(2)=-0ELC(3I)

XIC(11)=39,2
TYyPE 929 :

Qe FCRHAT(® GIVE STUDY NURATION “,38)
ACCEPT 31,TMAX
TYPE 1237 :

1329 FORMAT (¢ GTIVE SLOw STEP SIZE *,3)
ACCEPT 31,HSLOW
TYPE 1122 ’

1193 FORMAT(* GIVE FAST STEP SIZE *,S)

q ACCEPT 31,HFAST

! TYPE 1220

1274 FORMAT (Y IS THIS A FAULT? *,S$)

13e3 ACCEPT {,IANS
IF(IANs-'v') 1400,1770, 1420

! 14y IF(IANS=°N’) 15un,2672,1507
| 1520  TYPE 163@,1ANS _
1609  FORMAT(® 27¢,A1,°22 TYPE AGAIN %,3)
GO TO 1370

1700 TYPE 1822 A
180¢ FOGRMAT(®* GIVE CLEARING TIME ’,%)
ACCEPT 31,TCLEAR
TyPE 1902
1929 FORMAT(* GIVE NAME QF FAULTED Y MATRIX “,8)
ACCEPT 4,NNAM
CALL IFILE(20,NNAM)
00 293@ Isi,3
READ (22,32) (YF(I,J),Jd=1,3)
2¥uM2 CANTINUE

3 - gy A i o S

e s
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2129

2290y
23ad4

24ay

25m9

2622

2799

2824

299y

33@9

31Q¢
32094

0Q 2342 13‘13

00 222d J=I1,3

YCI,J)=CABS(YF(I,J))
THCI,J)SATAN2(AIMAG(YF(I,J)),REALCYF(I,J)))
IF(I=J) 212@,22y@,2170

yY(J,I)=y(I. 1

TH(J,L)=TH(I,J)

CONTINYE

CONTINUE

PRMT (1)=2,2

PRMT (2)=TCLEAR

PRMT (3) =HFAST

PRMT (4) =@ ,201

00 2422 !=1,20

XpaT(1)s2,as

X(I)=xIC(CI)

CONTINUE

NXCT=1

CALL RXGS(PRMT,x,XDOT,20.,IHLF,FXCT,QXCT,AUxX)
NXCT=NXCTat

DO 2520 I=%,29

XIC(I)=XS(CI,NXCT)

TYPE t.XS(I,NXCT)

CONTINYE

PAUSE fIC*

PRMT (1) 22,2

PRAMT (2) aTMAX

PRMT (3) sHFAST

PRMT (4)=2,291

DO 279/ 1=1,20

XpNT(1)=2,85

x(I)=sxICCI)

CONTINUE

TYPE 28Q@

FORMAT(” GIVE FILE NAME OF POST=NDISTURBANCE Y
1MATRIX *,S8)

ACCEPT 4,NNAM

CALL IFILE(22,NNAM)

00 2920 I=21,3

READ (2@,32) (YPD(I,J),Jd=1,3)

CONTINUE

0g 32%@ I=1,3

DO 3109 J=I,3

Y(I,J)=sCABS(YPD(I,J)) ; ,
THCI,J)SATAN2 (AIMAG(YPO(CI,J)),REALCYPD(I,J)))
IF(I=~J) 3000,3120,3092Q

Y(J, 1))=Y (1,J)

TH(J:I)’TH(IlJ)

CONTINUYE

CUNTINUE

NXCT=qy

CALL RKGS(PRMT,X,XDQT,20, IHLF,FXCT,QXCT,AUX)
00 33@0 I=1,7




3395

34079

I3y

360y

3724
337y
397¢

430y
4199

4209
a3e3
a4gy
asag

462¢
472d

a8ny

X3Ar(I)=sxIC(T)
COMTIMNUE
Ny 3402 I=s1,13
ZBARCI) =XIC(T+7)
CONTINYE
PRMT (1)32,2
PRMT () =T™AX
PRMT (3)=HSLOW
PRMT (4) 9,91
EwS=zy ,2/7,.2
00 3592 Is34,7
XpQT (1) =EuS
CUNTINUE
NxBRrR=1
CAlLL RKGS(PRMT,XRAR ,XNAOT, 7, IHLF,FXxRAR,0XBAR,AUX)
NXBR2NXgR=1
PRMT(1)z2,7
PRMT (2)=TMAYX
PRMT (3)=HFAST
PRMT(“).V) a1
EnF=1,2/13.2
00 3602 I=1,13 '
XDOT (1) =EwWF
zAGL(I)xXIC(I+7) =~ZRARS(I,1)
CONTINUE
NZWGL =
ICRCT=2
CALL RXGS(PRMT,ZWGL,XDO0T,13,IALF,FZWGL,QZAGL,AUX)
MZHUGLSNZHGL =1
TYyPE 3730
FORMAT(’ GIVE BAUD RATE *,S8)
ACCEPT 11,18AuUN
TYPE 3847 :
FORMAT(’ PLOT ZERC OROER RESULTS? *,%)
ACCEPT 1,IANS
IFCLANS="Y") 47¢Q,4273,422R
IF(IANS=’N°’) 4190,4323,4120
TYPE 1620,TANS
GQ TQ 3904
CALL GRAPHS(NXCT,NYX3R,NXAR,NZWGL,IRAUD,XS,TS,XBARS,
1T8AR,284RS, THAR,IWGLS, TWGL)
TYPE 4490 ‘
FCRMAT (s DO CQRRECTIONS? *, )
ACCEPT 1,IANS
IF(IANs-‘Y ) 4632,4822,4522
IF(IANSL.®N’) 47¢P,8720,4720 ?
TYPE 1632,TANS f
GO TO 4s7@
OELR(1)=22,7
DELRW(1)=0.92
00 Saza I=1,3
0U S@¢a IT=1,NXBR
108(1,1T)=2,2
198 (1,IT)=0,2




49749
S¢29

5194

5234
5324
S40¢

5509

5603

196

CELR(2)38H#ZBARS (L, IT)/HCL)+H(3)*ZBARS(3,1IT)/SH
DELR(3)=BH*ZBARS(L1,IT)/H(1)=H(2)*2ZBARS(3,IT)/SH
00 4992 J=t,3

ANG=TH’T,J)+NDELR(J)=DELR(I)

CANG=COS (ANG)

SANG=SIN(ANG)
I0BCI,IT)SIONBCTI,IT)+Y(T,J)*(ZB8ARS(J+13,IT)*CANG=XBARS(
1J+1,17)2SANG)

IOBCI,TY)sSTIQR(TI,IT)I+Y(T,J) »(XBARS(J+1,IT)2xCANG+ZBARS(
1J+12,IT)xSANG)

CONTINUE

CONTINUE

CO 33ga IT=y,NZWGL

IDW(I.tl’Jaa.n

IGw(I,IT)=0,0

TIME=THWGLCIT)

callL IMTPQL(TIME,TRAR,NXBR,JF,TINT)
DELC=TINT»(ZRARS(1,JF+1)=2BARS(1,JF))+2ZBARS(1,JF)
NELO=TINT#(ZRARS(3,JF+1)=2BARS(3,JF))+Z8ARS(3,JF)
DELR(2)=BH*DELC/H(1)+H(3)xDELD/SH
DELR(3)=8H+DELC/H(1)=H(2) x0ELD/SH
DELRW(2)=BH*ZWGLS (1, ITI/H(1)+H(3) xZWGLS(3,IT) /54
DELRW (3)=BH#ZWGLS(1,IT)I/H(1)=H(2) »2WGLS(3,IT)/SH
pDQ S28? J=1,3
EQP=TINTa(XBARS(J+1,JF+1)=XBARS(J+1,JF)) +XBARS(J+1,
1JF) ;
EOP=TINT*(ZBARS(J+10,JF+1)=ZBARS(J+10,JF))+Z8ARS(
1J+1@, JF)Y+ZANGLS (J*19,IT)

EDPS=EDP=ZHGLS(J+1a,IT)
ANGB=TH(I,J)+0ELR(J)=DELR(I)

CANG=COS (ANGB)

SANG=SINCANGR)

ANGW=DELRW(J)=DELRW(I)

Tis=1,2+CUS(ANGW)

T2sSINC(ANGW)

T3=T1+1,0 '
TOWCTL,IT)=IOWCI,ITY+Y(Y,J)a(CENPSACANG=EQP*SANG) *T1=
1 (EUP*SANG+*EQP*CANG) *T2+ZWGLS(J+1@,1T)2CANG2T3)
IGW (I, IT)SIQW(T,IT)+Y (L, J)*CCEAPxCANG+EDPS*SANG) T+
L(EDPACANG=EQP*SANG) *T2+ZWGLS(J+13,IT)#SANGaT3)
CONTINUE

CONTINUE

CONTINUE

AINT1(1)=0,0

AINT2(1)=94.0

AINT3(1)20,.0

AINTA(1)=2.0

DO 5800 IT=2,NZWGL

IF(IT=2) S52@,55008,5600
FiM1=ZWGLS(2,1)/(XBARS(1,1)xXBARS(1,1))
FeMi=ZWGLS(4,1)/(XBARS (1,1 xXBARS(1,1))

GO TO S73dg

FiMyaFy

F2Mi=F2




S724

S892y

6309

{ 6402
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I.'41'-'IT-1

CALL INTPOL(TuGL(IT),TB3AR,NYX8R,JF,TINT)
OMRzsTINT*(XB8ARS(1,JF*1)=XBARS(1,JF1)+x34aRS(1,JF)
OMRS=UOMR*»QMR

F1sZWGLS(2,IT)/CMRS

F2=24GLS(4,IT)/0MRS

DT=THUGL(IT)=TWGL(IM1)
AINTY{(IT)SAINTL(IM1)+2,S«0Ta(FLeFLMY)
AINT2(IT)=AINT2(IMH1)+d , S20Ta(F2+F24Y)
AINTI(ITYISAINTI(TML)+3,S#0T & (ZWGLS(2,IT)+ZWGLS(2,IM1))
AINTA(IT)=AIMTA(IMI )+ ,S#0Tx(ZWGLS(4,IT)+2ZWGLS(4,1IML))
CONTINUE

AINTS(1)=23.4

0U 64Q7 IT=2,MNZaGL

IMizIT=1

CALL INTPOL(TWGL(IT),rRAR,MNXAR,JF,TINT)

IF(IT-E) 59"0‘7'.599'0.61@7‘

FiMi=¢,9

00 6339 J=1,3
FIML3FIML+XBARS(J+1, 1) #IQW (], 1)+ (ZRARS(J*19,1)+ZWGLS(J
1+12,1))*I0ANCJ, 1) +2ZwGLS(J+1Q,1)xT108(J,1)

CONTINUE

GQ TN 222

FiMy=Fy

Fls¢,2 :

CO w399 J=1,3
EQP=TINT»(XBARS(J+1,JF+1)=XBARS(J+1,JF)Y)+XRARS(J+,JF)
EQPsSTIMT*(ZBARS(J+1Q,JF+1)=Z2RARS(J+12,IF))+ZBARS(J+12,
1JF)+24GLS(J+12,IT)
AIDBsTINT=CIDB(J,JF+1)=IDBC(J,JF))+IDBC(I,JF)
FlsFI+EGPxTAW (I, IT)+EDPxIOWCI, IT) +ZWGLS(J+13,IT)»A108
CONTINUE

DT=TWGL(IT)=TWGL (IM1)
AINTS(IT)I=AINTS(IM1)+3,5%0Tw(FLeFLIML)

CONTINUE

C1=(P,S*SH*PINCLY/(HCL)*BR))®AINTL (NZAGL)
C2=2(",S*xPIM(2)/BH) a(=AINT{ (NZWGL)=H(3) #AINTR2(NZAGL)
1/SH)
C3=2(2,5*PIN(3)/BH)w(=AINTL(NZWGL)+H(2) *AINT2(NZWGL)
1/SH)

C4=a,5«0CLIASHMATIMNTIC(NZWGL) /7 CH (L) =8H)

CS=(Q,5x0(2) /3H) a(=AINTI(NZWGL)=H(3)*AINTA(NZHGL)/
1SH)

Co2 (A ,SnD(3)/BH) 2 (=ATNTIINZWGLY +H(2)*AINTA (NZWGL) /
1SH)

C72=(Q,5/8H)xAINTS(NZWGL)
XBAR(1)aXIC(1)+Ct+C2+C3+C4+CS+CH+CT

D0 6503 IT=1,MNZw6GL

Ti2=Cl+ (B, SaSHRPINCL)/(H(L)2RH))*ATINTL(IT)
T22=C24(0,SaPIN(2)/8H) w(=AINTLI(IT)=HR(3)nAINT2(IT)/
1SH) X )
T323=C3+(2,5#aPIN(3)/BH) R (=AINTL(IT)+H(2)xAINT2(IT)/
1SH)

T4=aCa+Q,5+0 (1) 2SHAAINTI(IT) /(N (1) 28H)




6529

660y

6729

6829
69@4

797Q

719

7209

7222

198

TS2=CS+ (2,540 (2)/BH) " (=AINTI(IT)=H(3)#AINTA(IT)/
1SH)

Toz=Co+(D,5xN(3)/8H) #(=AINTIC(IT)+H(2) #AINTA(IT)/
1SH)

T72=C7=(?,5/BR)xAINTS(IT)
XAGLS(1,IT)=T 1 +T2+4T3I+T44+TS+TH+T?

CONTINUE

00 69%pn 1=1,3

AINT1(1)=2.0

AINT2(1)20.0

DU e6pn IT=z2,NZWGL

IMiaIT=

DT=TWGL(IT)=TWGL(IML) ,
AINTU(CITI=AINTL(IML)+@,S*0T=(IOWNCL,IT)+I0OWCT,IML))
AINT2(IT)SAINT2(IM1)+A,S*0Ta(ZWGLS(I+4,IT)+2WGLS(
1r+4,141))

CONTINYE
Cl=a((XOCI)=XPCIV)/TOQP(I) ) AINTY (MZWGL)
c2=(1,0/TOCP(I)) »AINT2(NZWGL)
XBAR(I+1)3XIC(I+1)+Cl+C2

DQ 6702 IT=1,NIWGL
T12=Cl=((XDP(I)=XP(2))/TDOP(I))#AINTL(IT)
Te==C2+(1.,2/TDOP(I))*AINT2(IT)
XWGLS(I+1,IT)=T1+T2

CONTINUE :
CLs(KFCI)/CTFCI)#TFCI)))*AINT2(NZWGL)
XBAR(CI+4)=XIC(I+4)+CH

00 68pm IT=1,NZWGL
Ti==Cle(YFCI)/CTFCI)RTF(I)))*AINT2(IT)
XWGLS(I+4,IT)=TY

CUNTINUE

CyNT INUE

00 7@¢m I=1,7

TYPE =»,XBAR(I)

CONTINUE I

PAUSE *CORIC”*

00 719@ I=s1,13

Z8AR(I1)=ZBARS(I,!)

CONTINUE ’

PRMT(1)=202,2

PRMT (2) STMAX

PRMT (3)=HSLQW

PRMT(4)=2,001

00U 7202 I=1,7

XDOT (L) =EWS

CONTINUVE

ICRCT=0

00 7222 Isi,NXBR

TOOT(I)3TBARC(I)

CONTINUE

00 726@ Isi,NM{

OTaTBAR(I+1)=TBAR(Y)

00 7240 J=1,13

;
i
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200T(Jo1)=(ZBARSC(JI,I*1)=2ZBARS(J, 1)) /NT
7249 CONTINYE
7269 CCNTINUE
0U 7282 I=1,13
ZpoT(r,nXBR)3ZNOT(I,NM1)
7284 CONTIMUE
DU 7292 I=1,13
TYPE =,20QT(I,1)
7299y CGNTINUE 3
PAUSE °ZNhQT°’
NDQT=NYBR
MXER=1
CALL RXGS(PRMT,XRAR,X(NT,7,IHLF,FXARAR,0XAAR, AUX)
NyBRasNytRa1
NA 7409 IT=1,NZWGL
CALL INTPOL(TWGL(IT),TRAR,NX8R,JF,TINT)
nU 7382 1=1,7
XCeI,IT)STINT#(XBARS(I,JF+1)=xXBARS(I,JF))+XBARS(I,JF)
LeXuGgLS(L,IT)

71323 CONTINUYE

7402 CONTINUE
MXCsMZAGL

£ NfC 7522 I=1,MZWGL
TxC(I)=TwGL(I)

7529 CONTINUE i

PRMT(1)=2,2

PRMT (2)=TMAX

PRMY (3) =HFAST

PRMT (4)32,201

00 76y@ I=t,13

XOT () =EwF

INAGLCI)3IXIC(T+7)=ZRARS(I,1)
T2 COMTINUE

MZWGlL =y

ICRCT=1

CALL RKGS (PRMT,ZWGL,X00T,13, THLF,FZWGL,QZWGL,AUX)

NZWGLISNZWGL =1

TYyPE 7722 :
1729 FORMAT(® PLQT CORRECTED RESULTS? *,$)
, 7879 ACCEPT {,IANS
| IF(IANS="Y’) 7927,R817Q,79207

| 7990 IF (IANS=‘N‘) 800n,8220,8920
'YLP) TYPE 160@, IANS
| G0 TO 7890
E 8109 CALL GRAPHS (NXCT,NXC,NXBR,NZWGL,IBAUD,XS,TS,XC,TXC,
|

1Z8ARS, TRAR,ZWGL S, TWGL)
829v TYPE 8300 X
832y FORMAT (¢ 00 MORE CORRECTIONS? *,8)
3409 ACCEPT {,IANS

IFC(IANS=’Y’) 850Mm,48729,85020

8502 IF(IANS=*N’) 8640,872Q@,8620
! 8874 TYPE 163@, TANS
: 60 TN 8429

8722 TYPE 8427




8579
a83ey

9¢03
9109

9229

200

FURMAT(* RUN AMOTHER CASE? *,$)

ACCEPT ,1ANS

IF(IANS-'Y )} 9924@a,12@,92@2

IF(IANS-‘N’) 91uA,92723,9120

TYPE 160@,IANS

GQ TO 89a@gQ

sSTaep

END

lanenxaarexx*BLOCK DATA PAGE 2%wrktaxtaawviad
BLACK NATA

REAL KA(3).KE(3),KF(3)

DIMENSION X0(3),¥G(¢3),XP(3),TOOP(3),TQOP(3),TA(3),TE(3),
1TF(3),H(3),0(3)

CGMMON/BLK1 /XD, X0, XP

CUMMON/5LK2/TDOP, TQQOP

COMMON/8LK3/TA,TE,TF

COMMUN/ZBLKA/H,D

COMMON/BLKS/ASAT,BSAT

COMMON/uLK6 /KA ,KE KF

DATA (xD(CI),I=t, 1)/0 6,9 8958,9, 9/

DATA (X3(€I),1=1,3)/6,58,08,8645,3,85/

DATA (XP(CI),I=1,3)/0. zbea ,1198,0.1813/
DATA (TOOPfI) I=1 3)/0 2,6,2, 5 9/

OATA (TQOP(IY,121,3)/0,25,7.54,3,65/

0ATA (TACI),Ist, 3)/3t0_06/

DATA (TE(I).Ial.SJIB'GpS’

DATA (TF(I),I=1,3)/3»1,2/

DATA (KACID), I=1,3)/3~25 a/s

DATA (KE(L),I31,3)/3x-7, 2445/

DATA (KF(I),1=1,3)/3%2,16/

DATA (H(1), I=l 3)/23 b4,6,4,3,21/

DATA (D(¢1),I21,3)/9,6,2,5,1.%/

0ATA ASATIG 001123/ BSAT/G 3043/

END

IananenxxxeaxewFIJNCTION SE PAGE Iawwwxwxnxtnw
FUNCTINN SE(ARG)

cOMMON/gLKS/ASAT ,BSAT

SEaASATLEXP(RSAT#ARG)

RETURN

EnO

{axanxuanxnxnaSURRQUTINE FXCT PAGE Qaansxsnnn
SUBROUTINE FXCT(TIME,X.X00T)

REAL KA(3),KE(3),KF(3)

REAL ID(3),10¢(3)

OIMENSION X(22),%00T(2?),XD(3).XQ(3),xP(3),TOOP(3),TRQOP
1C3) s TACS)LTE(I),TF(3),H(3),0(3),Y(3,3),TH(3,3),VREF(3),
2PIN(3),0ELR(3),VLT(3)

COMMON/BLK1 /X0, XQ,XP

COMMON/8LK2/T0QP, TGQP

COMMON/BLK3/TA,TE,TF

CUMMON/BLKA/H,D

COMMON/BLK6/KA,KE ,XF

COMMON/8LK?/Y,TH

COMMON/BLKA/RH, SH




' 1490
't 17

J 690

' 740
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CQMMON/BLK9/VREF,PIN

COMMON/ZBLKIL/ZVLT

NELR(1)s2,2

DELR(2)3BHRX (8) /H(1)+H(3)«X (1) /SH

NDELR(3)aRrxd (8)/H(1)=H(2) %X (1Q)/SH
OML13X(1)=SHaX(9) /R (1)

OMRaX (1) *+X (e (T)ax(11)/SH

OM33X (1) *+X(9)=H(S)ax(11)/3H

nQg 27y I31,3

Iucl)ysg, ?

I¢l)3a,?

0U 1929 Jsi,3

ANG=TH(IL,J)+NELR(JY=NPELR(I)

CANG=CNS CANG)

SAMGaSINCAMNG)

IOCI)=TOCIY+Y LT, ) a(X(J+lT7)aCANG=X(J*1) #SANG)
IQCI)=TQCl)eY (I, JJt(Xtht)'CANG¢X(J017)-SANG)

CUNT INUE

CynNT INUE

PARINaPIN(1)/0M1+PIN(2) /0M24P 2 (3)/0M3

NaMan (1) *#(CM1=1,2)+D(2) = (QM2=1,2)+0(3)+(OM3=1,7)
PuRPUUT=9,2

NG 3eQ I=t,3 _

PaRUUT= PVROUTtitrtt)tIﬁ(I)¢X(I*17)'IU(TJ

CONTINUE

XPOT(1)3(2,5/8BH) #(PURIN=DAMPYRQUT)

Dg «@@ I=4,3,

XOOT(I¢1)a(1 A/TDOP(I) ) = (=X (I+1)=(XDCI)=XP(I))xIOD(TI)+X (]
1+11))

CONTINUE

00 529 I=1,3,

XOOT(I#&)*(! ZITF(!))t(-X(I+ﬂ)+KF(I)txtl*lt)/TF(IJ)
CONTINUE

x0CT(8)=3377,22%(9)

X007 (9)=(d. S/BH)-( PINCL)/0ML#N (1)« (OML=1 ﬂjfxta)tfﬁ(il*
1xcxa)-10(1)¢c~(1)13h1-chuta)/ona 0(2)1(0"2 1e2)=X(3)#
2IN(2)=X(19)#IN(2)+PIN(3)/OM3=DN(3) *(0M3=],Q)= «x(d)»1Q¢(3)
3=x(22)4ID(3)))

X00T(1Q)=377.,0+X(11)
XOOT(11)2(B,S/H(2))«(PIN(2)/0M2=D(2) % (OM2=l ,B)=X(3)x]IQ
1(2)=X(19)%IN(2))=(@.S/H(3) )« (PIN(3)/0M3=D0(3)»(QM3=1,2
2)=X(a)»1Q(3)=X(23)xID(3))

D0 699 I=y,3

X0OT(I+11)2(l A/TECI))#(=CKECI)+SECXCTI+11)))aX(I*11)e
{x(1+14))

CoONTINUE

DO 729 I=1,3

ALz (I+17)+XP(T)#In(D)

A23X(I+1)=XP(1)xI0CT)

VLT(I)=SORT(A{wA1+A22A2)

X0OT(I+10)8(L A/TACT))*#(KACTIn(XCI+q)=KF L)X (I+1L)/
ITF(IJ-VLT(I)¢VREFf;))-x(1+14))

CUNTINUE

0g 3824 I=1,3

T AT W T
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X0OT(I+17)3C1.A/TQO0P(I))n(=X(I+1T)+(XQ(I)=XP(I))*IQ(I)) ‘
CONT INUE ‘
RETURN ?
END "
Intannanta®2SURRNUTINE QXCT PAGE Swatxxawares
SUBROUTIME OXCT(TIME, x, X007, IHLF,NDIM,PRMT)
DIMEMSTION X(24),X00T(22),PRMT(S),XxS(23,521),Ts8(521), |
LyLT(3) ’
CUMMOM/3LK19/X8,TS,NXCT

COMMOM/BLKIL/ZVLT

DU 1Py [s1,27

xXSCI,NXCT)sX(I)

CUNTINUE

Oy 20y [=1,3

XS (I+2n , NXCT) VLT (D)

CUNTINUE

TS(NXCT)=TINME

IF(NXCT ,GE.S21) PRMT(S)=1,?

NXCT=NYXCT+1

RETURN

END

lanerxextxvxSURROUTINE SLVFST PAGE brasxxnnnntnr
SURROUTINE SLVFST(X3AR,ZBAR, TIME)

DIMENSTON H(3),0(¢3),XRAR(7),28ARC13),Y(3,3),TH(3,3),
28 (S),WKAREA(S),V(3),PIN(3),YREF(3),200T(13,5a1),TDQT(
3541),nQT(13),T00P(3),TACP(3)

REAL KA(3),KE(3),KF(3),IN(3),IR(3)
COMMON/BLKL /XD, xQ, XP

COMMON/BLX2/T00OP,TRQP

CQMMON/BLK3/TA,TE,TF

CUMMON/83LK4/H, D

COMMAON/BLKS/ASAT,BSAT

CUMMON/BLKG6 /%A ,KE ,KF

CUMHON/BLKT/Y,TH 1
CUMMON/BLKA /RN, SH

COMMON/HLKI/VREF ,PIN

CUMMON/BLK1ISZICRCT

COMMQAN/BLK17/20QT,T00T,NOCT

Cla(l,AsN(L)/SH)«SIN(TH(L,2))

Cas(1,2=H(1)/8H)xCOS(TH(1,2))

YH122Y(1,2)2SGRT(C1aC1+C22C2)

PSI12=ATAN2(C1,C2)

Cls(1,0+H(1)/7SH)2SINCTH(L,3))

Cex(1,2=MH(1)/SH)=COS(TH(1,3))

YH132Y(1,3)283RT(C1aCL+C2aC2)

PSI{3sATAN2(CY,C2)

Clas(l.,2/H(2)+1.Q/H(3))*SIN(TH(2,3))
C2s(=1,2/H(2)+1,a/H(3))2CQS(TH(2,3)) :
YH233Q,S5%Y(2,3)+SQ°T(C12CL+C22C2)

PSI23a3ATAN2(Cy,C2)

00 29 Is1,13

00T(I)=9.2

CUNTINUE
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IFC(ICKRCT) 8¢2,87,4)

Call INTPQL(TIME,TNQT,NOOT,JF,TINT)

DO 69 t=st,!13

0QT(ly=2NAT(L,JF)

CUNTINUE :

284Q(2)=9QT(1)/377.2

28AR(4)=N0T(3) /377,12
OM{=YBaR(l)=SH2ZRAR(2)/H(})
OM23SX34AR(L) +2BAR(2) +H (3)2ZBAR(A) /SH
OM3IsXBAR(L)+2BAR(2)=H(2)22B8AR (1) /SH

DO 149 ITER=31,S0

ICONVzy

ng e¢2 1=1{,S

B(l)=y,2

DO 12¢ J=1,5

Acl,J)y34,9

COMTINUE

CUNTINUE

ANG)2BHa234R(1)/H(1)+HM(3)»ZBAR(3) /SH
ANGsBHRZBARCLY/H(1)=H(2)#23AR(3)/SH
GAM{=PSI12+aNG1

GAM2zPSI13+ANG2
Tis(H(1)/SH)«(PIN(2)/0M2+PIN(3)/0M3)=PIN(])/0M}
TR2z0(1)n(QMlal 3V =(H(L)/SH) 2 (0 C2) x(0M2=1,3)+0(3) »(OM3
1=1,0)) g

T4z (XBAR(2) »XBAR(2) +ZBAR(11)#ZBAR(11))2Y(1,1)«CQS
1(THCL, 1)) =CH(CL)/SH)N((XRAR(3) »XBAR(3)+2ZRAR(12) 2234
2R(12))1aY(2,2)%COS(TH(2,2))+(XRAR(4) *XBAR(L)+ZBAR(1L3
3)*ZRAP(13)) 2y (3,3)«CAS(TH(3,3)))
PL2xBAR(2)#XRAR(3)+ZBAR(11)=28AR(L2)
P23XRAR(2)#ZRAR(12)=XBAR(3) #284AR(11)
PZI=XRAR(2)*XRAR(4)+ZAAR(11)228AR(13)
Pa=XBAR(2)#I3AR(131=XBAR(4) x23AR(11)
P5=XBAR(3)*#ZBAR(13)=XBAR(4) #Z34AR(12)

PesXBAR(3) «XBAR(4)+ZBAR(12)«2BAR(L3)

TgasYH 22 (P12COS(GAML) +P2*SIN(CGAML))
TSayH{Ix(P3«COS(GAM)+PUsSIN(GAM2))
Te32,0#(H(1)/SH)xY (2,3)2COS(TH(2,3)) *(PS*SIN(ZBAR(3))
1=P6*COS(2ZBAR(3)))
B(l)=a(T1+T24T3+TA+TS+TE)+2,22RH200T(2)
T1e2,0+ZRBAR(11) %Y (1,1)*COSCTH(1,1))

T23yH 122 (ZRAR(12)*COS(GAM]) =XBAR(3I) #SIN(GAM]Y))
T3aYH13#(ZRAR(13)2COS(GAM2) ~XBAR(Q) 2#SIN(GAM2))
AC1,1)2T1+T2+T3

Tlz=2,2x(H(1)/SH)*Z8AR(12)#Y(2,2) xCOS(TH(2,2))
T2syYH12«(ZRAR(11)2CAS(GAML) +XBAR(2) «SIN(GAML))
T32=2,Ax(HC(1)/SHY =Y (2,3)*COSCTH(2,3))x(XBAR(A)*SIN(
12BAR(3))+ZBAR(13)2COS(2ZBAR(3)))

ACL1,2)2T1+T2+T3
T122,90(HC1)/SHY%2ZBAR(13)2Y(3,3)»COS(TH(3,3))
T2sYHLI3In(ZRAR(11)2COS(GAM2) +XBAR(2)2aSIN(GAM2))
T322,3w(M(1)/3H) Y (2,3)CAS(TH(ES,3)) = (XRARC(3) aSIN(
128AR(3))=Z8AR(12)»C0S(28AR(3)))
ACL1,3)8T1+T2+T3
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T1s(YH12#BH/H(1))a(=PLaSIN(GAML)+P2aCOS(GAMY))
T2=(YH1343H/H(1))a(=P32SIN(GAM2) +PA2COS(GAN2))
AC1,4)=TL+T2
Ti=(YH12*H(3)/SH)a(=P14SIN(GAML1)+P24CAS(GAMYL))
T23(YH132H(2)/SH) 2 (P3aSIN(GAM2)=PU*»(CNS(GAaAM2))
T32(2.,AxH(1)/8H) »Y(2,3)2COS(TH(2,3)) 2 (PS«COS(ZBAR(S3
1))+Po*SIN(ZRAR(3)))

A(1,5)3T1+T2+T3

GAMy=TH(2,1)=ANGY

GAM2=TH(3,1)=ANG2

GAM3sPS123+Z8AR(3)
T132,Se(PIN(C2)/7(0ON2aH(2))=PIN(3)/(OM3H(3)))

TR32 ,Se(=N(2) 2 (UM2=l D) /H(2)+N(3)x(OM3=1,2)/H(3))
T322,52(=(XBAQ(3)aXBAR(3)+2B84AR(12)*234aR(12))*Y(2,2)»
1COS(TH(2,P))/H(2)+(XBAR(A) »XBAR(4)+Z3aR(13)*#ZBAR(L3)
2) =Y (3,3)=COS(TH(3,3))/H(3))
T43=(3,5*Y(2,1)/H(2)) 2 (P1«COS(GAM]I)=P2+SIN(GAML))
TSs(?.SaY(3,1)/H(3))=(P32COS(GAM2) =PdxSIN(GAM2))
ToaYH23x(PoxCOS(GAM3)=PS*SIN(GAM3))
B(2)==(T1+T2+T3+TU+TS+TH)+DQT(4)
T12=d,S2(Y(2,11/H(2))x(ZBAR(12)*COS(GAML) +XBAR(3) aSIN(
16aM1)) :
T236,Su(Y(3,1)/H(3))»(ZBAR(L13)wCOS(GAM2)+XBAR(G)xSIN(
16AM2))

A(2,1)=TL+T2 :
Ti==23AR(12)»Y(2,2)%C0S(TH(2,2))/H(2)
T23=(0,5%Y(2,1)/H(2))»(2ZBAR(11)+COS(GAM])=XBAR(2) xSIN(
16aM1))
T32YH23a(ZRAR(13)aC0OS(GAMI) +XBARCA) xSIN(GAMS))
AC2,2)=T1+T2+T3

T13ZBAR(13)»Y(3,3)xCOSCTH(3,3)1/H(3)
T2=(2,5*Y(3,1)/H(31)*(Z8AR(11)«COS(GAM2)=XBAR(2)*SIN(
16AM2))

T32YHR32x(ZRAR(12)2COS(GAM3) «XBAR(IIASIN(GAMI))
A(2,3)2T1+T2+T3
T12a(0,52Y(2,1)%BH/(H(2)aH(1)))wa(=P12SIN(GAM])=P2+COS(
1GA.‘11)) 2
T23=(0,5*Y(3,1)#BH/(H(3)*H(1))In(=P3+SIN(GAM2)=P3d2COS(
1GAM2)) |
A(2,4)3T1eT2
TI3(@,52Y(2,1)aH(3)/(H(2)*SHY)w(=P1aSIN(GAM)=P2+COS(
1GaM1))
T22(Q,52Y(3,1)eH(2)/7(H(3)#aSH))a(=PI3aSIN(GAM2)=P4»COS(
1GAM2))

T33YH23a(=PoaSIN(GAM3)=PS«COS(GAM3))

A(2,5)sT1+T2+T3

DELR(1)=2,0

DELR(2)=2ANG|

DELR(3) =ANG2

00 4@9 I=y,3

I1G¢l)=2,2

00 309 J={,3

ANGSTH(I,J)+NELR(CJ)=DELR(I)

CANGsCNS (ANG)
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SANG=STINCAMG)

1QCI)=TQ I oY (T,J)«(XBARCI+L)NCANG*ZRAR(J+1Q) «SANG)
CUNTINUE

CUNTINUE

DU seg [=1,3
B(le2)=IBAR(T#1)=(XA(T)=XP(I))#IQ(I)+TIOP(I)ANAT(I+12)
CONTINUE

NQ 9900 I[=1,3

00 829 J=i,3

ANG3TH (L ,J)+NELR(JI=DELR(I)

IF(Ll=J) 7@a,407,7C"
A(142,7)5=(1.2=(XG(I)=XPLI))ayY (I, 1) aSIN(TH(I,I)))

GC TO 422

A(I+2,0)3(XQfI)=XP (1)) Y (L,J)aSINCANG)

CUNTINUE

CONTINUE

GAML{=TH(1,2)+ANGY

GaM2sTH(1,3)+AMG2
T13Y(1,2)a(=XBAR(3)aSIN(GAM|)+2BAR(12)#2COS(GAML))
T2aY(1,3) % (=X3AR(4IxSIN(GAM2) +28AR(13)»COS(GAM2))
A(3,8)3(XQCL)=xP (1)) *(BH/H(L))2(T1+T2)
TL=A(3)aY(1,2) % (=XRAR(3) #SIN(GAML)+ZRA2(12)2COS(GAMY))
T23n(2) Y (1 ,3) 2 (=%XPAR(G)*SIN(GAM2)+ZRAR(13)2C0S(GAM2))
A(3,5)=((XQC1)=4P (1)) /SH)a(T1=T2)

GAML=TH(1,2)=ANGY

GAM2aTH(2,3)=28AR(3) 1
A(3,8)2=(X0(2)=XP(2))aY(2,1)#(BH/H(1))s(=XxBAR(2)»SIN(GAML)+
1ZBARP(11)+COS(GAML))

TiaY (2, 1) 2CH(3)/SH)x (=XBAR(2)aSIN(GAML)+Z3AR(11)*CAS(GAML))
T3y (2,3)#(=YBAR(4)#SIN(GAMR2)+2BAR(]13)=CAS(GAI12))
A(3,5)3=(XA(2)=XP(2))x(T1+T2)

GAM1=sTH(1,3)=ANG?

GAM23TH(?2,3)+2RAR(S3) A
A(S,8)3=(XN(3)=XP(3))aY(1,3)a(BH/H(1)) s (=xBAR(2)*xSIN(GAM])
1+ZBAR(L1)#COSCGAML)Y)
Tia(Y(1,3)*H(S)/SRIn(=YBAR(2)ASIN(GAMI)+ZBAR(11)*COS(GAML))
T22Y(2,3)na(=XBAR(3I)«SIN(GAM2)+2BAR(12) «COS(GAM2))
ACS,S)=s(XQ(3)=XP(3))*(T1+T2)

CALL LEQT1F(A,1,5,5,8,2,WXAREA,IER)

N0 1220 Is1,S

IF(ABS(B(I))=-2,.00Q1) 1200,1220,1122

ICONVEQ

CUNTINUE

Dg L1332 la1,3

ZBAR(I+12)sB(1)+2BAR(1+1Q)

CONTINUE

I6AR(1)=ZBAR(L)+B (4Q)

ZBAR(3)3ZBAR(3)+8(S)

IFCICONY) 1402,183@,1670

CCNTINUE

TYPE 15¢92 d

FCRMAT(® NON-CONVERGENCE=ANGLES AND EQP?*)

STOP

DELR(1)22,0
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DELR(2)3RA2ZBA(1 ) /H(L)+H(3)¥ZRAR(3)/SH
DELR(3)3RA=xZAAR(1)/H(1)=H(2)*28AR(3)/SH

NG 18272 Iat,3

ID(I)I"’."’

13(1)=29,9

00 173m Js31,3

ALGSTH(L,JY+NELRCJI=NELR(I)

CANG=COS (ANG)

SAMGaSINC(ANG)
I0CLY=IDCL)+Y(1,J)*#(ZBAR(J+1A)wCANG=XIAR(J+1) x3ANG)
IRCL)SIGCIY+Y(T,J) w(XBARCI+1) «CANG+ZBAR(J+13) xSANG)
CUMTINUE

CymrINuE

NO 19@a 1=(,3

VDsZRAR(I+1 3V +XP (L) «TQ(L)

VUsxBAR(T+1)=xP(1)#IN(T)

V(I)=SART(VD&YN+VI#VA)

CONTINyYE

00 2532 1=1,3

DO 2299 ITERs3!,S0

ICONV =

ANUM (KECI) ¢ (KACTI)*XF(I)/TFCI)V+SE(ZRAR(I+d)))»ZBAR
1(T+3)~KA(I)N(XBARCI*Y) =V (I)+YREF(I))I+TEC(IIADAT(I+4)+TA(
1I)=0QT(Ll+7)

NENUMz= (YECI)+(KACI)*KF (I)/TF(I))+(8SAT~ZRAR(I+4)+1,0
1) *SE(23AR(I+4)))

NITsANUM/DENOM

IFCABRS(OTIT)=2,2301) 2100,2127,2900

ICONVEA

ZBAR(CI+4)=Z3AR(I+4)+01T

IFCICQONY)2220,22729,2492

CONTIMUE

TYPE 2322,!I y

FORMAT(” CONVERGENCE FAILURE-EFD *,It)

STarP
2B8AR(I+7)=KA(CI)#(XRAR(TI+4)=KF(I)*ZBAR(I+3)/TF(I)=V(I)
{+VREF(I))=TA(I)*0NT(I+7)

CONTINUYE

RETURN

ENO

lenannennatxx2SURROUTINE FXSAR PAGE Tawwwnnnuns
SUBROYTINE FXBAR(TIME,XBAR,XDAT)

REAL KA(3),KE(3),XF(3),10(3),IN(3)

OIMENSIGON XBARCT),XDOT(7),ZBARCLI3) ,XN(I) ,XN(3)XP(3),
1TOOP(3),TNOP(3),TA(C3),TE(3),TF(3),H(3),0(3),Y(3,3),
2TH(3,3),VREF(3),PIN(3),0ELR(3)

CQMMON/BLKL1 /XD, XQ,XP

coMMOM/8LX2/T0QP,TGQP

COMMOMN/BLK3/TA,TE,TF

COMMON/BLKA/H,D

COMMON/BLK& /KA ,KE ,XF

CQMHAON/BLKT7/Y,TH

COMMON/3LKB/AH, SH

COMMON/BLK9/YREF,PIN
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CUMMON/BLX12/284AR

CALL SLVFST(XBAR,ZRAR,TIME)

NELR(1)=2,7

NELR (2)sBH#ZRAR(C1) /H (1) +H(3)«ZBAR(3) /SN

NELR(3)z3H*#ZRAR(1)/A(1)=H(2)#Z8AR(3)/SH

| OM1aXBAQ(1)=SH*ZRAR(2)/H(1)

i 0M2=XBARC(1)+Z3AR(2)+H(3)#ZRAR (L) /SH

i OM32XBAR (1) +ZB8AR(2) =4 (2)#ZRAR(4)/SH

1 nu 293 1=1.,3

to¢l)y=sa,”
13c¢l)ysa,?

i NJ 1729 J31.,3

q ANGsTH(L,J)+DELR(JI=DELR(I)

i CANG2COS (ANG)

§ SANGsSINCANG)
I0CI)aIQCL)+Y (T, )« (ZRAR(J+1D)«CANG=Y3ARC(J+1) #SANG)
I1QCI)STQCLY+Y (T, J)a(XBAR(J+1IwCANG+ZBAR(J+10) #SANG)

1¢2 CONTINUE

242 CUNTINUE
PHRLN:PIN(IJloﬁttplﬂfe)/0“2091N(3J/U“3

1. NAMaN (1) 2 (AMl=l M)+ (2) 2 (QM2=1,2)+N(3)+(OM3=1l D)

PWRUUT=),.2

: DU 42¢ I=1.,3
quouT.PWROUT+XBAR(:¢1)-IG(I}vZBAR(I~1ﬂJtIO(I)

492 CONTINUE
XVOT(1)=(3,.5/8H) a(PWRIN=NAM«PWRAUT)

00 S@9 31,3,
X00T (I41)=C1.@/TOOP () ) #(=X3AR(L+1)=C(XN(I)= -XP (1))
1IN(CI)+23AR(1+4))

Sga CONT INUE
00 0@ I=1,3,
XYOOT(I+413C1.8/TF(T))n(=XBAR(L+3)+KF (L) aZBARCI*4)

T

1/7F (1))

649 CONTINUE L
RETURN
END 1

IavanexexrxeSUBRQUTINE OXBAR PAGE Bervavrxwpwne
SUBROUTINE OXBAR(TIME,XBAR,xNOT, IALF,NOIM,PRMT)
DIMENSION XBAR(7),XD0T(7),PRMT(S),XBARS(7,541),2ZBARS(
113,501),28AR(13),TBAR(SD1)
COMMON/BLK1Z/ZRAR
COMMON/BLK13/XBARS,ZBARS,T8AR,NXBR
Do 10Q [=4,7

j XBARS(I,NXBR)3XBAR(I)

| 139 CONTINUE

‘ 0Q 222 124,13

| ZBARS (I,NXBR)228AR(])

220 CONTINUE

TBAR(NXBR) STIME

. IF (NXBR,GE,.S501) PRMT(S)=tl,0

, NxBRzNX3R¢1

. RETURN

ENOD

lanwrannnae s aaSURROUTINE FZWGL PAGE Guraxwwaxwnnn

|
i
:
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SUBROUTIMNE FZuWGL(TIME,ZWGL,x0QT)
REAL KA(3),KE(3),<F(3),10(3),IR(3)
OIMENSION ZWGL(13),X0QT(13),%x0¢3),Y¥0(3),XP(3),T0QP(3),
LTQOP(3),TA(3),TE(3),TF(3),H(3),N(3),Y(3,3),TH(3,3),
2VREF (3),PINC3),NPELR(3),XBARS(7,591),2ZRARS(13,521),
ITRARP(S21),XC(7,S5¢1),TXC(SAL),%X(7),2(13)
coMmam/BLXKL /XD, X0, XP
CUMMON/BLX2/TDOP, TRYP
COMMON/BLK3/TA,TE,TF
CUMMON/ALK4/H,D
COUMMNN/BLXE /KA, KF ,KF
CUMMON/3LKT7/Y,TH
CIMMON/BLKB/RH, SH
COMON/3LK9/VREF,PIN
;} COMMAON/BLK13/XBARS,284RS,TBAR,NXRBR
i CQMMON/3LK1S/ICRCT
i IF(ICRCT) 122,122,329
| 142 CALL INTPQOL(TIME,TRAR,NXBR,JFIND, TIVT)
D0 2Q@@ [=21,7
X(I)STINT(XBARS(I,JFINO+1)=X8ARS(I,JFIND))+XBARS(

4 1 1. JFIND)
' 2:m CONTINYE
; GU TO sg@
3an CALL INTPUL(CTIME,TXC,MXC,JFIND,TINT)

DO 423 [=1,7
X(I)STINT#(XC(I,JFIND+1)~XC(T,JFINN))+XC(L,JFIND)

' 40 CONTINUE

| San CALL INTPQL(TIME,TBAR,NX8R,JFIND,TINT)

00 622 I=1.,13 .

Eﬁ Z¢U)sTINT#(ZBARS(I,JFIND+1)=ZRARS(T,JFINN))+ZBARS(

t 1L, JFINQ) +ZWGLCI)

| 642 CONTINUE

H DELN(1)22,7

; DELR(2)=BH#Z (1) /H(1)*H(3)2Z(3)/SH
DELR(3)=AM#Z (1) /H(1)=H(2)#Z(3)/SH
OM1=X(1)=SHxZ(2)/H (1)

| OM23X (1) +2(2)+H(3)«2(4)/SH

OM3=2X(1)+Z2(2)=H(2)%Z(4)/SH

t DO 823 I=1,3

| I0¢I)=2,2

‘; IG¢l)=2,2

{ 0Q 7ep J=1,3

b ANG=TH(I,J)+DELR(J)=NELR(I)

i

CANG=COS (ANG)
fi SANG=SINCANG)

L I0CI)SI0CI)*Y(L,J)n(ZCJ*1B) CANG=X(J+1) «SANG) )
4 IGCI)SIQCI)+Y (T, J)a(X(Je1)«CANGHZ(J+12) xSANG)
| 700 CONTINUE

824a CONTINUE

|

| X0OT (1) %377 ,2¢2ZWGL (2)

H XUOT(2)=(0.:/3HJﬁ( PINCL)/OM140(1)w(QMl=],0)+X(2) »
4 1I0CL)+ZCL1)»I0CL)+(HC1)/SH) «(PIN(2)/QM2 0(21'(0”2
| 2l @) eax(3)alN(2)=2(12)#10C2)+PIN(3)/OM3=D(3) »(OM3 “3
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3 1,2)=X(4)=IQ(3)=2(13)*IN(3)))
07(3):377 2x24GL (4)
gor(qysca S/H(2))*(PIN(2)/QMR=D(2) »(QM2= 1.8)=X(3)*
LIAC2)=2C12)*IN(2)) =LA ,S/H(3))»(PIN(3)/0M3=0(3)x(
204321 ,2)=X(4)*1Q(3)=2(13)+IN(3))
00 9729 I=1.,3
XOOTCI+4)=Cl.A/TE(I) ) 2 (=CKE(I)+SE(Z(1+4))1)nZ(I+d)+
1Z(1+7))
CONTINUE
ng t2gn I=1,3
A1=Z(I+12)+XP(I)*IN(])
A22x(l+1)=XP(I)*I0C(CI)
VLTsSURT(AL»AL+A2xA2)
XOOTCI+7)=3(1.2/TA(CT)) o (KA(T)w(X(L+a)~KF(L)nZ(I+4)
L/TF(L)=VLTSVREF (1)) =2(I+7))
CONTINUE
Dp 1192 I=t,3
xoortx¢1z)-(1 A/TQOPCI) ) (=2 (I+1D)+ (X3 (1) =XP (1)) *IT
1(1))
CONTINUE
PETURN
€D
!ewxxnxa*x*SUBROUTINE OZWGL PAGE 1Qawxxkxxuxxt*
SURRQUTIME OZWGL(TIME,ZWGL,XDAT,IHLF,NDIM,PRMT)
GIMENSION Z2WGLC€13),xDOT(13),PRMT(S),2ZwWGLS(13,5@1),
{1 TWGL (Sal)
COMMON/8LX16/2WGLS, TWGL ,NZWGL
DQ 122 [=1,13
ZHGLS (I, NZWGL) = ZWGL(I)
CANTINUE
TAGL (MZHGL)YsTIME
IF(NZAWGL,GE_ 531) PRMT(S)={.0
NZWGL=NZWGL+1
RETURN
EnD
Ixexexxxxx*SUSROUTINE INTPOL PAGE {{wexaxktxnxs
SUBRQOUTINE [NTPOL(TIME,T,N,JFIND,TINT)
DIMENSTON T(N)
0y 12@ JT={,N
JFINO=JT 3
IF(ABS(TIMET(JT))=1,2E-CS) 220,222,147
CONTINUE
GU TO 322
TINT2p,2
RETURN
NMi{zNe|
0Q 6293 JT=1,NM{
JFINO=JT
IF(TIME=T(JT)) 620,620,409
IF(TIMET(JT+1))529,620,620
TNUMSTIME=T (JT)
TOENQM=T(JT+1)=T(JT)
TINTSTNUM/TOENGM
RETURN
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CUNTINUE

DIFFsTIME-T (JFINN)

TYPE 70@,TIME,T(JFIND),QIFF

FQRMAT(® *,3(2X,EL15,8))

TYPE 829 -
FORMAT(’ »xxINTERPOLATTON FATLURE®#*x")
PAUSE “INTPUL’

STOP

END

IakxaxxxxxxSUBRQUTTINE GRAPHS PAGE 12#uwawxtxtx
SUBROUTINE GRAPHS(NXCT,NXHAT,NZBAR,NZAGL,I8AUD,XS, TS,
I XHAT, TXHAT,ZBAR,T28AR,ZWGL, TZNGL)
NDIMEMSTAN XS (23 ,NXCT),TSCNXCT) XHAT(T,NXHAT), TXHAT(
INXHAT) ,28AQ(13,MZRAR) , TZBAR(NZBARY ,ZAaGL (13,NZWGL),
2TZWGL (NZWGL) ,PLT(SQ1),ZHAT(SA1)

TYPE 229 |
FORMAT(® WHWIfA STATE WILL BE PLQTTED? °*,3)
ACCEPT 3Q@,IPLT

FORMAT ¢I)

IFC(IPLT=7) 800,822,420

IF(IPLT=22) 1392,1333,5a"

00 629 I=1,NXCT

PLT(I)=XS(IPLT,I)

CONTINUYE

CALL INITT(IBAUD)

CaLlL BINITT

CALL NPTS(NMXCT)

CALL XFRM(4)

CALL YFRM(4)

CALL CHECK(TS,PLT)

CALL DSPLAY(TS,PLT)

CALL FRAME

CALL ANMOOE

ACCEPT 70Q@,IANS

FORMAT (A1)

GO TO t13az

AHIN:x.gESCR

AMAXzay 2E32

00 9@g I=1,NXCT

IFCAMINGGT XS(IPLT,I)) AMINaXSCIPLT,I)
IF(XSCIPLT,I) GT ,AMAX) AMAX=XSCIPLT,I)
CONTINUE

0p 12303 I={,NXHAT

IF(A"IN.GT.XHAT(IFgT.I)) AMINsXHAT(IPLT,I)
IF(XHAT (IPLT, 1) GT.AMAX) AMAX=SYHAT(IPLT, )
CONTINUE

Do 1102 I={ ,NXCT

PLT(I)axXS(CIPLT,I)

CONTINUE

CALL INITT(IRAUD)

CALL BINITT

CALL OLIMYCAMIN,AMAX)

CALL NPTS(MNXCT)

CALL XFRM(4)
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150y

17¢5

130y
197
2eny
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CALL YFrM(4)
Cal.L CHECK(TS,PLT)

Call USPLAY(TS,PLT)

CALL FRAME

DO 1242 Ts=t ,MXHAT

LT (l)y=xHAT(IPLT, )

cuMTLnUE

CALL LINE(34)

Call OULIMY(AMIN,aMAX)

CALL NPTS(MXHAT)

CALL CHECK (TXYNAT,PLT)

CALL CPLOT(TXHAT,PLT)

CALL ANMODE

ACCEPT 7124, [A%S

G2 TO 1{A’AAy

JEFLT=s[PLT=?

NG 142 I=3!,NZuGlL

TIME=T26L (1)

Call IMTPGLCTIME,TZ2AR,NZ3AR,JFIND,TINT)

ZHAT () 2T INT2(ZBAR (JPLT,JFINND+1)=2ZBAR(JPLT,JFIND))

1+2CAR(JPLT,JFIND) +ZHGL (JPLT, 1)
CONTINLE

AMIn=l,0E37

AliAkzay PE3D

NU t1S9a T=t,NxCT

TFCAMINGGT (XS(IPLT, 1)) AMIMzXS(IPLT,T)
IF(xS(TPLT,I), GT AMAX) AMAY=XS(IPLT,T)
CONTINUE

Dy 160A I=t,MZWGL

IFCAMINGGT ZHAT(I)) AMIN=ZHAT(L)
IF (ZHAT (L) .GT,AMAX) AMAXSZHAT(I)
CUNTINUE

DU (7@ I=t,NxCT
PLTCI)=XxSCIPLT, 1D

CONTINyYE

CALL INITT(IRAND)

caLL BImITT

CALL DLIMY(AMIN,AMAX)

CALL MNPTS(NXCT)

CALL xFarM(4)

CALL YFRM™(4)

CALL CHECK(TS,PLT)

CALL DSPLAY(TS,PLT)

CaLL FuRAME

CALL LINE(34)

CALL OLIMYCAMIN,AMAX)

CALL NPTS(NZwsL)

CALL CHECK(TZWGL,ZHAT)

CALL CPLOT(TZuGL,ZHAT)

CALL ANMODE

ACCEPT 729, 1ANS

TYPE 1947 |

FQRHMAT(* MNRE PLOTS? “,3)

ACCEPT 7292, TANS

S sl
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IF(L1ANS=’Y’) 2120,137,2123

IF (LANSa’N?) 22¢7",247Q,2240

TYPE 2339,1aMS :
FORMAT (¢ 272°,A1,°2? TYPE AGAIN *,S)
GO TO 2242

RETURN

END
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