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1., Introduction to Computer Aided Circuit Analysis

1.1 Role of Computer Aided Design

Computef programs cannot replace the circuit designer or reduce circuit
design into a rote process: they are simply thereto facilitate the investigation
of possible avenues of research which would otherwise take years rather than
months or weeks, The basic design is still in the hands of the designer who may
with the aid of the computer decide whether to accept, modify or reject his
initial intuitive feelings for the problem., When the basic circuitry fits the
requirements it can be optimised with respect to its basic parameters, Reliability
and sensitivity analyses can also be made with the aid of the computer, The
circuit can now be built and tested to see if experiment matches theory, This
procedure can be adopted in various stages in the building of a complete device
or unit, The designer has to interpret the information supplied by the computer
and decide if the design is acceptable in its present form, The computer can
be programmed to make some decisions but the major ones must be those of the

designer,



1:2 Review of some existing programs

1.2.1. ECAP'

ECAP is a piecewise linear network analysis program consisting of three
packages: DC, AC and Transient,

The DC Analysis Program performs a linear steady state nodal analysis to
produce a nominal solution, This can be followed by a modifiied solution
varying up to fifty of the circuit resistive parameters, Additional
capabilities are a Partial Derivative and Sensitivity Calculation, Worse-Case
Analysis for Node Voltages, Standard Deviation Calculation for Node Voltages and
finally Error Checking on Residual Currents,

The AC Analysis Program performs a linear analysis of the steady state due
to sinusoidal fixed frequency excitation, producing a nominal output followed
by a variation of parameters resulting in a modified solution as in the D.C,
Analysis Section,

The Transient Analysis Program produces a piecewise~linear representation
of the original set of integro-differential equations in the form of difference
equations which are solved by an implicit numericel integration technique,

ECAP is a tool to be used by the circuit designer, analyst, reliability
engineer and others. As with any other tool, it must be used with engineering

Judgement,
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NET 1 is 2 non-linear network analysis program, It does a topological
formulation of the state equations of the network to be investigated, This is
preceded by a DC analysis if initial conditions are to be calculated. The
solution of the set of differential equations known as the State kquations is
accomplished either using Adam's method or Certaine's method, The first is a
predictor corrector method of numerical integration which requires back values
at three previous time intervals. Additional numerical integration procedures
are used by the program to produce these back values. The second method is one
based on the exponential solution of a single linear, first order differential
equation, or a set of uncoupled linear first order differential equations, There
is no predictor corrector mechanism in this method, but it has a variable step
size, routine, The choice between the two methods is made by the program, The
transient integration produces only state variables directly. A subsidiary
calculation produces node voltages and inductor and device currents as required
by the user, Simple sets of equations would be solved by Certaine's method and

complex ones by Adam's method,
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1.3 oState Variable Analysis of Network32

Differential equations may be written in the time domain for a particular
network, the resulting equations being, in general, of differc:nt orders, but by
the introduction of intermediate variables they may be reduced to a set of first
order differential equations, These equations are called the State Equations
of the network and the independent varizbles known as the State Variables, The
set of state variables usually chosen are a set of independent capacitor currents
and inductor voltages. The state variables of any network are the minimum set
of variables, which together with all inputs, are sufficient to determine all
other quantities in that network at any point in time,

If the resulting set of state equations is linesr with respect to the state
variables, time invariant, and contains sources which are piecewise linear
functions of time or constants then they can be solved using the method of
Transition NMatrices known as Certaine's method, Otherwise a powerful general
method is required to deal with problems arising from widely separated time
constants, non-linearities and error propagation due to the method of numerical

integration being used.
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£ 1
1.4 Essential Featurecs of a Program Based on State Varisble Techniques

There are three main areas in the formulation and solution of the State
Equations for.a general RCL network:-

(i) Topological formulation of the relevant Kirchhoff-Current-Law (KCL) and
Kirchhoff-Voltage-Law (KVL) equations which comprise the fundamental cutset
and tieset matrices to form an initial set of equations,

(ii) Reduction of this set of equations until the state variable formulation is
achieved,

(iii) Solution of the state equations by a powerful general numerical method
of integration such as that of Gear,

The first section requires procedures to perform the tasks of computing the
tieset and cutset matrices along with their associated trees. Also, subroutines
are required to deal with the different types of source inputs and set up the
initial system of equations from which the state equations are to be derived,
This is the simplzast of the three sections,

The second section requires routines to eliminate any unwanted veriables and
equations from the system already formulated. This entails counting and
formulating any equations of constraint, and solving for the dependent variables
by Gaussian full pivotting techniques, The remaining equations are brought into
State Variable form, This section rivals the third in its complexity.

The third section seems at first hand to be the easiest, but having a set
of independent differential equations to operate on it is found that different
problems yield widely different complexity in solution, and in general require a
powerful numerical technique, The method of solution employed by such a
program needs routines which control step size, stability, error propagation and

rate of convergence to the desired solution,



1.5 Conclusions

Once a network is drawn the task of producing a set of state variable
equations which totally describe the network relative to some initial state is
straight forward in outline, but the details became exceedingly complex, The
solution of a random set of state equations nceds a powerful method of numerical
integration, as the simplest of problems can turn out to have some undesirable
though unavoidable characteristics, which require careful checking throughout
the solution process to make sure that the optimum step.size within the stability
interval for the numerical method chosen in being used, that the error
propagation is tolerable and that the solution time is economical.

It must be stressed that the program is only on aid within the design process,
thus its effectiveness depends on the direct circuit knowledge and interpretation

of the user,
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D State Zquation Formulation

2:1 Introduction

There aré numerous methods of formulating the equations which describe the
behaviour of a general RCL network, One method, Bashkow's Topological
Formulation leads directly to a set of first order differential equations with
respect to time called the state equeations, A complete set of variables plus
all inputs is sufficient to specify the state of the network at any future point
in time, Other methdds of formulating the state equations e.g. Capacitor-node
inductor-loop methods, or Supposition method do not lead directly to a first
order set of differential equations.5

Briefly, Bashkow's Formulation consists of choosing a tree which contains the
maximum number of capacitor-element branches and the minimum number of branches
containing inductors, each branch containing one and only one capacitor or one
inductor, Then a set of Kirchhoff current equations (one for each tree branch)
and a set of Kirchhoff voltage equations (one for each tree link) are written,
The relations between capacitor currents and voltages, inductor voltages and
currents are substituted as well as the algebraic relations between resistive
currents and voltages to produce a mixed set of algebraic, differential and
integral equations.

Any loops of capacitors in the network appear as first order integral
equations, Any algebraic relations involving'only inductor currents also appear
as first order integral equations, Loops of inductors appear as additional
first order differential equations as do any algebraic relations between capacitor
currents, The integral equations must be eliminated and are easily dealt with,
The excess differential equations need not be eliminated unless the calculation
of an inverse is required. They can in general be taken care of by Gaussian
Elimination (though this is not straightforward). The resistor equations are

eliminated leaving a set of differential equations in state variable form,
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RCL Network and a capacitor based tree
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are then eliminated from the other eguations which become



Jp = =g * g

ig = (2-029 457)56 + (0205457)38 4 (1-0307A57)J9 -(0207437)310
3y = =(2-C05/A,) 3¢ ~(C,C3A-)ig + (C50,/B7) g ~(1-C0-/A-) i)
3, Jg =J10

and

Vg i

V8 —V2 * V3

(L9L10455)v1 —(1-L5L1043 )v + (LCL94§5)V3 -(L L10455)v
¥k -(L9L10455)v -(L L1043 )v + (1~ L ,43 + (1L Llcéss)
wherel&7 i CZC3 + 0207 + 0307 and[§5 = il L9 + L5LlO + L9LlO

RCL Network and

an inductor based tree

From the inductor-besed tree,

ices Lgdjy/dt

v

TN V., + V and Jl = =]

9 10

2 "j3

L9dj9/dt + Llodjlo/dt

and C dvl/dt = -C2dv2/dt —deVE/dt.

*

Integrating and neglecting arbitrary constants

Lgdg = Igdg * Lygdyg
58 and vl
3y = (2 =00, ) 3¢ + (1-(c,
35=
J = 99 TIyg
and

and C.v = =C.v., =C

55 o i P v

are eliminated from the other eguations which become

~C,Lo/Tg)Cs,)3g + (C B, )(-C + C5Ly /1 Jye

-(2-C e As )J6 + (8 AA )(c 2L9/L8)j9 —(l—(C7—CBLlO/L8)C2¢37)Jlo

* which are Fo he added laker os 4'1[/'5601 state variables,

9
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v6 - —V2+ V5

M = V/ L
% (1 (L5 L9C2/C )Llo/As)V,, + (LNA5)(L5 Ly o5 /¢y ) (LngL/AS)VI+
vy o= ~((15-LgC,/C) Ly o)V, + (1-(L 5 10C3/Cl,L9/A5)v3 “ (L9L10/A5)vh
Finally the resistor equations
J-h = vh/R)+ = 39 =djg end v = Ry, = -V, 4 Vs

are used to eliminate v4 and j6 from the other equations to produce

dv,/dt
4

dv3/dt =
CL/CjRé)(2-0203/A7)(-v2+v3)+(1/A7)(C7-C2L9/L8)j9-(1/C3)(1-(C7-C3L10/L8)C2/A7)jlo
dj9/dt =

(=1/Lg) (A=(Lg=Ly /6 )Ty /A ) v, (LA ) (gL (C2/61 vy (R, Ty (/8 ) (3 o

djlo/dt =
(=18 ) (B /€4 Vv, 1/ Ly ) (L=(LgmTy (/€1 VLA v (R, Lo (gmip )
The elimination of the dynamic constraints has been done using topological
properties of the network, By this method, in this instance, Gaussian
Elimination has not been needed, as only one of each type of dynamic constraint
was present in the network, Another method of dealing with the elimination of
dynamic constraints will be discussed later,

bThis formulation can be much simplified by matrix algebra and the concepts

of tieset (BF) and cutset (QF) matrices, where in the previous example

3 7 = - EE =
J1 “nl Jg S (Inn anl)
oy j7 n end 1 are the numbers of tree branches and
links resp.
Inn is a unit submatrix of
jh j9 order n X n
@9 is a submatrix of
LJ5 ; i JlO_ order n X 1.
Ye S vl Bp = (B, Ipy)
V7 v2 Ill is a unit submatrix of
- order 1. X 1
v el . i .
8 3 Lln is a submatrix of
" order 1 X n
9 o
v
l v
- O.. Iz 5 =
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@ q = C 0 0 1 ~1
“ R R By | 0
i i il 0 il
0 @] 0 -1 21
0 0 0 -1 1_
and
B = 0 ) -1 0 0
A IR AR Sty (R,
0 i -1 0 0
-1 1 0 il il
i 0 -1 -1 -1
i; + L i + + B = f, where
Also anl Bln = or anl Rat = 5
I‘ T el 2 ~ . <3 1 Q
anl and Bln are the transposes of the matrices unl and Bln respectively, so

that only the tieset or cutset matrix needs to be determined., For further
details see section 3,

The complexity of the equations pertaining to this simple RCL network
suggests that for a really complex circuit, calculations by hand would be extremely
tedious if not impossible, The computation is basically simple though lengthy,
consequently a 'human computer' is likely to introduce errors through boredom,
whereas a machine when programmed will work much faster and any errors made in

general will be due to the programmer or the user,
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2.2 Formulation of a Degenerate System of Equations5

For every network there exists many sets of independent variables in terms
of which all 6ther vaeriables may be expressed. There are also sets of
independent equations which completely describe the network in terms of the
independent variables. A systematic method is required to identify these
independent variables and formulate their corresponding Kirchhoff equations., Of
the many sets of variables which can be chosen, there are three main types:-

(i) node voltages,
(ii) mesh currents (or combinations of these two types called mixed methods),
(iii) capacitor voltages and inductor currents,

Topology provides us with a systematic method of choosing an independent set
of variables and formulating the set of distinct equations which expresses the
dependent variables in terms of the independent ones, The first step consists
of drawing a set of branches connecting all nodes in a network but containing no

loops., This set of branches is termed a tree,

€e 5.
e P 1 53
3 T g DU ARG 7 A
\\/ \ /
1% 7 L | Jf Yo gy E v,
\l/
S odaa
3 S v

Network with one particular tree

The brancﬁes forming the tree are called tree branches (designated by solid lines).
The remaining branches are called links (designated by broken lines). There are
of course many possible trees for a single network., The next step is to form
sets of Kirchhoff Current and Kirchhoff Voltage Equations. The properties of the
tree are utilised for this task, Each link completes a loop with a particular
set of tree branches and a voltage equation can be written for each loop. These
loops are termed tiesets. Also for each tree branch a current equation can be

written relating it to some or all of the links but not to any of the other tree

branches, The tree branch and its related links is termed a cutset.



e.g.

for the links we have

# v f A R gl 1 vlT
Vg 1s =310 0 v,
v, Rt | O T S, | ¥y

B

- _‘ = - ~ -

= -1 0 j
I R I5
j 1 0 -1 J
3 7
3 0 0 1 e
J), .

10

The vol;ages and currents in the above equations are branch rather than elemental

€e8e Ve T w R5j5 and ju 4+ is = VA/RA
In general these equations are

: = -Blnvn e Jn ) -anlJl

where 1 is the number of links and n the number of tree branches, Bln and
anl are the subtieset and subcutset matrices of orders 1 X nand n x 1

respectively, where

BF " (Bln Ill) S S (Inn anl)'

BF and an are called the fundamental tieset and cutset matrices respectively.

Ill and Inn are unit matrices of orders 1 x 1 and n x n resp,

Also Bln and a, are related by the formula @+ BlnT = @ where T means

transpose,



The tieset matrix is obtained by entering the links one at a time in the tree
and by forming one row of the matrix for each link by going around the tieset loop
writing 1 for branches whose arbitrarily chosen current direction is in the same
direction as that of the link, -1 in the opposite sense and @ if not contained in
the tieset loop under consideration,

€efe tree branches

o R R - 2 0
links 6f-1 & 0 0 = B
1n
7= 0 o -1 il
S s ? . : ’ T
The cutset matrix is usually obteined using the relationship a gt Bln =0,

but can be derived by drawing a line through the graph of the circuit so that it
cuts one and only one tree branch and as many links as possible once and once

only. Then a row of the cutset matrix is entered for each tree branch, For
links entering the cutset line in the same direction azs the tree branch a 1 is
entered, -1 in the opposite sense and £ if the link is not contained in the cutset,

€e8e links

tree 2 ]z -1 (0] = «

branches 3 -1 0 .L

This results in two sets of equations, one of which is a set of tree branch
voltage equations, the other a set of link current equations which could also be
interpreted as mesh current equations., In a steady-state sinusoidal excitation
Nodal Analysis equations of the form

fios e
s
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are sought, where Y is a matrix of complex admittances, V a column matrix of
independent nodel voltages and IS & column matrix of current sources, e could
use the set 6f equations‘zl 2 -Blnzn along with jl = (-onl)_ljn in combination
with j, = wCv,, j; = (l/iwL)vL, Jp = (l/R)vR to solve for the dependent variables
(xl) in terms of the independent (Xn) to vroduce the required matrix system,
Similerly for llesh Analysis in the frequency demain equetions of the form

& ¢ T = ES
are sought, where % is a maetrix of complex impedances, I a column matrix of
independent mesh currents and ES a column metrix of voltage sources, Again the
link current and tree branch voltage eguations could be used to form the required
metrix system, but in this case utilising the set of eguations jn = —unldl along
with v = (-Bln)-%xl in combination with v, = (l/ﬂvC)jC, L RJR, vy = Wi,
to solve for the dependent variables (jn) in terms of the independent (il).

For Nodal, Mesh and lixed Analyses in the time domein using the relations
.jC(t) = Cdvc(t)/dt, vR(t) = RjR(t), VL(t) % LdjL(t)/dt to express the dependent
variables in terms of the independent varizbles leads in general to mixed systems
of algebraic, integral and differential equations., State Variable HMethods
strive to produce matrix systems of independent first order differential eqguations
of the form

dx(t)/at = 4x(t) + Du(t)
where I(t) is a vector of state variables and.g(t) a vector of excitations to
the circuit represented by these equations, Choosing capacitor voltages and
inductor currents as state veriables ensures that no derivetives of the
excitations u(t) can appear.1 (Provided that the sources are real i.e, they have
an internal resistance.)

Bashkow's Topological Formulation gives us a direct method of producing
these state equations, The method is as follows:-

(1) Choose a tree with the maximum number of capacitor branches end the minimum

number of inductor branches.
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(2) Form the appropriate tieset and cutset matrices.

(3) Form the degenerate system of equations

. % i T 3
Qn h Onn anl Xn " Onn an yn
k| wif RO 91 s 9

(4) E£liminate any capacitor variables occurring in the links and any inductor
variables occurring in the tree branches,

(5) Eliminate any excess inductor variables introduced by loops of inductors
and any excess capacitor variables due to dynamic constraints between capacitor
currents, This part could be omitted if the inverse of A was not required in
the solution of the equetions dx(t)/dt = 4x(t) + Bu(t).

(6) Eliminate any resistor varizbles and bring the remeining equations into

the form

dx(t)/at = Ax(t) + Bu(t).
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and i # Faros fcldvl/dt
| & C v, /at
% C,dv,/dt
9 W3,
3 5v5dt/L5
" J6/
v jj7dt/c7
vg L8dj8/dt
vg L9d,j9/dt
| VlO' ! Llodjlo/dt_

(35’v5)’(j7’v7)’(jl’vl)’(JB’VB)’(jh’vh)’(j6’v6) are elimincted leaving behind a

system of the form

; dvz/dt— - Al v,
dv5/dt v3
dJ'9/dt J9

] d'jlc/dt_ i 510_

there being no sources present in the network, (jl,vl) and (38,v8) need not
have been eliminated if the inverse of A was not required in the solution of
thesé equations,

Bashkow's Topological Formulation lends itself to computer implementation,
The stages in formulation remain much the same but the computation of an optimum
tree along with its associated tieset and cutset matrices are slightly different
from that done by hand, There are two main methods of computing a tree, One
is a Search Method which involves the scanning of branches (entered one type at

a time) for loops and taking appropriate action when the criteria for identifying



a tree have been fulfilled,

Cafe

(1) Enter capacitor branches and place any excess capacitors in the links,

(2) unter resistor branches and place any resistors which form loops into the

links,
O —0 o

(=]

(3) Enter inductor branches and place any inductors which form loops into the

links,
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The tree is now complete as all nodes are connected and no loops are formed by
tree branches. Now placing the links into the tree one and only one at a time
and scanning found the loops so formed the tieset matrix can be computed.

The other method2 involves the manipulation of matrices., The Incidence
Matrix is first formed and brought into row-echelon form by a Gaussian Full Pivot
technigque scanning column by row to ensure that there are no unnecessary column
changes, which can result if scanned row by column as is usually done, By back
substitution the dependent variables are expressed in terms of the independent
oneé. The resulting system matrix can be identified with the cutset matrix, The
final ordering of the columns also gives the tree and its links,

The incidence matrix is computed by forming rows for n of the n + 1 nodes of
the network with respect to a Gapacitor-Resistor-Inductor ordering of the branches
as columns, If the direction of a branch is into a node under consideration a
1 is entered in the row and column position represented by the node and branch
respectively, a -1 if the direction is in the opposite sense and @ if the node is

not touched by a particular branch,

gI gt

branches
C G R L L L
1 ¢ C? RL 6 £ LlO
& -1 0 -1 0 0 0
nodes 2 0 0 0 0 1e 0 -1 0 0 0
3 0 -1 -1 0 0 0 1 0 0 0
L 0 1 0 -1 0 -1 0 -1 -1 0
5 1 0 0 0 0 0 0 0 : -l.J




The incidence matrix is now brought into row-echelon form (also known as upper

triangular form).

F———————tree branches — e

c L

. Cia avlis . R, eaite
% B MO ) 0] o©
77 T R | 1 " 0
nodes L 0 0 o 0 -1 1
2| o 0 Pt SR | 0

\\

g

5] o0 0 0 o SR | j 0

The tree branches Cl’CQEE’Ru’L5

with the fifth equation and working back to

o links — .
I A S

0 0 0 0 w

0 0 0 0 !

1 1 1 o |
0 0 0 0
0 A, 1

are now solved by back substitution (starting

the first) in terms of the links

R6,C7,L8,L9,Llo.
B ! L
N c, 03 RL 5 | Ry 07 Ly L9 -
o |
i iy 0 0 0 0! 0 i |
| {
|
3 0 1 0 0 0 : 2 | -1 ~1 0 |
nodes 4| O 0 1 0 ol 1 1 1 0 MBS ¢ (N
| nn nl
gl 1g 0 0 1 0 : 0 0 L 1
|
G eyt Tove gecined | . B R SR £
s | —_'{
The tieset matrix can now be obtained by use of the relationship Bln £ -anf, The

degenerate system metrix can now be formed.

Sources can either be associated with passive elements in some consistent

fashion, or treated as branches in their own right,

compound branch is formed

In the f'ormer case a

o PERSRECOI E CIE)
=
o3 (:)f 3 l )
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V¥ = R(J + is), vi+e = (g + i?),/dt, or j +i_ = cd(v + es)/dt.
It can be seen that this method of source representztion in general introduces
first deriVutives of the sources which is something we wish to avoid, The
problem can be avoided by placing a small resistance in series with an ideal
voltage source, a large resistance in parallel with an ideal current sourse and
associating the sources with these resistances. In the latter case first
derivatives of the sources can appear if the sources are ideal, though this
would occur later in the formulation during the eliminstion of any dynamic
constraints, This will be discussed in more detail in the next section, The
initial order of the branches in the independent method nceds some modification,
The initial order was - capacitors followed by resistors followed by inductors,
Now the order of preference must be as follows:-

Dependent Voltage Sources

Independent Voltage Sources

Capacitors

Resistors

Inductors

Independent Current Sources

Dependent Current Sources,
After the tree has been chosen some of the branches may not be in this order which
signifies the presence of constraints, During the formulation using either
method of source representation, the dependent sources can be treuted (for the
most part) as if they were independent.

If output variables y are required, they can be entered initially in the form

~

y = c vy ] , b is the number of network branches,




When a tree has been chosen, the column matrix containing the branch voltages and

currents could be arranged so that

. -

where X, and jn are the tree branch voltages and currents, v. and il are.the. link

1
voltages and currents.

Using the topological relations

- o 4
dh T Mjoouy SRR
the output equations become
ghoL -C,B. ,?C+ca f
# ll 2"1ni b 3ln] ¥
o

and can now be updated simultaneously with

o = A v
3 :
g | 4

during the formulation process,



2.3 Constraints

There are two types o constraint, dynamic and non-dynamic, The former
affect the ofder (number of independent energy storage devices) of the network,
the latter do nots In an RCL circuit with real sources, there are four possible
types of dynamic constraints: tiesets of capacitors, cutsets of inductors,
loops of inductors, and capacitor current constraints, The possible non-
dynamic constraints are loops of resistors, and resistor current constraints,
If the sources are not real, several other types of dynamic constraints are
possible, Any tiesets containing capacitors, independent voltage sources, or
capacitor voltage controlled voltage sources reduce the order of the system,
as do cutsets with inductors in combination with independent current sources, or
induetor current controlled current sources; these two types of constraints can
introduce first derivatives of the sources into the formulation, Integrals
of the sources can also be introduced by constraints formed from loops
containing inductors, independent voltage sources, and inductor voltage
controlled voltage sources, and by capacitor current constraints with independent
current sources or capacitor current controlled current sources, Inconsistencies
can also appear. Loops of independent voltage sources are inconsistent as they
cannot be independent. Some loops of dependent voltage sources are consistent in
the sense that they do not produce contradictory reletions between vuriables.
Similarly, cutsets of independent current sources are inconsistent but cutsets
of dependent current sources ezre not necessarily inconsistent. Any derivatives
of the sources may be eliminated from the state equations by a suitable
transformation of the state vector, but not necessarily from the output-state
equations, so that some numerical differentiation may be required during the
computation of prescribed output variasbles, Therefore keeping the sources real
greatly simplifies the classification of the constraints and their elimination,
though it may introduce computational errors, and could slow down the solution

process,



Associating the sources with a resistor, capacitor tiesets and inductor
cutsets can be enumerated and their equations of constraint formulated
simultaneously by drawing a capacitor based tree for the network i.e, one with
as many capacitor branches in the tree and inductor branches in the links as
possible, Any inductor cutsets will appear in the tree branch equations and
any capacitor tiesets in the link equations, Similarly trees can be drawn to
enumerate and formulate the other equations of constraint., For instance,
inductor loop and capacitor current constraints are dealt with by drawing a
tree with as many inductors in the tree and capacitors in the links as possible,
The capacitor cutsets appear in the tree branch equations and the inductor
tiesets in the link equations, Using the same routines the resistor tiesets
are found using a resistor based tree; the resistor cutsets using a non-
resistor based tree,

EXAMPLE

£

inductor based tree
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j = = =] capacitor cutset
Jl J2 33 I
= V_ 4V inductor tieset
V8 9 " 10 A
4
P rnat Qo
1 5 1
9 2
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\ 2 \ /
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\_\ \ : ”,
resistor based tree non~-resistor based tree
There are no resistor constraint equations, These constraint equations are
now used to eliminete the pairs of variables (35, V5)’(j7’ v7),(jl, vl) and

(j8, v8) from the degenerate system of equations.

Fid =10 "0 0 "p0n 0 ipn Th el N e
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3 o0 U e e T 1wy v,
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Vg SR Bl T S e e e Jg
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BB a b e e e 510-

If the matrix coefficient of the IHS column matrix of this system of equations
is kept in its present form, that of a unit matrix, this will effectively

eliminate the vuriables 35, v and Vge The procedure is to first dispose

7’ ljl
of the variables vs, j7, Vl and j8, keeping the matrix coefficient of the IHS
column matrix as unity. The equations which correspond to j5, v7, jl and Vg

in the IHS column matrix are then discarded. In general four subsystems of

equations of dynamic constraints would have to be dealt with, These would be
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solved by Gaussian Elimination and the dependent tree branch voltages and link
currents substituted back in the main system of degenerate equations, after
which the unwanted equations are discarded, leaving behind a set of independent
capacitor and inductor equations, plus some resistor equations which can be
eliminated in a similar fashion, The elimination of the dependent tree branch
voltages and link currents can be quite complex, The equations of constraint
have to be transformed using the relations between tree branch currents and
voltages, link currents and voltages., This unfortunately introduces more tree
branch currents and link voltages into the capacitor tieset and inductor cutset
constraint equations, At this stage any tree branch currents and link voltages
are eliminated by referring back to the main system of degenerate equations,

The constraint subsystems now involve only tree branch voltages and link
currents, but are interactive with each other and with the main system of
equations, This complicates even more the eliminetion of any unwanted variables.
The following procedure has been adopted:

(1) The relevant trees and tieset matrices are computed,

(2) The equations of constraint are picked out and transformed so that they
contain only tree branch voltages and link currents,

(3) The capacitor equations of constraint are solved by Gaussian £limination,
and the dependent variables substituted back into the main system, the inductor
constraint subsystems and the resistor constraint subsystems,

(4) The inductor equations of constraint are solved in the same way, and the
dependent variables substituted back into the main system and the resistor
constraint subsystems,

(5) The resistor equations of constraint are solved and the dependent
variables substituted back into the main system.

(6) Any remaining resistor equations in the main system are solved and
substituted back into the remaining capacitor and inductor equations which are

then brought into State Variable form,
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The equations of constraint are as before

g 5" j9 30
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the equations of constraint become

*wlm}\ are o be added lader as nihal stafe varables,
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C.v = =G v.-C_v

—( J6+J7+J8+J9)/02+(-J6-J7~J6—J10)/03

11 22 33
Lgdg = Lgdg*ligdig
l.€a
(/1 +1/Lg+1/Ly 0V, = (l/L9+l/Llo)v1-(l/L9)v2 -(1,/L10)v3-(l/L9+l/LlO)v4
(1/8,41/C;+1/C, )3, = ~(1/C,41/C;)¢~(2/0,+1/C5) dg-(1/C,) 5=(1/C5) 51
Cjvy = =C,v,=C,vy
Lgdg = Lgdgtligdyg

Bliminating j7 and vy from the main system and from the other eguations of

constraint we are left with the constraint equations

(1/L5+1/L9+1/Llo)v5 = (1/L +1/Llo)(( G, V5=t Oy 3,/c )- (l/L9)v2-(1/L +1/Llo)v
fglg = Igdgtlygdyo ’ -/ v,
and after discarding the v7 and jl equations a main system of the form
[ hgralate o s BF T

I3 Y3

9 Y

de Ve

¥ I

Vg Jg

'y Jg

Y10 | i 310_

e now substitute for v, and j8 in the main system and discard the j5 and Vg
equations, TFinally the resistor variables VL and j6 are determined and
substituted back into the remaining equations which are brought into state

variable fomm,
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The presence of any sources would mean the progressive updating of two

matrices A and B such that eventually we arrive at equations of the form

dx/dt = Ax + Bu
where x and u are the vectors of state variables and excitations respectively,
If output vuriables y are prescribed two more matrices C and D require updating
along with A and B so that output-state eyuations

SR
are produced,

The inductor tieset and capacitor cutset constraints need not be eliminated
if the inverse of A is not required during the solution of the state equations.
However if there are a lot of these constraints present, we would be solving a
much larger system of equations than is really necessary which could considerably
slow down the solution process,

Another method2 of identifying and eliminating dynamic constraints is to use

the tieset or cutset matrices to set up initial equations of the form

sa/atf 1= ATV T % "By
~-C -C -
v v
~—C =0
s ! L 7
i I

o5 |~
where iL are the excess inductor currents due to the presence of cutsets of

inductors and sources; v, are the excess capacitor voltages due to the presence
of tiesets of capacitors and sources. The augmented matrix (S A B) is
reduced to row-echelon form, If S has at least one row of zeros, but the

corresponding row of A has at least one non-zero element, then a constraint



exists between the state variables in this row, at least one of which can be
eliminated together with its first derivative, After substituting for the
dependent variables in terms of the remaining independent ones, the process is
repeated until S becomes a diagonal matrix, If (S A) has a zero row, but

the corresponding row of B has at least one non-zero element, then a constraint
exists between the sources, If u contains only independent sources, then the
network is inconsistent and has no solution, A constraint between controlled
sources may be consistent, If (S A B) has a zero row this denotes the
presence of a completely superfluous state equation, WWhen S becomes a
diagonal matrix, the equations could then be solved by some method which does
not require an inverse of A which in general would not exist due to the possible
presence of cutsets of capacitors and sources or tiesets of inductors and -
sources, These latter sets of constraints could be removed by reducing the

matrix (A S B) to row-echelon form, This would reveal any constraints

P

between first derivatives of state variables, After elimination of any
unwanted variables, S would have to be converted to a unit matrix and the
equations would be in their final form, Operating on (& A B) and eliminating
state variables and their first derivatives introduces in gencral derivatives of
the sources, Similarly operating on (A & B) and eliminating state variables
and their first derivetives introduces in general integrals of the sources,

These derivatives and integrals of sources should not occur if the sources are

real,
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2.4 Conclusions
Methods based on Bashkow's Topological Formulution provide a direct way of
obtaining a set of independent first order differential equations, called the
state equations, which together with all inputs completely describe a network,
There are two main methods of formulating the state equations, In one the

tieset or cutset matrices are used directly to form a set of equations

Jl = 5 Vl

P Onn Bln

i v

n n

n+1l Jn+l

: 281a f14 5
HILS TS i 8 L

' In this method, any capacitor tiesets or inductor cutsets would appear as
integral equations after substituting for tree branch currents and link voltages.
Any tree branch inductor voltages and currents or link capacitor voltages and
currents are eliminated. Any resistor variables are also eliminated leaving
behind a system of first order differential equations which are independent if
the network represented by the equations contains no tiesets of inductors and
sources or cutsets of capacitors and sources, The presence of these latter
constraints could slow down the solution process considerably if the equations
are solved without their removal. The equations of constraint can be
formulated by drawing auxiliary trees, computing their associated tieset or
cutset matrices, and selecting the appropriate rows., If these constraint
equations are put in terms of tree branch voltages and link currents only, the
effective elimination of the first derivatives of the selected dependent
variables can be achieved by discarding the appropriate equations from the main
system after the necessary substitutions have been made.

In the other method of formulating the state equations, the tieset or cutset

matrices are first computed and then used to produce equations of the form
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Where s and iL are the excess capacitor voltages and inductor currents due to
the presence of tiesets of capacitors and sources, and cutsets of inductors and
sources respectively in the network being represented, These constraints are
dealt with by repeated Gaussian Elimination on the cugmented matrix (8§ A B)
until S becomes a diagonal matrix, /ny constraints pertaining to tiesets of
inductors and sources or cutsets of capacitors and sources could be removed
similerly by operating on (A S B) until 4 becomes diagonal, after which

(6 A B) would have to be operated on until S became a unit matrix.

The latter method is in some respects more elegant in form than the former,
but suffers from repeated Gaussian Klimination on what could be in practice a
very large matrix and consequently the round-off{ error build up would have to be
carefully monitored, It also needs in pructice an independent method of finding
the numbers of the different kinds of constraints.

If the sources are not reel, derivetives of the sources could appear even
when the state variazbles are capacitor voltages and inductor currents due to the
presence of cutsets of inductors and sources or tieset of capacitors and sources;
if constraints due to tiesets of inductors and sources or cutsets of capacitors
and sources are to be removed this could introduce integrals of sources.

Sources may be represented as branches in their own right or associated with a
prassive element, Derivatives or integrals of sources can be transformed out of
the state equations by a suitable change of varizble, but not in general from
the output-state equations, The input vector u will in general contain

independent and non-linear controlled sources.
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3,0 Solution of the State Egquations

3.1 Introduction

For an nfh order system with m real excitations, and capacitor voltages
and inductor currents taken as state vuriables, the state equations take the
form

dx(t)/at = Ax(t) + Bu(t) (F1.3)
where q§/dt, A, X, B, u are matrices of orders n ¥ 1, n X n, n X1, n X m and
m_X 1 respectively. In general there will also be a set of k output-state
equations

y(t) = Cx + Du (3.152)
where y, C, D are matrices of orders k X 1, k X n, and k X m, The value of k
and the matrices C and D are prescribed by the user, though C and D will have
been modified within the program, If capacitor voltages and inductor currents
are not used as the state variables x, derivatives of the inputs u may appe:zr
even though the sources are real,

(3.1.1) may be tackled by a predictor corrector method such as Adams-
Bashforth~lMoulton or a Runge-Kutta method such as England's method, .
Alternatively the state equations can be expressed in the form
» ")+ [ mn(e Yat” (3.1.3.)

where x(f) is the initial state vector. The problem is virtually reduced to

i

x(t)

dealing with eAt and Jéétdt, where
s T e +PtP/pt +

and T is an n X n unit matrix, If the input vector u can be regarded as

constant over some interval ph(t <:(p + 1)h, (p positive integer) then

(341.3) can be expressed

" Px(ph) + (e"P-1)A  By(rh)

gx(ph) +u(ph) (3.1.4)

This is sometimes known as Certaines' Method., For some problems & and W

x((p + 1)n)

i

can be evaluated once and for 211 at the beginning of the computation,
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3,2 Certaine's liethod

The linear difference equations (3.1.,4) may be solved stage by stage using
the previousvstate vector x(ph) to produce x((p + 1)h). g and ¥ are
re-evaluated as necessery according to some error tolerance criteria. A step
size varying routine can also be incorporated which would re-evaluate g and ¥
whenever the step size is changed, The output~state vector would also be
computed at each stage and output or stored for future use,

g and ¥ are known as the transition matrices and are calculated by
truncating their series expansions after some convergence criteria have been
satisfied, The transition matrices may be evaluated almost simultaneously by

the relations

Mg

oo
g = r Amhm/ml and ¥ =h [ n%—.:)’d x‘amhm/(m + l)!J B.

n

—

1

As the matrix series for g4 is buiit up, the (i,j) element ﬁij is incremented

by éﬁij to becone 'O/i,j +6g§ij. Bventually, all l é;fij/ﬁij[< € (some
prescribed small positive numbor), and both infinite series for g and ¥ are
truncated, as the latter converges more rapidly than the former, Unfortunately,
if the number of terms in the infinite series for g is more than 7 or 8 the
method becomes numerically unstable. Therefore a step size h has to be chosen

such that
¢'s)

g ZE: A"

= o

converges for m less than 8, This restriction has been found in practice to

1
//Ul :

cause the solution process to almost grind to a halt, especially with networks
vhich have slowly damped oscillatory responses,

The assumption of constant inputs u over some interval pHE t< (p + 1)h
holds better than would be expected for inputs with piecewise-linear functions
of time, but bresks down with non~lineuar inputs, The method ealso fails when
two or more State variables heve widely sepsrated time constants, due to large
Lipschitz constants being introduced which severely slow down the rate of

convergence to a solution,



Other dif'ference formulae can be produced to deal with the problems of
sources not being constant over some small time interval and non-linesar inputs,
but the stability of the method is not improved and the appearance of widely
separated time constants still wresks havoc,

To deal with this latter problem known s stiffness we have to use more
powerful methods of numerical analysis, In fuct, no Runge-Kutta method or
Predictor Corrector method can deal in general with this problem of stiffness

and we have to turn to a special class of methods due to Gear, Krogh and others,
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3.3 Gear's liethod

This method incorpor:tes into a sophisticated program Adams~-Bashforth-
Moulton muthéds of orders one to seven, The program zutomatically changes
the order of the method, as well as the step size, the strategy being to
minimize the computational effort required to keep local errors within a certain
tolerance, The program offers an option to thz user of replacing these
Adams-Bashforth-lloulton methods by special predictor-corrector methods
appropriate to the solution of a stiff system of differential equations,
Krogh's method is similer but has Adams~Bashforth-loulton methods of orders one
to thirteen available to the user.,

The Adams-Basnforth pth order predictor equation for the differential

D
Xn’ (d) X + h ] Eid(xn—i)’ ét (‘ .3.1)

where X, = x(ih), dxi/dt = f(xj,ih), h is the step size, The sets of constants
Bi for each method of order p can be found in almost any standard numcrical

analysis textbook, X ) is the value predicted by (3.3.1) to be used as a
b

first approximation of the Adams-loulton corrector formula of order p

p-1
- S 3 );‘. /‘ \/ .7.,\
=%,y By hf(xn’ (m)? b0 ¥ ‘l;_.’l pia(x .)/at (3.3.2)

*n, (m+1)

If the corrected value x fails to converge in three iterations, the step

n, (m+1)
size is reduced and a new predictor value computed from 5 O b The set of
a

E; for each method of order p can be found similcorly to the Bi.k For: staff

equations, the predictor and corrector equations are given by

)
— 2 ¢ & /
*n,(8) ~ ) ax s+ Myhalx ,)/at (3.3.3)
and
Bl tme) T 0 i TG e (3.3.0)

where the coefficients “i’ ﬂ;,’l;, hl are given in [7]-

The above esuations can be expressed in the matrix form
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Resetor ¢ ,')'{'n, (m+1) = -}-Sn,(m) i 9.”1(>:1,(ra)) (3.346)
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where T is the transpose operator, tn = nly

and hxn’ (m) = hf(x“

= (B. - B¥)/B* T = 4,
& = (B - B})/B, x" = ax/at
For stiff methods thé eque.tions are of the same form é&s (3.5.3) and (3.3.1;_)

except that

X =] X s hxr:, A R
By = g ﬁl o, O'p-l up
5 & & on ¥
1k 0 Q- - ) 0
0 0 Ay 0 0
oo ey i | 0 |
5 el
Xi S (u'i Qi// )lO

(@
(o]

]
oy
\
e
(3 %



and ¢ is as before,

Rather than using the equations (3.3.3), (3.3.4) we use

RPN |
Zng T W Iy (3.2.5)
E"n,(m+l) s zn,(m) N IF(En,(m)> (3.3.6)
where I = ¢ and B g =X _qe

The transformation Q is chosen so that the p + 1 components of'__z_n  are the

P

function value X and the first p derivatives of the polynomial used in the

e 0 : : . & e <
prediction process, The kth derivative is scaled by b /k! so that the matrix
@ is independent of h, and -5 becomes

m

_ . v, (p)
R R e

(k ;
where xn‘ ) is the kth derivetive of the appreximating polynomial used by the

predictor in the pth order method, QBg-l is the Pascal triangle matrix
g 1k 1 i T P i Bl 3
i 2 3 b it .=l D
i
1k

3 §

1

i)

The back values are now those of a single point and this alleviutes the problems
usually arising in predictor-corrector methods when a change in step size results
in the wrong back values being saved. The I for the Adam's and Stiff methods
are given in [6], [7] respectively,

In the case of stiff equations, the corrector values will not converge
unless h is very small, This results in either the solution process being
slowed down dramatically or failing altogether. It has been found that using
a modified form of correctcr equation

L I\‘V’F(_Z_n,(m\) (3.3.7)

En,(m+l) oy En,(m)
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where W = (=( J¥/ 21_7_5_)1)_1
the iteration will converge to a solution of E(En) 2, For most functions
f(:_c,t) thet occur, large values of h still permit rapid convergence, W iks
only re~evaluated if three iterations fails to bring the system close to
convergence,

Initially a m=thod of order one is chosen then Eﬁ = (yb
and hyé can be calculated from hf(ya,ta) so that the method is self starting,

: hygg)*, 5 is given

Changés of step size require only that z be scaled by powers of the change,

Changes in order require reasonably easy modifications of z,



3e4 Conclusions

Network simplicity does not guarantee ease of numerical solution, The
problems whiéh may crise in the numerical solution are, in some cases readily
predictable from the form of the original network, but, especially with large
circuits unpredictable difficulties may arise,

A general purpose program therefore requires a powerful method of solution,
to take account of this variable numecrical complexity. The algorithm to

ensure this, by Gear, hes been chosen and described,



Le Development Programs

L,k Introduction

Six programs (FOFSVML,2,3,4,5,6) have been developed which formulate the
state equations for progressively more general networks using Bashkow's
Topological Formulation, The last two programs also solve these equations,

The earlier progrems served to isolate and clarify the problems involved,

FOFSVM 3 FOFSVM 4 FOFSVM 5

real sources as
step inputs and
piecewise
linear input

Constraints present and multiple branches
between any node pair allowed. Program written in procedures.

A, output plus set of Produces @ and A when Produces § and ¥, A, B,
constraint equations g = Ax and Xk+1=¢xk C and D, where
which after being the state matrix Yy = Ax + B
eliminated by hand y = Cxi-&« Du
would reduce A to x= @x + Yu

k+1 k k

state matrix such that 2 5
¥ = + Du
£ = Ax kel T P

the output state matrix

y 15 output

k
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4.2 Programs FOFSVI], 2

The first ard second programs were used to formulute the state equations
for networks which contained only one branch between each node pair, each branch
contained only one element, a resistor, a capacitor, or an inductor,

Coefe

A proper tree for the network could also be drawn, thct is one which has all its

capacitors in the tree branch set and all its inductors in the link branch set
(links). It was also decided to adopt the convention of current flowing from

lowest to highest numbered node,

The tree for the network is first computed, followed by its associated

tieset matrix (BF). A system metrix for the network is then built up such

that
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where BF = (Bln Ill)’ Bln is the subtieset matrix and Blz its transpose, 011’

0 are null matrices of orders 1 X 1 and n X n respectively., In this case
nn
the number of tree branches n = . and the number of links 1 = 3. I1] is a

unit matrix of order 1 X 1. /Any equations representing resistive branches

are now elimincted and the equations brought into the zero-input state form

a/dt X, 2o ol Ey
dy, Ay,
using i 3y 1= _-cldvl/dt-
i3 ¢ dv,,/dt
33 cjdv3/dt
9, Wy
Vs Ishs
vg Ledj/at
i v, ‘ L7dj /dt—

where 6 % is the suﬂﬁatrix of capacitor voltages and iL the submatrix of inductor
currents,

The second program differs from the first only in the respect thet, within
the program the initial input order of the branches is changed into tree and

link sets, This simplifies the logic later in the program,
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L.3 Programs FOFSVIB, )

The third and fourth preogrems were used to formulate the state eqguations of
more complicated networks, They could ccntain more than one branch between
two nodes., Also loops of capacitors and cutsets of inductorswere allowed, as

vere loops of incductors and cutsets of capacitors

CeBe

This time not all of the capacitor branches could be included in the tree
branch set and not all of the inductors could be left out, A tree with the
maximum number of capacitor carrying branches and a link set with the maximum
number of inductor carrying branches is chosen, This is called a normal tree.
An initial system metrix is set up as before, but now the constraints between
the possible state varicbles have to be eliminated, 2s well as the resistor
variables,

The third program cannot complete the formulation, It eliminates the
resistor varicbles and also outputs the systems of constraint equations which
have still to be solved and the results used to complete the formulation, The
fourth vrogram actuzlly completes the formulation,

Both programs are written in procedure form, FOFSVM3 uses procedures
called TREE, TIESET MATRIX, and ELEMENT SCAN, The latter procedure produces
the equations of constraint, FOFSVI} uses procedures TREL, TIESET MNATRIX
CSUBSYSTEM, GFPIVOT and RiEDUCE NATRIX,  SUBSYSTEM formulates the subsystems of

equations of constraint. GFPIVOT is a Gaussian Full Pivoting procedure which
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solves the constraint subsystems, REDUCEZ DMNATRIX eliminates the dependent
variables from the main system matrix, Two further procedures called TISETS
and CUTSETS ére used to count the numbers of tiesets and cutsets respectively,
These numbers are used later on to decide if any further calls of other

procedures are required.
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Lo Program FOFSVIS

This program is the same as FOFSVI2. except that it now accepts networks
which contain independent sources, controlled sources and sinusoidal scurces,
All the previously mentioned procedures have been updated to deal with these
sources. £lso the program produces output-state variables selected by the user
which can be on the lineprinter end on a graphical output device, The program
formulates and solves the state equations, Because of the size of FOFSVIS it
was necessary to segment the program to save core space. Some procedures were
put onto magnetic tape.
The solution section used Certaine's liethod and therefore the program
cannot solve some problems in an economical amount of run time, Thals- s
especially so with networks containing diodes and transistors which are represented
by equivalent circuits by the user, In fact with a lot of the test problems
of this type there have been troubles with relative stability, That is the
transients output have been of the right shape, but grossly exaggerated in value,
The object of this program is to formulate and solve for quasi-linear and
time~invariant networks (matrix coefficients 4,B,C,D are constants, but sources
mey be non-linear) a pair of systems of equations
dx(t)/dt
x(t)

where (4.3.1) and (4.3.2) are the state and output-state equations resvectively,

Ax(t) + Bu(x,t) (kolyo1)

cx(t) + Du(x,t) (b .2)

x(t) is the state vector, y(t) the output-state vector, u(x,t) a vector of
dependent and independent sources, In the formulation process the sources are
treated as if they were all independent and sre associated with a resistance,
but during the solution the sources are updated as the computation progresses,
In the test problems tried with this program, failures occurred without
exception when a row of the augmented matrix (A B) had all negative elements.

This apparently causes spuricus roots introduced by the numerical method to



dominate the real roots, thereby introducing errors which are propagated
exponentially, which give risé& to exaggerated transients of the right shape,
Another type of failure occurred when the solution process was progressing

too slowly due to widely separated time constants and had to be abandoned.
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L.5 Program FOFSVI6

This program uses matrix methods tc produce a normal tree for a network,
It uses two éxtra procedures INCIDENT MATRIX and COSORT., The incident matrix
is first produced, then its columns are arranged by COSORT is some order of
preference, This matrix is now operated on by GKFPIVOT to bring it effectively

into the form (Inn an]), where it is now identical to the cutset matrix Ao
The subcutset matrix a ., is related to the subtieset metrix by the equation

T
anl = Bln b’

nk

T is the transpose operzator, Irm is a unit matrix of order n X n, 1 and n‘are

the numbers of links and tree branches respectively. is produced and

Bln
the analysis proceeds as in FOFSVI5, Procedures TkEE and TIESET MATRIX are
not used in FOFSVI6, their tasks being mainly done by GFPIVOT which results in

about a saving of 1.5k of store, The program however needs further development

before it reaches a satisfactory final form,
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4.6 Conclusions
FOFSVIL, 2,3,4 are no use as network analysis programs their function being
developmental, FOFSVI5,6 can formulate the state equations for any RCL

network which is time~invariant, and quasi-linear,

ieee x(t)/at = ax(t) + Bu(x(t),t)
where A and B are constant matrices, Any active devices such as diodes or

transistors have to be replaced with equivalent circuit models by the user,

The state voriables chosen are alweys capacitor voltages and inductor currents,
If any other variable is required as output it must be entered in the input data
as an output-state variable, FOFSVI5,6 cannot solve any set of state equations
which they formulate, Two types of failure can occur, The problem is
relatively unstable for the numerical method of integration being used or the
solution process is not moving fast enough as a large enough step size cannot

be chosen without local errors becoming intolerable,

FOFSVL5 uses a search method of computing a normal tree for a network,
whereas FOFSVI6 uses a matrix method, In both programs all sources are
associated with a resistance. The method of Auxiliary Trees is used to
formulate the equations for each type of constraint present in a network, The
solution section uses a form of Certaine's licthod with variable step-size

routine,
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Bie Program Tests

5.0 Introduction

FOFSVIH is split into three segments only one of which is in core store at
any time, The first is up to the formulation of a degenerate system of
equations from which dependent variables and redundant equations need to be
eliminated, The second segment reduces the degencrate system of ecuations to
that of the State Variable Lquations, The third solves the state variable
equations and outputs data to the lineprinter and to a further program SVIPLT

which produces graphs of the prescribed outputs.



5.1 Input of Data to FOFSVL5

The following list gives the format of data input for IOFSVIS,
“TITLE"
NRUN
B, RSCURCE, NY

[m1(1) 1n2(1) MCORP(L) ACOIP(1)
: ' : : brench identification

MN1(B) 1N2(B) MCONP(B) ACOLP(B)

(S!NI(l) smN2(1) SNCOMP(1) 1’SOURCE(1)
E j : i source
SINL(RSOGURCE)  SHV2(RSOURCE) SNCONP(RSOURCE) 1iSOURCE(RSCURCE)| Ydentification
K1
Mg,1), a(g,2),.....,A(8,B) initial values
YCOIP(1), YCOLP(2),.....,YCOMP(NY) type of output
NYBB(1,1),  NYBB(1,2), . .. . ,NYBB(1,2B) |
: : T outputs required
| NYBB(NY,1)  NYBB(NY,2),. .. . ,NYBB(NY,?2B)
NINT(1),NINT(2),..... ,NINT(ISOURCE) number of time intervals for each
_ independent source
| IS(1), HETA(L),AUX(1)
: : : sinusoidal sources
r : -
IS(1), THETA(1)
' ' diode sources
Is(1)
linear sources
2
((t ,u ), (t,,u.));((%.,u.),t,,u,));- - - | piecewise linear continuous
IO & 1j 1 S 8 31 2 independent sources,

EPS, EPS1, EPS2, @, TN, NPTS,K2



U
N\
.

The data is arranged ready for input in the cbove order though the presence
of some items would depend on previous entries in the same run, For instance,
entries in tﬁe integer array INSOURCE would indicate whether all or some of the
permissable types of scurces were present in the network under enalysis,

TITLE" name of network
'NRUN run number set to a positive integer except for last run which is set

to a negative integer.

B The total number of branches in the network excluding the sources which are

always associated with a resistor,

RSOURCE The number of sources (which must be associated with resistors),

NY The number of outputs reguired.

IN1,IN2 Node pair (where the current direction is taken as that from the
smallest to the largest of the pair).

NCOMP  Hlement type identifier,

capacitor 1
resistor 2 entered by user
inductor 3

capacitor BLICONPL5H
resistor 58 <1COIP< 140 within program
inductor  1¢E<ICONPL1SE
ACCMP The numerical value of an element
SIN1,SIN2  Source node pair (written in direction of current or increasing

voltage).



SMCOIP  Type of source (voltage = 1, current = f4)

VSOURCE Type of dependence of source:

Jo piecewise linear continuous function of time,
1 linearly controlled source

% non-linearly controlled source (diode)

3 sinusoidal function of time,

A(f,1:B) Set of initial conditions (zero for resistors) which finally forms
the initial state vector used in the solution process,
NYBB(1:NY,1:2B) Specification of NY required outputs (1 to B voltages and
B + 1 to 2Bcurrents),
EPS  Truncation factor for transition matrix set to g.8¢0CF1,
(T, ™M) Time interval over which output is required.
Kl Integer indicator (@ if all initial conditions zero 1 otherwise)
K2 1Integer indicator (£ if only output-state vector required on lineprinter
1 otherwise),
(£Ps1,EPs2) Interval over which the relative change of a state verieble from
the K to K + 1 iteration is deemed tolerable.
F51L x(X + 1)-x(K) < upso

%
NAX

YCOMP  Type of output (current = @, voltage = 1),
NPTS  llaximum number of points to be output gfter which the program goes onto
the next run,
IS, THETA, AUX Real arrays representing perameters of the following types of
sources:
sinusoidel: gy = issin (2rc6t +,Q)

where @ is the auxiliary angle,

diode: u = is(exp(q/(GkT))y(t)—l)

where y(t) is the controlling output-state veriable,

Jineay: U = i"y(t).



((to,uo),(tl,ul)) End points of z linear independent source over the time

interval (to,tl)

Bxample

‘SIMPLE NETWORK WITH CONSTANT SCURCES'
NRUN = -1

B =7, RSOURCE = 2, NY = 1

MNI MNZ LCOMP ACCIP

1 2 1 C1

2 5 1 c2

¥ 5 3 C3

3 L 2 Ry

2 3 2 R5

1 2 3 L6

ke 5 5 L7
SMNI  SINZ SKCOMP  I'SCURCE

K = g (all initial conditions to be taken as zero)
YCOMP = 1 (voltage output)
WYEB = 1,0,08,8,8,8,8; £,0,8,8,6,8,0

(capacitor voltage vy output)
NINT = 1,1 (one time interval for each source)
((18,1_), (0,1 _))

step inputse.

((Tﬂ’es)’ (TN,GS))
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EPS,EPS1,EPS2, T@, N,NPTS = 504,
A (state v.ricbles to appear on lineprinter as well as output-state

variables).



5¢2 Output of Solution

The input data appears on the lineprinter, followed by the computed tree,
the number of constraints, the order of the system of state equations, the
matrices A,B,C,D where

dx(t)/at

sx(t) + Bu(t,x(+))

il

3(t) Cx(t) + Du(t,x(t))

and finally the state and output-state vectors are output over the interval

’Mgtgﬂi at variable step size H, via the difference equations

Fra T WS Mg 2 = g ¢ DY

AH
e

where @ = and Y = (e’ﬁ—I)A—lB are the transition matrices produced

within the program, The form of output of x(t) and y(t) would be

e x;i xg """ "g}mm 1 3/2 | /SY
18 1 R | 1
4 e A Xorppr Y1 Y2 Yy
e K K K iR K
e % Xy Hopper Ny - Yo 0 gy

v(t) can also be output graphically via the program SVIFLT used in batch with

FOFSVH5,
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B=9,RSOURCE=1,NY=1

1 5 i 279, B6Np-Y
1 i o) 1565407 10-3
P T S 59 70— 9
2 &_ 3 39o7205m”3
Bl 935002709
AT 6 8807503
2.°3 1 303,986u-9
g5 2 100 {
A e T )

SR s R

K=0

YCOHMP=0

s e v e Mgt SR | G T ¢ G s T
NINT=1

; (RIS O T |

EPS=u=6 "
ERSI=0.025  EPSZ=0,1
F0z00 TN=®3D NPTS=549
Ki=D3

CBUTTERWORTH " FILTER®
NRUN=6

B=S5, RSQURCE=1,NY=1

» R o) T

IR - e i |

- A A, MR |

gl ik iR

Ay Ui 2 Sy

" Sl TR Nl o

K=0

YCOMP=0

v=0 0 0 Jer )y R SR R | R
NINT=?

0 100 1 160
i 5 i w0h 0
EPS=w=6

EPSI=0.025 FPS7=0.
T0=0  TN=w3) NPTS=500
=4

SRRIDEEN . TEE  FILTER®
NRUil=3
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G e L 100 8

2 4 14 =0
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0-02 10h f.u2
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PS=zw-6

RS I=D,025: " EPSZ=0,1

TO=i) . TN=u30 NPTS=500

K=0

REEREARIMODREL FOF (ERRANSESTOR Y
NRUW=5

B=4 SOUBREEZ2 FINY=2

1 2 1 m'l2

M el SR 1 |

& mE o

2 3 1 m’ig

e

2 T

K=0

YCOMP=d /i

T8 R AR« et A - 0 D URRl e LU £ R U
V=020 Bl P v ) S h
NINT=1

1S28.5

0 i wh b

EPSzw—=6

ERSI=05025 “ERPSZ=0i1

020 AHzS0=8 MRTS=500

K=1

CNETUHORK L HITH S ENTSOT Al  SOURCE:?
NRUN=6

B=2,RSOURCE=1,NY=2

s SJUISHE T At b3 ST

T e

K=0

YCOilP=1,1

MRQie=2 = a0

v=1 6 =0 0

NINT=D

ot THZTA=514 AliX=10)
EPS=n+5 g
ERSl=0. 025 L ERPST=0. %
T0=0 N=z3w=5 . MPTS=300

it

{1






K=1
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YLOMP=L L e
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V=0 1 0 u G U= 0 {1 0 i
V= 0 q J 0 J=0 { 0 £ i}
NINT=2

1S=w=-9 THETA=
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w-6 i wal i S
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The following five examples are formulation onlj, They have been computed
using FOFSVIS,

8.5h 100

o >

r l—-/\/\// Or=P= === B~ = 0

2F ~ AP &Sl

g

g e

Referring to the computer printout overlesf, the number of branches B = 7,

there are no sources RSCURCE = @, and there are no prescribed output state
varizbles NY = @,  The branch connecting nodes 1 and & (311(1) = 1, 1m2(1) =

1la
contains a capacitor (ICOIP(1l) = 1) of 2 Ferads (ACOIP(1)

= 2). Similerly
there are capacitive branches connecting nodes 2 end 5, a2nd nodes 3 and 5,

There gre resistive branches (’LO““ = 2) conneceting nodes 3 and iy, anc nodes 2
ang 5. Inductive branches (HCOMP = 3) connect nodes 1 and 2 and nodes 4 and 5.
These branches can be input in any order between themselves but they must follow
the first three numbers B, RSCURCE, Y,

The program computes the numbers of tree branches N = 4, links L = 3,
resistors R = 2, capacitors C = 3, the order of the system of state equations
representing the circuit, cavacitor ticsets IC = &, resistor loovs IC = f,
inductor loops LL = @, capacitor cutsets KC = @, resistor cutsets IR = f, and
inductor cutsets NL = f, This is followed by the subtieset matrix (B]n), and
its associated tree with branches TBl and links TL1 relative to the order in
vhich the branches were initially input,

In this case the smallest over largest pivot refers to the subsystem of

resistor ecuations solved by procedure GFPIVOT and cives ~n indication of the

numerical stability of the subsystem.



1 3. velative

¢ end i

to the new order of the branches which in this case is identical to the original

The stcte veriables chosen by the program are v,,v,,V.,J
A EfRey o
order, The state matrix /A is computed where dx(t)/dt = ix(t).
This was one of the simplest problems used to test the program, It has

only single branches between nodes, no dynamic or non-dynamic constraints and

no Sources,
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This circuit has a resistor current constreint (which would be called a
cutset relative to a tree with the maximun number of resistor branches in the
links), The problem tests that the resistor voriables can be dealt with in
similar menner to degenerate czracitor or inductor wvariables, by cells to
procedures TRES, TIESHT MATRIX, SUBSYSTA, GFPIVOT and REDUCE TIATRIX,

The circuit still only contains single branches between nodes,
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INPUT FOFSVM53

fi= 9 RSQURCE= 0 NY
R MN1[33 - MNZLB] MCOMP
1 g 2 i
? 4 5 L4
3 2 3 s
4 2 5 2
B a8 6 2
© 5 6 5
7 3 4 3
B 1 5 2
9 2 4 2
N= B L= 4 R= 5 C
OUTPUT FOFSVM5S;
ORDER= 4 LC= 0 LR=
BFTAFLL,N1=
0 =4 0 ¥l =1
=3 =1 0 vl =il
0 0 : § 0 i
ol JE | 0 0 Ll
CuUTPUT FOFSVMS;
TR1IN]= 1 2 3
TL1fLd= ¢ 6 7
NETWORK - RRANCHES REORDERED
B MNiCP2] MN2IB1 MCOMP
5 | 1 2 )
2 4 5 2
3 2 3 7
4 5 6 53
5 2 4 55
6 2 5 82
7 1 6 i01
8 3 4 102
9 1 5 54

LBl ACOMPLBI]

2.000,+00
2.500,+00
4.0006+00
5.000,6+00
6.000,+00
7.0006+00
8§.0006+00
8.5006+00
9.600+00
= 2

0 LL= 0

5

8

INTO TREF

ACOMPCR]
2.000+0G
2.500,+00
4.,0000+00
6.000+00
9.0006+00
5.000w+00
7.0000+00
8.000+00
. B8.500w+00

[R1]

NC= 0
BRANCHES
Ve 14
Vi 2]
VI 3]
Vi 4]
VL 53
JC 6]
JE 73
JE 81
J 93

NK

AND

1

L INKS

NL
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TR4=
i
TL4=
3
BETAFLL,NI=
1 i)
1 j
1 0
e 0
SHALLESTHOVER
SMALLEST OVER
THE 1 STATE
( VL 11
.A:

-4,2681w-02
=1:220,=02

1.037m’n1

~3¢4301-02

WHERE DX/DT=
FORMULATION

1
1
1

i

4 7
6 9

-1 1

-1 0

ot 0

-1 0

LARGEST PIVOT=

LARGEST
VARTABLES

PIVOT=

ARE

W e 2.3 I

AX

=it , 52%%~02
O IR T
3.70?m'02

=9:2611-02

ONLY

1.000,+00
1.961:5=-02

71 JC

=3.625,=-01

=1 0037 e =01
=1.190,+00

#2091 5,901

1.372-01
?-szw'ﬂl

=3, 332101

ey (4 B B 1
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This circuit contains four dynamic constraints, one canacitor tiesct, one
inductor cutset, onc loop of inductors (which would be cclled an inductor tieset
relative to a tree with the maximum nusber of induckors in the tree branches) and

one capacitor current consiraint (which would be called a ceracitor cutset

.

relative to 2 tree with the maximum number of capacitors in the links). This
tests the sequence of procedure calls which have to be made to eliminate the
different types of constraint subsystems which are interactive with each other
and the main syspcm of equations, It 2lso overlaps with the first problem as
it has to eliminate 2 resistor subsystem from the main set of ecuations, This

problem also contains three branches between one vair of nodes,



INPUT FOFSVMS;

= 10 RSOURCE= 0 NY=
B MN1[3] MN2CR] MCOMPL
i i) 2 2
2 z 3 3
3 3 4 p
4 3 6 1
P 4 = 3
o 4 6 1
¥ 4 6 2
3 4 6 3
) 1 5 1
10 5 o 3
M= 5 - B K= 7 =
OUTPUT FOFSVM5;
ORDER= 4 LC= 1 LR=
BETAFCL,N]=
a1 ! 1 0 2. (o
0 = i 0 0
0 0 =1 0 : 8
0 0 = 0 0
0 0 =1 0 0
OUTPUT. FOFSVMS;
TR1MN]= ; 1 4 6
TL1CL]= 2 3 )
NETWORK EBRANCHES REORDEKED
B MN1LAR] MH2(B] MCOMPL
i 1 2 ad:
2 $ 6 &
3 4 6 3
4 1 -] 4
5 > 6 104
& 2 3 101
7 3 4 1
8 4 5 102

il
B1 ACOMPEB]

5,000,+00
2.000,+00
3.000+00
6,0000+00
7.000+00
9.000+00
4,000+00
2.500+C0
8.000,+00
7.90U0¢00

4
B i B
9 i

7
INTO TREE

BRI ACOMPLB]
5.0Ul0w+0U
6.000-0*00
9.000,+00
8.000w+N0
7.500+00
2.0000+00
3.0000+00
7.000+00

0

8

NC= 1

SRANCHES
VI i3
Ve 24
vC 31
VL 43
v 5]
JI 6]
JL 7]
JI 81

Nh=

AND

0

L INKS
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A

o

s

10
TR2s
1
TL2=
2
BETAFLL,N]=
0 0
] 0
=l 1
Q 1
] 0

SMALLEST OVER
SMALLEST CVER
SMALLEST CVER
SMALLEST OVER
SMALLEST OVER

( v 3]
A=
f2.273w-02
0.000w+00
36272w=02
4,0000-01

WHERE DXx/DT=AX
ONLY

FORMULATION

Ji

0
Y
=q
0
0

6 Bid

6 103

6 7

4 8
s ¢ b
0 e
il =i
] =1
0 i

LARGEST PIVOT=
LARGEST PIVOT=
LARGEST PIVOT=
LARGEST PIVOT=
LARGESTY PIVQRT=
THE LSTATE " VARTABLES . ABRE

VL

43 JL

0.N0001+00
0.000+00
3.361-01

0.000,+00

4.0000+00
2.500w+00
10

9

1.600,+00
1.0000+00
1.000,+00
1.0000+00
S.OGOw'UZ

61 Jig 100D

=1 672502
ik 2B 00
=8.8961=01

0.000,+00

JC 91
JE. 10

=1.0661-01
0.000,+00
0.000+00

0.000+00
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In this case, the network contains one capacitor tieset, two inductor
lJoops, and one capacitor current constraint. Trocedure GFFIVOT operctes on
one rectanpular dynamic consiraint subsystem of order 2 X 7 and on a resistor
subsystem of order 3 X 15, This tests further the method of elimination of

constraints and resistor variables,
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INPUT -FOFSYM5;

8= y B RSOURCE= 0 NY= 0
MNICBT - MN2(R] MCOMPLRI: ACOMPLRI

x

1 & 7 3 1.500,+00
4 s 2 1 2.000,+00
3 6 & 2 2.500,+00
4 6 7 3 3.00Cw+00
o 1 6 S 3.5000+00
&} 2 (o] 1 4,500+800
7 2 5 1 5.000,+09
8 6 8 2 5.500%+00
% 4 8 1 6.,000,+00
10 5 & 3 6,500,+00
11 2 4 3 7.000+00
12 4 50 30 7.5005+C0
13 3 4 2 8.N00,+00
14 3 =) 3 8.500,6+00
35 2 3 3 G.,000,+00
N= 7 L= 8 R= 3 C= 5

OUTPUT FOFSVMS;
ORDER= 3 b 1 ILR= 0 B 2 NC= 1 NR= 0

BETAFLL,N]=

i | S i o 0 0 =y, 0
0 =3 0 0 g 0 ¢
i 0 e b ] 0 i, 0
0 4 - 9 0 it 0
0 0 el g 1 i 0
¢ 0 0 1 i ¢ G
0 0 0 1 it 1 il
] 0 el o 1 i 1
OUTPUT FOFSVMS;
TR1LMN]= 2 3 7 & 9 10 13
TL1CL3= 1 4 B 6 Bl 12 14 15

NETWORK BRANCHES REORDERED [INTC TREE BRANCHES AND LINKS

B MNICR]Y MN2[B] MCOMPLE3Z] ACOMP(BI
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1 1 2 1
2 6 7 53
3 2 5 3
4 6 8 &2
5 4 8 4
6 5 6 5
74 3 4 B3
8 & 7 101
9 6 7 102
10 1 6 103
: & 2 6 2
12 2 4 104
13 4 5 105
14 S 5 106
15 2 3 107
TH2=
4 6 9 10
TLZ2=
i 2 ] a7
BETAFLL,NI=
0 1 0 = 0
0 0 R A 0 0
0 0 ¢ 0 U
= = U 0 ek
0 0 0 N 1
0 0 -1 -1 0
0 =iy 0 0 0
0 U 0 0 1
SMALLEST OVER LARGEST PIVOT=
SMALLLEST OVER LARGEST PIVOT=
SMALLEST OVER LARGEST PIVOT=
SHALLEST OVER LARGEST PIVOTI=
THE O STATE . VARTABLES ARE
( v( g V({ 33 Vi
A=

0.000w+00
0.000+00
0.000+10
7.879%90-01

0.200+00

0.,000+00
0.000,+00
2.0000+00
3.939w~-01

0,000+00

2,000+
2.5000+
5.000,+
5.5000+
6,000+
6.500+
3.000+
1.5000+
w0000+
5000+
500wt
G000+
NUTIEVITE
<S50t
LU0+

O 0NN DWW

13

=
0 0

] ¢
i3] 0

= =1

=1 =3
1.0006+00
1.000,+00
3.88‘):0‘01
S.Ime-Ul

2 JI

0.000w+00
0.000,+00
0.0000+00
-3.,636,-01

0.0006+00

00
00
0n
0o
no
00
no
00
00
00
no
00
00
00
Y]

14

8]

8

v 1]
v 21
v 31
Ve 43
v 51
Ve 61
v 71
J 51

A 93]
JC 109
L 1 I
JRG T2

0
S L
JEI 45

15
14
JC 91

=7.1430~-01
=1.1070~-01

0,000+00
=1.667+00

=8.3331-01

12

S 223 JC

4.2860=01
6.6130=-02
0.0000+00
=1.,667+00

=8.,333=01



153 JI

0.000+00
=1.3726-01
2.9631-01
'O.Uﬁﬂuouﬂ

0.,000+00

141)

0.,000w+00
=1.177w=-01
=22 1 78w=02
0.000w+00

0.000+00

0.000L+00
1,945,-0?
=3.241-01
0,000+00

N.0000+00



2'597W-U2
=~2:424-02

~2.139.-02

WHERE DLX/DT=
FORMULATICN

AX
ONLY

8.4425,-02
9455 =02

4.,8136-02

=2.208,-01
2.0610-01

1818wl

0.,000+00

0.000,+00

0.0000+00

0.,000k+00
0.000+00

0.000,+00



=1.397w¢00 1.310-01 1.528+00
1.304+00 =122 2h =01 =1.,4261+00

1.8824+00 6.76510=01 =3.0881+00
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This vroblem has an independent current source and prescribed outrut state

varicbles v
L

sV

1

and v., so that as well as the state natrix A, extra matrices
£

B, C 2nd D have to be computed; where B is the source matrix in the state

equetions, € and D are the output state matrices, such that

He

i

ax(t)/dt 2x(t) + 3u(t)

Cx(t) + Du(t).



INPUT FOFSY

i B= 7 RSOURCE=
5 i3 MN1IL£31  HMN2LB]
1 e 4
2 2 4
R 3 4
4 i 5
5 3 4
6 i 2
7 2 S
Sl SMN2  SMCOMP
4
N= = okl 4 =
CUTPUT EOFSYM53
CRDER= & L= i
BETAPEL NTS
; 0 -1 -1
0 -1 0
1 -1 =i,
-1 1 0
QUTPUT  FOFSYM53
TBLCN]= 2 3
4 0 T 4 5
NETHWORK [RANCHES
4 MHNZIB]

N S LN

b N L e

M5

3

T R e i o

SMN1:  SMN2

4

B e L

SHCOMP

REORDERED INTO TREF

MY= 3

MCOMPL2] ACUMPLBI

1.000,+03
1.00”;0-06
1.0000~05
1 -00“10‘_05
1.000+03
1.00050+00
1.030+00
SCOL HMSOURCE

N OGN DO = B =N

&} J: 0

LR= 0} LL= ] NC= 0 NR= 0% e Ntr=

4

6 7

BRANCHES  AND  LINKS

MCOMPLEB] ACO4RLR]

1 L.000w-06 V( 3]
? 1.0000=06 V( 23
3 l-Uflﬂm-ﬂé V[ 3]
51 1.CiNe+03 JL 4]
52  1.0000+03 JE 53
101 1.0000+00 S 6]

162 1.000w+00 JI 7]
SCOL: MSQURCE




4 0 4
SHALLEST OVER (LARGEST PIMOT="1,0080+00
ThE [ STATE, VARTARLES.  "ARE
( VE .3 27 V[ 37 SRE
X

0.,300L+000
0.0000+00
0.0000+00
=1.,000+ii0

1.000,0+00

0s00010+00
1.0006+08
1:0000+06
0.000w+00D

0.0200+00

“0.0C00+50
1.0001.+00

0.000,+00D
0.00CwL+00
0.000+00

C.000w+10

WHERE

DX/0T=AX+51;

0.0000+00
~2.0000+03
=1.000+03

3.080+00

=1.000,+00

1.000+00
0.0001+400

1,000,+00

0.06CL*+00
~1.0000+03
~1.0000+03
1.000,+00

0.060,+30

1.000u+00
0.000+00

0,000,,+60

Y=CX+U

G

61

JL %39

1.0000*+06
=1.,00010+06
=1,000+06
0.008+00

00Ul +00

0.000+00
0.00N0+00

0,000,+00



=1.000w+06
1.000+06
0.0000+00
0.,000+00

0,000,400

0.000w+00
0,000im+00

0.000,+00
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his is the first of a series of problema for which the state esuations for

(%

networks are formulated end solved. A-voltage source of 1CO wolts is syritehed

on for one second and the transient current response j. through the sccond

5
=
inductor is observed, The current carries on rising after the source has been
switched off, pecks when the energy limil is recchoed ind then tails off with
some cscillation to steady off back at zero after about twenty seconds bave

elepsed, since the initial voltage input,

ST all

e

The computer printout now contains the séurco input 'data, There
indepnendent (IHCURCE(L) = £) Qo}tuye source (S1CCP(1) = 1) between nodes L and
1, i,e, ' the Vvoltage rise is from'noae ) to node 1, llore input data referring
to the source voltage u was required. There are two piecewise time intervals

NINT(1) = 2, and two scts of coordinates (TINT,UINT) of the end points of the

graphs of the independent source.



volts A

(0,100) 1(1,100)

tine(seca).
(1,0) ;

A
7 o

 /

The initizl step sizc cestimate ! computed by the vrogrom is uscd to
produce output dr to in the form

time, outrut statec vorisbles

: = S S e N TR
The output of stote wveriables to the lineprinter was surmressed in thiz exomnle

-
(D)

bt
o)
{

by settins K = g at the end of the list of input data. VIIA and LK ore
4

= : : = : ) ik
used to monitor local errors during the solution procenrc, The outrut guite

4.3

viriasble d:ta is also output on cn off-line gravh plotter via the program |

SV‘IT}II‘TQ

Referring to the plotter output of inductor currert versus time, p65 (vi),

4
superincposed poirts are from p.112, reference 11. The output from FOFSVM5 |
corresponds very favourebly, the greatest discrepancy being at the peak |
overshoot, :

|
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In this eircuit, an indevendent current

on and the iransient volti.ge resronses of branches )

until they stcbilize,

will

e

seconds &t ten volits,

This problem was the first to show the need for a viriable step

routine, as no suiteble single step si

interest, without local errors becoming intolerable czusing the selution wvrocess

to fail, The step size ranged from

24
N

This exzmple was extrected from a

//Q/T e
|

]
- 1
j
/
/
%
>4

The branch voltoses settled down

-
o

-8 %
Pk it e 0 10

paner by D 05 s lpadshewy

3 el \To s
souree of - 0 C7 amns 18

siritehed

y 1 ond & ere obeorvod
after coout four

cize

e could be found over the whole range of

10

Referring to the plotter outputs in each case the corresponding results

extracted from DPr, Bradshaw's parer have been superimposed on the FOFSVMS

outputs and good agreement was obtained between NEETLE cutputs and those from

FOFSVMS .

operating ccrrectly, as the bridged tee network has & simple current step

input,

Such agreement is to be expected, provided the subrcutines ars
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Exe O Letvork with Simusoidal 5o ree
1002 \
i

-1 _100pF

e = ——1 \p& i
" |
’ ¢ I
- Y |
4
'
|
i
*m o 1

”~

. = ~ \ £
e = e sin(2ret+ @) :
5 50
2y B

where e ol el X |
SO |
6 b
@ = Pond 2r6 = 1,252 4 10 48 i
i
}
This wes a simnle circuit to show that with very little modificction 1
/;‘1
FORSVLS could be made to teke ‘sources which very sinmusoidally wiith time, The |

progrem terminctes a run with a sinusoidnl source when the time intervel

preseribed hy the uscr-is eytceded,

volts at steady state, From the results listing, the second outpul state

variable, v

o peaks at +0.623 volts, and checks on the time scale, i.e. pericd ¢

the waveform conforms to the input frequency, .
The network in this example has a sine-wave suddenly a pplied tc it, and
examination of %he plctter ocutputs show the initial trensient envelope of the sij

wave and subsequently a steady state, If the computation time had been longer,

then phase measurements of the different outputs could have been made,

‘5
§

The signifiicercs of this example is only ir the demonstration of the progra%
s 2
handling a sinusoidal source. L
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e 10, lon=line:.r iodel of Diode

-

-

ls=1o(exp(qvc/ka)—1)

//’/
/7 '/
,/ 4\{ 1
B
1
\
\\ 24
N

This circuit hcs a dependent current source which is exponentially
controlled by a capacitor voltage, Locel numericel errors were being
propegated exponentially, until a damping factor was introduced which allowed
the transient voltage resvonse across the diode to stabilize after some

BEedL] abion,



694, |

Note that the input voltage ¢ is a square pulse, switched from C to ~4 volts
at t = 0, then to +4 volts at t = 10“7 seconds,

The trensient responses of control and output voltages contain s ome
oscillaticn due to the method of numerical integration being used. Tre damping
factor, employed by FOFSVME to contrel exponentially propagated locar errors,
clips the transient curves above the steady state value, A transient simulated I
in this marner will contain true response oscillation and spuriocus oscillation |

due to deficiencies in the numerical method being used. A good solution method

should reduce this spurious oscillation tc a minimum.
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In this problem introducing a second capacitor in combin:stion with the 10k
resistor slows the solution proecess dovm drastically, The time constants for

o
the two capacitors ere anproximately sevarated by 107, as measured by the ratio



of the moxdimum to minimum row norms of the ctnte mntrix o,

v el /Pl

where llill: ;E% !al,l s n}j is the jth element in the kth row,
J:—- :J e/
and ‘ I means modulus,

In this example the solution process breaks down immediately showing
widely separeted time constants are the severest test so far applied to this
routine, A more powerful method of numerical integration is needed to deal

6
with these conditions such as that due to Gear. o1
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This circuit contrins an insiebility in thet the rugmented motrix (2 3) |

has a row of negative clements, The time constants are not widely sooeed, i
: |

“

consecuently a solution iz obtaoined, clthourh one of the st

-

te viricbles is
highly exad
Note that the input voltage ey is a squere pulse, switched from O to 1 vol?
at t=0, then to +1 volts at t=1070 seconds,
The first transient is the capacitcr voltage Vs and the second Vo= ege
Where the action of the switch is evident in the graphical output. The third
transient that of the capacitor voltage v, has not been obtained due to the |

occurrence of a row of negative elements in the augmented state matrix (A B)

which causes the method of numerical integration to become unstable, :
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5,5 Opercting Instructions

Data for use with program FOFSVIS> is arranged as if for a single run, the
individual pfoblems being separated from each other by identifying names and a
run number which when negative signifies that no more dota is to be read.

Tne brenches of a network cre identif'ied by numbered nodes which are used
as coordinctes, and two more numbers which designzte the t;pe of element
contained in a branch &nd its value, Source brenches are identified similarly
by node coordinetes and two numbers which state whether it is current or
yoltage and its type of dependence., Dependent scurces should be entered first
followed by anyincdependent sources,

in integer K specifies whether if 2ll initial conditions zre to be taken
as zero or to be read immediately aftcrwards as duota, If initial conditions
are not zecro, then they must be entered as data in the sume order as the branches
they represent, .11l capacitors are given initial voltages, resistors are
entered s zero, and inductors are given initicl currents,

The output stzte viriables are preceded by a list oft identifiers
specifying each of them as current or voltage. Then each output should have
data entered which represents the coefficients of branch voltages and currents
in that order. Yor instance if a network has B brenches (sources are not
strictly regarded as branches in their own right), 3 voltuges and B currents
must have their coefficients entered as zero or non-zero for each required
output, These coefficients should be positive or negutive real numbers, It
must be emphasized that brench voltages or currents are being dealt with
rether than elementzl ones, If a resistor elemental current or voltage is
required it mey be better to specify it indirectly using Kirchbhoff's Current or
Voltage Laws, as an unwanted source component may appeals This is only
necessary when a resistor branch has an associated scurce, Any control

variables must be entered as output state vericbles before any other output



requirements, Aalso these output stotes representing control variables must
be entered in the same order as the sources they pertain to have been entered
as data.

Other data related to the sources is also required and must be entered in
the same order as the previous source duta which was related to the source
columns of the state matrix, This lutter source data pertains to the input
vector u., Again dependent sources are entered first in the same order as they
were before, followed by the independent sources. It is probably best to
enter the sources all the way through the following order; sinusoidal,
exponentially controlled, lineurly controlled, and independent,

Independent sources have time intervals specifiec by the user, The
number of time intervals for each independent source must be entered, The
coordinates of the end-points of the graphs of independent sources are entered,
For instonce, ‘a single step function would have

((t ’uﬁ{)’(tl’uﬁ))
whereas & single ramp would have
((tﬁf’uﬂf)’(tl’ul))
a ramp followed by a plateau followed by a ramp would have
((t ’uﬁ)’(tl’ul)); ((tz,ul):(t—v)’ul))i ((tb,’ul)’(tB’uQ))°

Finally & set of numbers is cntered which are the state matrix series
truncation factor, local error tolerance limits, time interval over which
responses are to be observed, maximum number of points on response curves are
to be plotted, and an indicator whether or not a full printout of state
veriables and output stute variables or just output state vuriables alone are

required on the lineprinter. (5ee section 5,1 for formal layout of data input.,)



5.6 Operator Troccdure

FCFSVI5 needs two magnetic tapes for use during the running of the program,
One is used for the segmentation of the program and the other to dump data for
use with the program SVII'LT which can be put into batch with FOFEVIS, The
first is an initialised scratch tape mounted on handler 3 and the secondvis
jnitialised, called "POFLVIL OUIFUL" and mounted on handler 6,

after FOFSVL5 has completed its runs CVIPLIL reads the tape on handler 6 and
then writes data to the same tape, The plotter tape for CALCONF is then required

by the program,



T (Ve

6, Final Conclusions and Future Developments

There are three main tasks that a computer program based on stete vzoriable
analysis has‘to perform, namely:-

(1) the formulation of a degenerate system of equations (see section 2.2),

(ii) the processing of these until they eventually become the state equations
(see section 2,3),
(iii) the solution of the state equations (see section 3).

The first task requires the computation of a topological tree and its
associated tieset matrix, This can be done using either matrix or search
methods, A degenerate system of equations can then be feormulated.

The degenerate variables can be eliminated using Pottle's Method or the
method of Auxiliary Trees which is based on Bashkovi's work, The latter method
has the advantage in that Gaussian Elimination is applied only once to each
subsystem of equations of constraint, which are formuleted topologically, whereas
the former method uses Gaussian Eliminetion repeatedly on the considerably larger
mein system of degencrate equations to formulate the equations of constraint,
the process being repeated after each degenerate voricble has been eliminzted
until only the state eguations remain,

The solution of the state equations can be accomplished using:-

(i) en Adams-Bashforth-loulten predictor corrector rncthod,lF

(ii) a Runge-Kutta method such as Jnglsnd'é Nothod,&
(iii) Certaine's Fethod of transition matrices (see section 3,2),
(iv) Tlethods suitable for use with systems containing equations with widely
separated time constants known as Stiff equations, e.ge. Gear's liethod
(see section 3.3),

It was found that the formulation of the degenerate system of eguations was

relatively easy to program, In Bashkow's Topological formulation the sources

ere associated with a branch containing a passive element whereas in Pottle's
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formulution they are tre:ted as independent brunches, It was decided to
associate ulJ sources with resistor branches zs this simplifies the
classificztion of the dynamic constraints as well us suppressing derivetives
and integrels of sources, which could still occur in certain cases, despite the
chcice of capacitor voltages end inductor currentc as state vuriables,

However, associzting sources with resistor brunches would not prevent
derivatives and integrols of the sources eppecring if this choice of state
verizbles was not muade,

The section decling with the eliminction of the degenercte veriables from
the mzin system of ecquations proved wore difficult to progrum, Progremming
errors were made which proved difficult to locate und elimincte, Test
problems hed to be sulficiently large to test the progrem but small enough to
check by hand, Formuletions werc tried for networks containing from two to
Tifteen brenches, Cne tree was computed for a network containing thirty
branches. The number of branches in z network gives the initial order of the
system metrix that has to be manipulated. The method o1 Auxiliury Trees wes
chosen to eliminate the constraints,

The solution of the state eyuations guve rise to problems which were
sometimes difficult to diagnose. Some equations could not be solved without
a variable step size routine, as too many points vere rejuired over the
prescribed time intervael using the initial stép size estimate computed by the
program, There was in fact no suitable single step size estimate over the
whole range of interest, ther failures originally thought to be due to
prograrming inconsistencies wcre corrected by monitoring the local numerical
errors; this resulted in the solution process being speeded up in most cases,
letworks whose components hed widely scparated time constunts coused the
solution process to slow down to an unacceptalle level, and no wey round this

problem could be found using Certaine's licthod., But apart from this last



problem, 211 test networks containing capacitors, resistors, inductors and
independent sources were solved, lowever test circuits containing linearly
controlled séurces failed without exception when 2 row of the augnented matrix
(A B) contained all negative elements, This gave rise to transient responses
of the right shape but grossly distorted in megnitude, This apparently occurs
when a step length cannot be found which lies within the interval of relative
stability for the method of numerical integration being used. vihen an
exponentially controlled source was introduced the transient response did not
stabilize, It appears that small local numerical errors were being amplified
exponentially, The introduction of a damping factorl apperently brought this
error propagotion under control as the transient response then settled down to
the right value after some numerical oscillation,

Program FOFSVI5 was based on Bashkow's topological formulztion of the state
equations and uses the Auxiliary Tree method of elimin:ting the degenerate
vzriables from the main system of equations, Procedures TRuE, TIESET MATRIX,
SUBEYSTilly, GFPIVOT and REDUCE HMATRIX were used to formulate and process the
degenerate system of equations until they become the state equations, TRis¥ and
TIESET MAITRIX use search methods to compute the trees and their associated
tieset matrices, SUBSYSTEN uses these trees and tieset matrices to formulate
the subsystems of equations of constraint, GFPIVOT uses Gaussian Elimination
with full pivoting followed by back substitution to solve these interactive
subsystems of equations one by one along with RiDUCE IMATRIX which substitutes
for the dependent variables in the main system and other subsystem which have
yet to be solved. The resistor variables are dealt with simultaneously using
the same procedures. The state equations are solved using Certaine's method
of numerical integration with varieble step size and local error checking
routines, The program terminates a run if any of the following conditions

occur:=-



(i) the solution process is moving too slowly and cannot be speeded up
without intolerable local error accumulction,
(ii) e steady-state response has been produced and there are no more

excitations to be applied to the networlk,

TN
-
e
e

9

a2 prescribed maximum number of points to be plotted has been attained,

U Y
}..l-
<

S

the prescribed time interval over which the network is being
investigated has been exceeded,

The output state-variable data is put onto magneti¢ tape and becomes the
input for a plotting program SVIPLT which eventually produces graphs of the
required transient responses on an off-line device, The stite equations can be
formilated for general networks containing capacitors, resistors, inductors,
independent sources, which may be constant or piecewise-continuous-linear
functions of time, dependent sources which may be linearly or exponentially
controlled, and sources which vary sinusoidally with time, The state equations
can be solved if no widely separated time constants are present and if a step
size can be chosen within the interval of felative stability for the method of
numerical integration being used.

FOFSVNG uses matrix methods to simultaneously compute the trees and their
associated cutset matrices using a modified form of procedure GFPIVOT, which
takes over the tasks previously executed by TRi: and TILSST INATRIX, Otherwise
the program uses the same techniques as ‘CFSVJ,, but has not been brought to
the same stage of development.

It is hoped that in the future program FOFSVY5 can be used to investigate
integrated circuits, Any active components are to be replaced by circuit models
containing capacitors, resistors, inductors and controlled sources, This
active circuit modelling has been left to the user to make the program more
versatile in that it can be made more applicable to the kind of circuit

behaviour under analysis. The program is already of considerable length and
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has been segmented to create more run-space, The third segment, which at
present implgmonts Certaine's }Tethod2 of solving the state ejquations needs to
be replaced by a powerful method of solution which will be able to deal with
Stiff equations when they occur and which has a larger interval of relative
stability., Gear's llethod should replace the present method of solution, An
extension of the program using charge or flux controlled models, could
formulate the state equations of time-varying networks, but solution methods

for specifiic cases only could be produced,
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of constraints by procedures
TISETS ‘and CUTSETS

Calls procedures

LREE..and TES BT MATRIX

Reorders BRANCHES
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degenerate STATE MATRIX A

!

Formulates equations of constraint
by calls to procedures TREE,
TIESET MATRIX and SUBSYSTEM

Solves interactive subsystems
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substitutes for degenerate variables
in main system MATRIX A
and remaining subsystems

Extracts any remaining resistor
equations from main system,
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the remaining equations which
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Solves the STATE EQUATIONS
CERTAINE'S METHOD

using

Program FOFSVMS




NUMBER::;Z l

of branches designated by

procedure call

CONNECTS NODES by type

LET S

branches

Takes out any dangling

still connecting nodes ?

are there any branches

takes out a branch

NUMBER: = NUMBER+1

P RINT-—NUM-BER--OF

TE'SETS

Procedure TISETS




[ NUMBER :=G'=0 ]

| NopE(F):=0 |

AN :

MIN<MCOMP (F)< MAX

O="0 "+
S :=TR1(G):=MN1 (F)
T:=TR2(G):=MN2 (F)
NODE (S):=NODE(S) + 1
NODE( T):=NODE (T) 1 W

FruF ot Thika

A

NODE (S):= NODE (S)-1
NODE (T):= NODE(T) -1 —f\—>

TR1(G) :=TR2(G) .= 0

[ NUMBER :=NUMEER+1 |

A

>N+1

Procedure  TISETS sheet 1
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TEEN S

NODE (F)#0

=
5
b

S:=TR1(G)

>

or T=F
NOLE(S)# 0
and NODE (T)# 0

T:=TR2 (G)

G:= G ¢

NUMBER:= NUMBER+ 1
NODE(S):= NODE(S)-1
NODE (T):= NODE(T)-1
TR1(G):=TR2(G):i= 0

A

Procedure TISETS

sheet 2




coalesces dummy coordinates
TR1 TR2 of branches not of

type designated by procedure
call

connects NODES by branches

using dummy coordinates

counts number connected
nodes
NX 1= NX+1

prints N Sthe mumben
of G UESERS

Proeced upes CUTSETS




TR1 (F):=MN1(F)
TR2(F):=MN2(F)

»| NODE(S);
NODE(T)*

Si=TRY{F);T:=TR2(F)

= NODE(S) +1
=NODE(T)+1

t {

FrasE

1

>N+1

~
- S

Procedure CUTSETS

NX:=NX + 1

NODE (F) # 0

F:

E.4]

>N +1



TYPE:=H:=§¢

LOOP 1% XuPErnml X RE + 1

connects up nodes with type branches
excluding any already chosen as

links

NO are there any branches still

A

connecting nodes ?

Branch loop present.
Takes out branch of latest type
ahd - puts jntermsliinicrseitraile)

= H+1

Does H equal the number of links

required ?

Checks branches and puts any

branches not chosen as links into tree
branch set. (TB)
Primts T B awd it

Procedure TREE




TR1[F) := MN1[F)
TR2[F] := MN2(F)
ngfﬂ;:TRA[ﬂZ=O

>B

TYPE:= 0

[TOOFW:TYPE::TYPE P lL

TR3[6)=MN1(G]
R4 [6):=Mn1 (6

s:=TR1(6]); T:==TR2[(g]
NODE [ s] :=NODE[S] « 1
N ODE[T] = NODE[T]+ 1

L

G:=G6 + 1

G
>B

F=F+1

F

>TYPE
[ Loopr 2: ]

-

Proceduee

TREE

sheet 1




Hi=sH + 1

\ LOOP1:
LOOP2: F:=1 -
: E
NODE[F] = 1
G:=1
Y
s:=TR1[6) ; 1:=TR2 (6]
)
NODE(S )=NODE[S] - 1
| NODE[T)=NODE[T] -1
TR3[6):= TR4 [6):= 0
Sx#F and T#F
NODE [S) or NODE[T)=0
TR3[G) or TR4[G] =0 \
LOOP3 : G:= G+ 1J
>B
F:i=F + 1 e
F‘
>N H

Procedupe  TREE

sheet 2
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LOOP2: Fim?
/T < J/J\\
\ﬂooe[ﬂm
G:=1
s:=TR1[6) ; T=TR2[G]
H:i=H + 1

NODE( S] :=NODE[ §] -1
NODE (7] :=NODE [T] -1
TR1 [6):=TR2 (@)= 0

LOWER[TYPE] <MCOMP[

Gl

and
UPPER [TYPE] > MCOMP[G)

TR3(G)

S

LOOP4 G'= G + 1

S¢F and T#F
NODE(S)

or TRL[G] =0

or NODE[T)=0

S:=TR1[F]; T= TR2(F]

ELSE

M:i=M+1

TB[M)=F

PRINT
T8,TL

Procedu

re TREE

sheet 3




Pi=P +1
Connects nodes by all tree
branches and Pth link branch

COUNTER:
takes out any dangling

branches

BETAF(P,G):=¢;

Locates TIESET loop and checks
direction of branch.

BETAF[P,G ):=1 or -1
and takes out corresponding branches

A

Does P equal the number of link branches
» :

Y ES

all rows of

TIESET MATRIX BETAF
have been computed

PRINTS BETAF

Procedure TIESET MATRIX




<L

» NODE[FA:=0

S:= Mm[TB[F]]
Ti= MNZ[TB[FJ]
NODE[S):= NODE[S]+ 1
NODE [1]:= NODE[T]+ 1

R
F
>N
§5 MN1[TL [Pj]
T.= MNZ[TL [P]]

NODE[S):= NODE[S] +1
NODE (1] := NODE [1]+1

COUNTER- & F& 1

s:= MN1[T8[0]]

T:=MN2 [TB [G]J

S orT=F

NODE(S)=NODE[S] -1

>N +1

Procedure TIESET MATRIX

NODE(S) or NODE(TI#0|  NODE[T):=NoDE(T] -1

BETAF [P,G]:= 0

sheet 1



NODE [F]*0

Ti=

1= MN1[TB [FJ]

MNZ[TBLF]]

MN2 [TL [P)]=s and NODE (T] = 2

A

MN2[TL(P))=Tand NODE(S)=2

BETAF [PF)i=1

BACK:
NODE(S] :=NODE(S) -1
NODE [7]:=NoDE[T]-1

BETAF [RF)=1

MN1 [TL(P]=5

orMNI[TL(P)]=T

:

,&_

S := MN1 [rs[e]]

T:i= MN2 LTB[G]]

NODE(S)
=2

| BETAF ([P,

BETAF P,F

NODE(T)
=2
MN2 [TB(F)|=T
= 202 sermr (-
Fi=Fa+)
MN2[ TBIF)] =S
F
>N
JUMP2.
P.=P41
P
>L
PRINT
BEFAF
Procedure TIESET MATRIX sheet 2




Checks appropriate
KIRCHHOFF CURRENT (VOLTAGE) EQUATIONS
for constraints

!
l
|

Transforms any current (voltage)constraint

equations into voltage(current) equations

and assigns to a row of subsystem
matrix VAX (JAX)

ls it a subsystem

YES Computes

source columns
of VAR (JAR)

of resistor constraints

?

Expresses any link voltages (tree branch
currents) in terms of tree branch voltages

(link currents), updating VAX (JAX)

PRINTS
SUBSYSTEM

MATRI[X YAX

Procedure SUBSYSTEM




K.=p

ROW(F): = g

il
=

COL( B)s

YAX(FG).= @

YAX (F,B+G) =g

:=LEASTI

0
\
z

S =T LN

T:=MCOMP(S)

M:=g

FmF+1

A
3

T>MIN
T<MAX

K=K +1
ROW (K )=

13=5

Procedure SUBSYSTEM

sheet 1



G:=LEAST2
<N
G =TB(G)
>N
S:=TL(G-N)

T:=MCOMP (S) [

T>MIN
and
T<MAX
M:=M4+ 1
COL(M) :=S
<N
G YAX(KS):= BETAF (F-N.,G) % (ACOMP(S))4P
>N

YAX(K,S):=-BETAF (G-NF) % (ACOMP(S))4P

A

T
N
T>5¢
and

T<10¢
G=G + 1

ol

Procedure SUBSYSTEM sheet 2




L——J Bl

\\
H:=1
SCOL(H)=S
and
YAX ( K,S)#£p
>N B
<N« 1

voltage to be converted into current term

<N
YAX(K,B+H).=-SACOMP(H) * ACOMP(S)
>N

YAX (K,B+H):= SACOMP(H )

Y /

YAX(K,B+H):x=BETAF (F-NG) % YAX (K B+H)

current to be converted into voltage term

YAX (K B+H ):=-SACOMP ( H)/ ACOMP (S)
b

<N +1

I YAX ( K, B +H)Z=SACOMP(ﬂ

/ /
YAX(K,B+H):=BETAF(G -NF)* YAX(K, B +H)

< RSOURCE

g
~

Procedure SUBSYSTEM sheet 3




Gi=G+41

P < MOST2
<N
F S:=TB[F]
Sl
S:=TL (F-N)
M:i=M ¢ 1

YAX (K,S):=(ACOMP([S] )4P

- \T
T>50
and
T<1p¢

Procedure SUBSYSTEM sheet 4




A

Hi=1

5

A

SCOLHY = S
and
YAX (K,S) 2@

<N+1

current to be converted into voltage term

YAX(K,B + H):=SACOMP (H)/ ACOMP (S)

YAX (KB+H) =-SACOMP(H)

p—ﬂ voltage to be converted into current lorml

YAX (K B+ H):=SACOMP(H) # ACOMP(S)

>N

YAX(K,B+ H):= ~SACOMP (H)

< RSOURCE

Y

LEAST 1=1
and
MOST 1 =N

~
~

Procedure SUBSYSTEM sheet 5




™ S=COL|G)

H:=LEAST 1

Y

YAX(K,S):=4g

YAX (KH):=YAX(KH) - YAX(KS) x BETAF1 (S-NH)

Hi=H+ 1

H< MOST 1

G:=06 +1

N
=

A

Procedure SUBSYSTEM

sheet 6




G:=1 <
r
F
> S:=COL (G)
>N
S = >
<+
H:=LEAST 1
YAX (K,H):=YAX (K,H)+ Y(K,S) % BETAF1(H-NS)
YAX (KS):i= @
A A
Y
Hi=n® |
\_ < MOST 1 < l";
G:=G+ 1 - J
<M
;—-» Fi=F+1
o S MOST1

Procedure SUBSYSTEM sheet 7




Arrays ROW and COL assignhed initial

order of rows and columns of

subsystem MATRIX YAX

Elements of array COL rearranged so
that columns representing constraint
variables come first

|

Gaussian elimination with full

pivoting applied to subsystem matrix
YAX ( ROW, COL) relative to ROW and

COL which are updated as the
computation progresses

Computes columns

[s it a resistor subsystem ? 145 representin
P 9

y No e

YAX (ROW, COL)

is how in upper triangular form

source variables

and back substitution is applied

to express dependent variables in

terms of the independent ones

:
Computes columns
- YES ;
Is YAX a resistor subsystem representing
?
- source variables
NO

Prints YAX (ROW,COL), COL

Procedure GFPIVOT




P:=LEAST -1 ]

ROW (F):=F I

Fi= LEAST I

> >
MCOMP( F) > MIN
and
MCOMP (F) <MAX
P:=P + 1
COLlP)s=E
Ei=E 2 =
=
< 1]
_SMos #
Q:=P
F:= LEAST

O

MCOMP (F ) >MIN

P=P+1
COL(P)=F

and
MCOMP(F) < MAX

LAP: FoF 1 |
|

< MOST

A

O

~
~

Procedure GFPIVOT sheet 1




SUP:ABS(YAX[Row[ﬂ,ax[F+LEAST-1H)

RONUM:=ROW (F)
CONUM := COL ( F+ LEAST -1)

&il= F
T:= F+ LEAST - 1

n

K:=F+ LEAST -1

SUP -
<3ABS(YAX[ROW[HLCOL[@})
SUP#ABS(YAX[ROW[ﬂ,COLDQD
RONUM: = ROW (H)
CONUM: = COL (K )
A S =H
T:=K
H:=H+1
< CON
Ki=Ke¢ 1|
<Q

~
~

Procedure GFPIVQT sheet 2




= SOME EQUATIONS

SUP
OF FORM f§ = @

Row [s] :=RoW[F]

ROW[F]:=RONUM

coL [T):=cOL[F+ LEAST-1)

COL[F + LEAST - 1}:=CONUM
Mi=M+1

o,

F 2
Il
-

YAX [ROW [H),coL[F+ LEAST -1]]:=

1 vax [ROW[HJ.COL [F + LEAST ﬂ}/ vAx[Row[Fj‘COL [F +LEAST - ﬂJ

Ki= Pt LEASTJ

Y AX [ROW[HJ,COL[K]];:

| vax [Ro w(H],coL [K]]- YAX [Row [H),coL[F+ LEAST -1]]* YAX[ROW(F];:OL[K]]

< MOST
K

e

~

Procedure GFPIVOT sheet 3

BKSUB:




S Pi=

YAX

A

MIN=5§
and g = ¢
MAX=10¢

YAx[Row[HJ, B+ KJ: -

vax [Row(H) B+ k] -vAX [Row [H],coL[F+ LEAST1] vAX[ROW[F)B+K]

< RSOURCE

L

< CON

A

-

Fo=rE o

< CON

BKSUB:

5

Procedure GFPIVOT sheet 4




YAX [ROW[M],COL[G]J =
YAX [Row (M],coL [G]]/YAX[ROW[M], coL (M«LEAST - 1]]

vax [Row(F], coL(c)] :=
vax [Row[F],coL{]]-YAX [ROW[F<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>