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1.

1, Introduction to Computer Aided C ircuit Analysis

1.1 Role o f Computer Aided Desip:n

Computer programs cannot replace the c ir cu it  designer or reduce c ir cu it  

design into a rote process: they are simply thereto fa c i l it a te  the investigation 

o f possible avenues o f research which would otherwise taJce years rather than 

months or weeks. The basic design is  s t i l l  in the hands o f the designer who may 

with the aid o f the com.puter decide whether to accept, modify or re je c t  his 

in it ia l  in tu itiv e  feelings fo r  the problem. When the basic c ircu itry  f i t s  the 

requirements i t  can be optimised with respect to it s  basic parameters. Reliability 

and sen s itiv ity  analyses can also be made viith the aid o f the computer. The 

c ir cu it  can now be b u ilt  and tested to see i f  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 i f  the design is  acceptable in it s  present form. The com.puter can 

be programmed to make som.e decisions but the major ones must be those o f the 

designer.



1,2 Review o f some existing; prop;rams 
1

1.2.1.
ECAP is  a piecev/ise linear network analysis program consisting o f three 

packages: DC, AC and Transient.

The DC Analysis Program pei-forms a linear steady state nodal analysis to 

produce a nominal solu tion . This can be follov/ed by a modified solution 

varying up to f i f t y  o f the c ir cu it  res is tiv e  parameters. Additional 

capab ilities  are a Partial Derivative and S en sitiv ity  Calculation, Worse-Case 

Analysis fo r  Node Voltages, Standard Deviation Calculation fo r  Node Voltages and 

fin a lly  Error Checking on Residual Currents.

The AC Analysis Program performs a linear analysis o f the steady state due 

to sinusoidal fixed  frequency excitation , producing a nominal output followed 

by a variation o f parameters resulting in a modified solution  as in the D.C. 

Analysis Section .

The Transient /uialysis Program produces a piecew ise-linear representation 

of the original set o f in teg ro -d iffe ren tia l equations in the form o f d ifference 

equations which are solved by an im p licit  numerical integration technique.

ECAP is  a too l to be used by the c ir cu it  designer, analyst, r e l ia b il ity  

engineer and others. As with any other too l, i t  must be used with engineering 

judgement.



NET 1 is  a non-linear network analysis program. I t  does a topolog ica l 

formulation o f the state equations o f the network to be investigated. This is  

preceded by a DC analysis i f  in it ia l  conditions are to be calculated. The 

solution o f the set o f d iffe re n tia l equations known as the State Equations is  

accomplished either using Adam's method or Certaine's method. The f i r s t  is  a 

predictor corrector m.ethod o f numerical integration which requires back values 

at three previous time in tervals. Additional numerical integration procedures 

are used by the program to produce these back values. The second method is  one 

based on the exponential solution o f a single linear, f i r s t  order d iffe ren tia l 

equation, or a set o f  uncoupled linear f i r s t  order d iffe re n tia l equations. There 

is  no predictor corrector mechanism in this method, but i t  has a variable step 

size routine. The choice between the two methods is  made by the program. The 

transient integration produces only state variables d ire c t ly . A subsidiary 

calculation produces node voltages and inductor and device currents as required 

by the user. Simple sets o f equations would be solved by Certaine's method and 

complex ones by Adam's method.

1.2 .2 NKT 1



4.

1,3 state Variable Analysis o f Netvvoî ks

D ifferen tia l equations may be written in the time domain fo r  a particular 

network, the resulting equations being, in general, o f d iffe ren t orders, but by 

the introduction o f intermediate vai'iables they may be reduced to a set o f f i r s t  

order d iffe re n tia l equations. These equations are called the State Equations 

of the network and the independent variables known as the State Variables, The 

set o f state variables usually chosen are a set o f independent capacitor currents 

and inductor voltages. The state variables o f  any network are the minimum set 

o f variables, which together with a l l  inputs, are su ffic ien t to determine a l l  

other quantities in that network at any point in time.

I f  the resulting set o f  state equations is  linear with respect to the state 

variables, time invariant, and contains sources which are piecewise linear 

functions o f time or constants then they can be solved using the method o f 

Transition Matrices known as Certains's method. Otherwise a powerful general 

method is  required to deal with problems arising from v/idely separated time 

constants, non -linearities and error propagation due to the method o f  numerical 

integration being used.



5.

1.4 Essential Features o f a Propiram Based on St^te Variable Tectiniiiues

There are three main areas in the formulation and solution o f  the State 

Equations fo r  a general RCL network

( i )  Topological formulation o f  the relevant Kirclihoff-Current-Lav/ (KCL) and

Kirchhoff-Voltage-Law (KVL) equations which comprise the fundamental cutset 

and tie se t matrices to form an in it ia l  set o f equations,

( i i )  Reduction o f this set o f  equations until the state variable formulation is  

achieved,

( i i i )  Solution o f the state equations by a powerful general numerical method 

o f integration such as that o f Gear,^

Tile f i r s t  section requires procedures to perform the tasks o f computing the 

tieset and cutset matrices along with their associated trees. Also, subroutines 

are required to deal with the d ifferen t types o f source inputs and set up the 

in it ia l system o f equations from which the state equations are to be derived.

This is  the simplest o f  the three sections.

The second section  requires routines to eliminate any unwanted Ve riables and 

equations from the system already formulated. This entails counting and 

formulating any equations o f constraint, and solving fo r  tlie dependent variables 

by Gaussian fu l l  pivotting techniques. The remaining equations are brought into 

State Variable form. This section riva ls  the third in it s  complexity.

The third section seems at f i r s t  hand to be the easiest, but having a set 

o f independent d iffe re n tia l equations to operate on i t  is  found that d ifferen t 

problems y ie ld  v/idely d iffe ren t complexity in solution, and in general require a 

powerful numerical technique. The method o f solution employed by such a 

program needs routines which control step size , s ta b ility , error propagation and 

rate o f convergence to the desired solu tion .



6.

1.5 Conclusions

Once a network is  drawn the task o f producing a set o f  state variable

equations which to ta lly  describe the network re la tive  to some in it ia l  state is

straight forward in outline, but the details became exceedingly complex. The

solution o f  a random set o f state equations needs a powerful method o f numerical

integration, as the simplest o f problems can turn out to have some undesirable

though unavoidable ch aracteristics , which require careful checking throughout

the solution process to make sure that the optimum step .s ize  within the s ta b ility

interval fo r  the numerical method chosen in being used, that the error
4propagation is  tolerable and that the solution time is  economical.

I t  must be stressed that the program is  only on aid within the design process, 

thus its  effectiveness depends on the d irect c ir cu it  knowledge and interpretation 

of the user.
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2, State Equation Formulation

2,1 Introduction

Ttiere are n’jmerous methods o f formulating the equations which describe the

behaviour o f a general RCL network. One method, Bashkow's Topological

Formulation leads d ire c t ly  to a set o f f i r s t  order d iffe re n tia l equations with

respect to time ca lled  the state equations, A complete set o f variables plus

a ll  inputs is  su ffic ie n t  to sp ecify  the state o f the network at any future point

in time. Other methods o f formulating the state equations e .g . Capacitor-node

inductor-loop methods, or Supposition method do not lead d ire c t ly  to a f i r s t
5order set o f d iffe re n t ia l equations.

B riefly , Bashkow’ s Formulation consists o f  choosing a tree wlriich contains the 

maximum number o f capacitor-element branches and the minimum number o f  branches 

containing inductors, each branch containing one and only one capacitor or one 

inductor. Then a set o f Kirchhoff current equations (one fo r  each tree branch) 

and a set o f  Kirchhoff voltage equations (one fo r  each tree link ) are w ritten.

The relations between capacitor currents and voltages, inductor voltages and 

currents are substituted as well as the algebraic relations between res is tiv e  

currents and voltages to produce a mixed set o f  algebraic, d iffe re n tia l and 

integral equations.

Any loops o f  capacitors in the network appear as f i r s t  order integral 

equations. Any algebraic relations involving only inductor currents also appear 

as f i r s t  order integral equations. Loops o f inductors appear as additional 

f i r s t  order d iffe re n tia l equations as do any algebraic relations between capacitor 

currents. The integral equations must be eliminated and are easily  dealt with. 

The excess d iffe re n tia l equations need not be eliminated unless the calculation  

o f an inverse is  required. They can in general be taken care o f  by Gaussian 

Elimination (though this is  not straightforward). The res is to r  equations are 

eliminated leaving a set o f d iffe ren tia l equations in state variable form.



EXALHaÜ

RCL Network and a ca p acitor  based tree

o---------------o tree branch

0 ---------------o tree lin k

¿ 1  + ¿ 1 0 = C idV i/dt

= C^dv^dt

KCL
h  ^ “■'^6 “ '^7 " ’^8 *‘ ‘^10 = C_dv /d t  

3 3

\  "" ^9 " '^ 1 0 = V \

J3  "" ‘’q “ •^10 = \ V^dt/L^

^ 6  "" " ^ 2  ^3 = ^6*^6
= -v^ + = 1

KVl Vs = -V2 + = Ladjs/cl-t

V = V -V —V -V
9 1 2 4 5 = L^dj^'dt

V = —V + V + V + V10 1 3 4  5 = '̂^10''''^^

jv jd t /L j = J3 -  Í = -V2 -H

are d iffe ren tia ted  to  produce

V S ' h t / h o

and are then elim inated from the other equations which become
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h  = -J 9 + JjQ

¿2 ( 2-GpG^^^)jg

■̂3 =
-(2 -C ^C ^ /A ^ ) j^

J9 -¿10

and

6̂ = -V2 + V3

8̂ ^ -V2

9̂

^10 "" " (^ 9^10^ 5)^ !

vvhersA-, = G C^ + G C_̂  + G G andA ,- ~ "*■ '*’7 2 3 2 7 3 7 5 9

4

5 10 10

RGL Netvfork and an inductor based tree 

From the inductor-based tree,

V,8 ^ ^3 *  ^10 *̂ 1 “ *̂ 2 ~^3
i . e .  Lgdjg/dt = L^dj^dt + L^^dj^^dt 

and C^dv^/dt = -C^dv^/dt -G^dv^/dt, 

Integrating and neglecting arbitrary constants

8̂*̂ 8 -  ^9^9 + l̂O' l̂O ^1^1 "  "^2^2 "S^3
jg and are eliminated from the other equations which become

jp = (2 + (l-(G ^ - G p L ^ L g ) C y ^ i ^ ) + (Gp/^^)(-G^ + C3^iq /^8)J io

J3 = + (G^^^)(G^-CpLy/Lg)j^ ■^^“ ‘̂̂ 7~‘̂ 3^1o/^ 8^^2"^7 '̂^10

\  '̂ 9 “ -̂ lO
and

i O k i c k  cKXt ^o L i  a .d d & c i L a t w  a t  n x i l n a l  s ^ k t  o c u n n h U s .
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^6 "  “ ^2"’ 5̂

Finally the res is to r  equations

= \ / \  = •>? ■■>10 ''6 “  =*6j6 = —V + V2 3
are used to eljjninate v  ̂ and from the other equations to produce 

dv /̂'^dt “
(l/C2Rg)(2-C2CyÎ^^)(-V2+v^)+(l/C2)(l-(C^-C2yLg)cy^ipj^4(l/Ap(-C^+C^L^y/Lg)j^Q 

dv^/ dt =

CL/ y g ) ( 2- C2C y ^ ) ( - V2+V3 ) + ( l /A ^ ) ( y C 2V ^8^V ^^^S ^^^~^^7" S W ^8^V ^ 7 ‘̂’ lO
d j y t  =

("V L ^ )( l“ (y L ^ C y ^ )L ^ ^ ^ ^ )v 2+(l/i^^)(Lg-L^^C y^)v^-(ix^L^^^)(

<ijl(/<it =
( .l /A ^ )(y L ^ C /C ^ )v 2 4 (l /L ^ ^ )( l- (y L ^ ^ ^ y c ^ )y A g )v ^ f(R ^ L ^ ^ )( j^ - j^ ^ )

The elimination o f  the dynamic constraints has been done using topolog ica l

properties o f the network. By this method, in this instance, G-aussian

Elimination has not been needed, as only one o f each type o f dynamic constraint

was present in the netivork, /mother method o f  dealing with the elimination o f

dynamic constraints v /ill be discussed la ter .

This formulation can be much sim plified  by matrix algebra and the concepts

o f  tie se t (p ) and cutset (a ) matrices, where in the previous exam.ple F F
= ( l  a , )F nn nl'^

n and 1 are the numbers o f tree branches and
linics resp,
n = 1 = 5
I is  a unit submatrix o f nn

'^1 ■ = - \ l ‘  *̂ 6 '

*̂ 7

■̂8

\ J5

. •̂ 10

' = -Pm
I* «

^1

"7 ^2

^8 "3

"9

'̂ lO . "̂ 5 _

order n X n
a , is  a submatrix o f nl
order n X 1 •

= 'h n h i )

is  a unit submatrix o f
order 1 X 1
p, is  a subinatrix o f In
order 1 X n
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nl

and

In

c 0 0 1 -1
-1 -1 -1 -1 0

1 1 1 0 1
0 0 0 -1 1
0 0 0 -1 1

0 1 -1 0 0
0 1 -1 0 0
0 1 -1 0 0

-1 1 0 1 1
1 0 -1 -1 -1

I
0 or T

%1 " Pi.

are the transposes o f ■

Also f

that only the t ie se t  or cutset matrix needs to be determined, Por further 

details see section  3 .

The complexity o f  the equations pertaining to this sim.ple RCL network 

suggests that fo r  a rea lly  complex c ir cu it , calculations by hand would be erctremely 

tedious i f  not impossible. The computation is  basica lly  simple though lengthy, 

consequently a ’ human computer' is  lik e ly  to introduce errors through boredom, 

whereas a maclrine when programmed w ill work m.uch faster  and any errors made in 

general w ill be due to the programmer or the user.



2,2 Formulation o f  a Dep;enerate System o f Equations''̂

For every netvrork there exists many sets o f independent variables in terms 

o f which a l l  other variables may be expressed. There are also sets o f 

independent equations which completely describe the network in terns o f  the 

independent variables. A systematic method is  required to id en tify  these 

independent variables and formulate their corresjxjnding Kirchhoff equations. Of 

the many sets o f variables which can be chosen, there are three main types

( i )  node voltages,

( i i )  mesh currents (o r  combinations o f  these two types called mixed methods),

( i i i )  capacitor voltages and inductor currents.

Topology provides us with a systematic method o f choosing an independent set 

o f variables and formulating the set o f  d istin ct  equations which expresses the 

dependent variables in terms o f  the independent ones. The f i r s t  step consists 

o f drawing a set o f branches connecting a l] nodes in a netwoiic but containing no 

loops. This set o f branches is  termed a tree. 

e..g.
1

1\

0---->— -  ̂ > 9

V 5 ji
/  >'4 4̂ '

« ------(> o T
Network with one particular tree

The branches forming the tree are called  tree branches (designated by so lid  lin e s ) . 

The remaining branches are ca lled  links (designated by broken l in e s ) . There are 

o f course many possible trees fo r  a single network. The next step is  to form 

sets of K irchhoff Current and Kirchhoff Voltage Equations. The properties o f the 

tree are u t ilis e d  fo r  this task. Each link completes a loop with a particular 

set o f tree branches and a voltage equation can be written fo r  each loop . These 

loops are termed t ie se ts . Also fo r  each tree branch a current equation can be 

written relating i t  to some or a l l  o f  the links but not to any o f the other tree 

branches. The tree branch and it s  related links is  termed a cutset.



e.g.

fo r  the links we have

0 1 - 1 0

1 - 1 0  0 

0 0 1 - 1

and for  the tree branches

= 0 -1 o '

¿2 -1 1 0

1 0 -1

0 0 1

V,

"5

•̂7

The voltages and currents in the above equations are branch rather than elementa^J. 

e .g .

In general these equations are

Vj. + e = and j, + i  = '' î/R.5 s 4 s 4 4

V = -3 V and j = -a J1 In n n nl 1

v/here 1 is  the number o f links and n the number o f  tree branches. andIn
are the subtieset and subcutset matrices o f  orders 1 x n and n x 1 

respectively, v/here

3 = (3 I ) and a = ( l  a ) ,F ' I n  ll'^ F nn nl^
3p and Up are ca lled  the fundamental tiese t and cutset matrices respectively .

I,-, and I are unit matrices o f  orxiers 1 x 1  and n x n resn.11 nn
XAlso 3jj  ̂ and are related bj’- the formula q̂ -, + 3t„ = ^  where T means

transpose.
nl In
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The t ie se t  matrix in obt.ained, by entering the links one at a time in the tree 

and by forming one rovi o f the matrix fo r  each link by going around the tiese t loop 

writing 1 fo r  branches whose a rb itra r ily  chosen current d irection  is  in the same 

direction  as that o f the linlc, -1 in the opposite sense and ^  i f  not contained in 

the t ie se t  loop under consideration.

e.g . tree branches

1 2 3 4

5 ’  0 -1 1 0

links 6 -1 1 0 0

7 0 0 -1 1

= PIn

TTlie cutset matrix is  usually obtained using the relationship = 0,

but can be derived by drawing a lin e  through the graph o f the c ir cu it  so that i t  

cuts one and only one tree branch and as many links as possible once and once 

only. Then a row o f  the cutset matrix is  entered fo r  each tree branch. For 

links entering the cutset lin e  in the sajne d irection  as the tree branch a 1 is  

entered, -1 in the opposite sense and 0  i f  the liiik  is  not contained in the cutset,

e .g . links

5 6 7

1 0 1 0

tree 2 1 -1 0

bi’anches 3 -1 0 1

4 0 Ü -1

= anl

This results in two sets o f equations, one o f which is  a set o f tree branch 

voltage equations, the other a set o f link  current equations which could also be 

interpreted as mesh current equations. In a steady-state sinusoidal excitation  

Nodal Analysis equations o f  the form

Y =:= V = I



are sought, vihere Y is  a matrix o f  complex admittances, V a column matrix o f 

independent nodal voltages and a column matrix o f current sources. ..'e could

e the set o f eciuabions along ;vith combinationus

v/ith j_ = iwCv„, j,. = (l/iwL)vT, = (1/ r)v„ to solve for the dependent variables 0 U L L K iC.
(v^) in ternis o f  the independent ix ^ )  to produce the required matrix system.. 

Similarly fo r  Mesh Analyi-sis in the frequency dem.a.in equations o f  the form 

a  ̂ I = E ,

are sought, where S is  a matrix o f complex impedances, I  a column matrix o f

independent mesh currents and L’ a colunm matrix o f voltage sources. Again the

link current and tree branch voltage equations could be used to form the required

matrix system, but in this case u t ilis in g  the set o f equations = “ ^nl^l

with V = (-6^ ) ^v, in combination vdth v„ = (l/iu)C)j , v = Hj.,, v.. = iiaLJ ĵ ~n In “ X u L> xi A X i t

to solve fo r  the dependent variables terms o f the independent

For Nodal, Mesh and Mixed Analyses in the time domain using the relations

j_ (t )  = Cd.v^(t)/dt, v_ (t) = R j„ ( t ) ,  v-r(t) = L d j.( t ) /d t  to express the dependent o R It L L
variables in terms o f  the independent variables leads in general to mixed systems 

of algebraic, in tegral and d iffe re n tia l equations. State Variable Methods 

strive to produce matrix systams of independent f i r s t  order d iffe re n tia l equations 

of the form

d.x(t)/dt = /iA(t) + 3u(t)

’where x('t) is  a vector o f state variables and u (t) a vector o f excitations to 

the c ircu it  represented by these eq’uations. Choosing capacitor voltages and 

inductor currents as state variables ensures that no derivatives o f the 

excitations u (t) can appear,^ (Provided tliat the sources are real i . e ,  they have 

an internal resistan ce ,)

Bashko’w's Topological Formulation gives us a d irect method o f producing 

these state equations. The method is  as follow s

( l )  Choose a tree with the m.aximum numbei’ o f capacitor branches and the minimum 

number o f inductor branches.
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(2) Form the appropriate tiese t and cutset matrices.

(3 ) Forni the degenerate system, o f equations

in = 0nn -a nl V—n = 0 nn p
•̂ In V- n

-A n A i ~’̂ ln ^ 1 i i

(4 ) Eliminate any capacitor variables occurring in the links and any inductor 

variables occurling in the tree branches,

( 5) Eliminate any excess inductor variables introduced by loops o f  inductors 

and any excess capacitor variables due to dynamic constraints between capacitor 

currents. This part could be om.itted i f  the inverse o f A was not required in 

the solution o f the equations d x (t ) /d t  = Ax(t) + Bu(t),

( 6) Eliminate any re s is to r  variables and bring the remjaining equations into 

the form

d x (t ) /d t  = Ax(t) + Bu(t),

e,g.

In 0 1 -1 0 0
0 1 -1 0 0
0 1 -1 0 0

-1 1 0 1 1
1 0 -1 -1 -1

*̂1
.̂2

P
P5
^6

10

0 0 0 -1 1
1 1 1 1 0

0 -1 -1 -1 0 -1nn 0 0 0 1 -1
0 0 0 1 -1

0 -1 1 0 0
0 -1 1 0 0
0 -1 1 0 0
1 -1 0 -1 -1

-1 0 1 1 1

11

1̂
2̂

I
•7
•Í8

"10
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and i ' = C^dv^/dt

J 2 C^dv^'dt

•̂3 C^dv^/dt

V \

■̂5
j v jd t A j

^6

i

^8 LgdOs/dt

"9 I j d j / d t

^10

j 8’ V " ‘ V \
system o f the form

dv^/dt = A

dv^/dt "3

¿Oq/dt J9

dO i(/dt •■̂10

there being no sources present in the netvrark. and (jo ,V o) need not1 1  o o
have been eliminated i f  the inverse o f A was not required in the solution o f 

these equations,

Bashkov«'s Topological Foimiulation lends i t s e l f  to computer implementation. 

The stages in formulation remain much the same but the computation o f  an optimum 

tree along with i t s  associated t ie se t  and cutset matrices are s lig h t ly  d ifferen t 

from that done by hand. There are two m.ain methods o f computing a tree. One 

is  a Search Method which involves the scanning o f branches (entered one type at 

a time) fo r  loops and taking appropriate action when the cr ite r ia  fo r  identifying



18.

a tree have been fu l f i l le d ,  

e .g .

( l )  Enter capacitor branches and place any excess capacitors in the links.

6

( 2) Enter res is tor  branches and place any resistors which form loops into the

links.
O—

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

links.



19,

The tree is  now complete as a l l  nodes are connected and no loops are formed by 

tree branches. I«'ow placing the links into the tree one and on]y one at a time

and scanning round the loops so formed the t ie se t  matrix can be computed.
2The other method involves the manipulation o f matrices. The Incidence 

I.iatrix is  f i r s t  formed and brought into rov/-echelon form, by a G-aussian Full Pivot 

technique scanning column by row to ensure that there are no unnecessary column 

changes, which can resu lt i f  scanned row by column as is  usually done. By back

substitution the dependent variables are expressed in terms o f the independent 

ones. The resu lting system matrix can be id en tified  with the cutset matrix. The 

fin a l ordering o f the columns also gives the tree and it s  links.

The incidence matrix is  computed by forming rows fo r  n o f the n + 1 nodes o f 

the network with respect to a Gapacitor-Resistor-Inductor ordering o f the branches 

as columns. I f  the d irection  o f  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 i f  the d irection  is  in the opposite sense and 0  i f  the node is  

not touched by a particular branch.

e.g. 1

L

nodes 2

3

4

5

-1

0

0

0

1

0

0

-1

1

0

0

0

-1

0

0

7
0

0

0

-1

0

\
-1

1

0

0

0

0

0

0

-1

0

5
0

-1

1

0

0

8̂
0

0

0

-1

0

9
0

0

0

-1

1

10

0

0

0

0

-1



The incidence matrix is  noy/ brought into row-echelon form (a lso  known as upper 

triangular form).

— tree branchf;s — ------- -------------1 - links - --------»•

c c C R L c L
1 2 3 4 5 6 7 8 9 10

1 nI “ 
\

. _

0 1 0 0 0 0 0

3 0 1 0 -1 0 0 0 0 0

4 0 0 -1 0 -1 1 1 1 1 0

2 0 0 0 \1 -1 0 0 0 0 0

5 0 0 0 0 0 0 0 -1 1

The tree branches G ,C^C^,R ,L are now solved by back substitution (starting  

with the f i f t h  equation and working back to the f i r s t )  in terms o f the links

4 - 4 ’ ^10*

c , c c R 4 ! Lo L1 2 3 4 5 1 6 7 8 9 10
— )

1 1 0 0 0 0 1 
1

0 0 0 1 -1  111
3 0 1 0 0 0 1 

1
-1 -1 -1 -1

1
0 ^

1
nodes 4 0 0 1 0 0 1 1 1 1 1 0

2 0 0 0 1 0 1 0 0 0 -1 1 i

5 0 0 0 0
1

1 1 0 0 0 -1 1 1

The tieset matrix can now be
1

obtained by use o f the relationship Pin

= (Inn n l'

= - " n l -
degenerate system matrix can now be formed.

Sources can either be associated v/ith passive elements in some consistent 

fashion, or treated as branches in their own righ t. In the former case a 

compound branch is  formed

The

V

R,C,or L

— —

- O T V — ^
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v + e  = R ( j + i ) ,  v + e  = L d ( j + i  ) /d t , or j  + i  = Cd(v + e ) /d t .S S S 3 S S
It  can be seen that this method o f source representation in general introduces

f i r s t  derivatives o f  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 v/ith an ideal current eourse and

associating the sources viith these resistances. In the la tte r  case f i r s t

derivatives o f  the sources can appear i f  the sources are ideal, though this

v/ould occur la ter  in the formulation during the elimination o f  any dynamic

constraints. This w ill be discussed in more deta il in the next section . The

in it ia l  order o f the branches in the independent method ïieeds some m odification.

The in it ia l  order was -  capacitors followed by resistors  followed by inductors.

Now the order o f  preference must be as follows

Dependent Voltage Sources

Independent Voltage Sources
Capao.tor3
Resistors

Inductors

Independent Curi’ent Sources 

Dependent Current Sources.

After the tree has been chosen some o f the branches may not be in this order which 

s ign ifies  the presence o f constraints. During the formulation using either 

method o f  source representation, the dependent sources can be treated (fo r  the 

most part) as i f  they viere independent.

I f  output variables y are required, they can be entered in it ia l ly  in the form

y

-'b

, b is  the number o f  network branches.



When a tree has bei^n chosen, the column matrix containing the branch voltages and 

currents could be arranged so that

.  4 - 3 V—n

id
where and are the tree branch voltages and currents, v  ̂ and 3ini:

voltages and currents.

Using the topologica l relations
.  T

-In -  Pi -  -dIn ^1 “ 1 In—n
the output equations become 

I . = C +C p
A- 3 In

Ï

and can now be updated simultaneously with

 ̂ A V“ n
V
“ 1 ■̂ 1

during the formulation process.
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2,3 Constraints

There are two typeset' constraint, dynamic and non-dynamic. The former 

a ffe ct  the order (number o f independent energy storage devices) o f the network, 

the la tte r  do not. In an SCL c ir cu it  with real sources, there are four possible 

types o f dynamic constraints : tiesets  o f capacitors, cutsets o f inductors, 

loops o f inductors, and capacitor current constraints. The possible non

dynamic constraints are loops o f resistors , and res is to r  current constraints.

I f  the sources are not real, several other types o f dynamic constraints are 

possible, fuiy tiesets  containing capacitors, independent voltage sources, or 

capacitor voltage controlled  voltage sources reduce the order o f the system, 

as do cutsets with inductors in com.bination v.'ith independent current sources, or 

inductor current controlled current sources; these t;vo types o f  constraints can 

introduce f i r s t  derivatives o f  the sources into the formulation. Integrals 

o f the sources can also be introduced by constraints forced 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 o f independent voltage sources are inconsistent as they 

cannot be independent. Some loops o f dependent voltage sources are consistent in 

the sense that they do not produce contradictory relations between v„riab les. 

Similarly, cutsets o f  independent current sources are inconsistent but cutsets 

o f dependent current sources are not necessarily inconsistent. imy derivatives 

o f the sources m.ay be eliminated from the state equations by a suitable 

transformation o f the state vector, but not necessarily from the output-state 

equations, so that some numerical d ifferen tia tion  may be required during the 

computation o f prescribed output variables, Bierefore keeping the sources real 

greatly sim plifies the c la ss ifica tio n  o f the constraints and their elimination, 

though i t  may introduce computational errors, and could slow down the solution 

process.
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Associating the sources with a res is to r , capacitor tiesets  and inductor 

cutsets can be enumerated and their equations o f constraint fom:ulated 

simultaneously by drawing a capacitor based tree fo r  the network i . e ,  one with 

as many capacitor branches in the tree and inductor branches in the links as 

possible, jlny inductor cutsets w il] appear in the tree branch equations and 

any capacitor t iesets  in the link equations. Similarly trees can be drawn to 

enumerate and formulate the other equations o f  constraint, i’or instance, 

inductor loop and capacitor current constraints are dealt with by drawdng a 

tree with as many inductors in the tree and cafacil.ors in the links as possible. 

The ca[.iacitor 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 res is to r  based tree ; the resistor  cutsets using a non

resistor  based tree ,

EXAI.ÍPLS
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Jl -J 2 “ J3

V = V + V
8 9 10

capacitor cutset 

inductor tie se t

9d------ _  o
\ !
\  ® t 6 ' ’ h  >•'10 !  ' Í

2
—<

'' 5

res is tor  based tree non-resistor based tree

There are no res is to r  constraint equations. These constraint equations are

now used to eliminate the paii's o f  variables ( j  , v ) , ( j  v ) , ( j  , v ) andV  1 ‘
( j  , Vq) from the degenerate system o f equations, 

8 8

I '•̂ 1 ' = ~ 0 0 0 0 0 0 0 0 -1 1

¿2 0 0 0 0 0 1 1 1 1 0

•̂3 0 0 0 0 0 -1 -1 -1 0 -1

0 0 0 0 0 0 0 0 1 -1

<̂5 0 0 0 0 0 0 0 0 1 -1

^6 0 -1 1 0 0 0 0 0 0 0

"7 0 -1 1 0 0 0 0 0 0 0

0 -1 1 0 0 0 0 0 0 0

"9 1 -1 0 -1 -1 0 0 0 0 0

_^10 -1 0 1 1 1 0 0 0 0 0

4

K q

I f  the matrix c o e ff ic ie n t  o f  the LH8 column matrix o f this system o f equations 

is  kept in it s  present form, that o f  a unit matrix, this w ill e ffe c t iv e ly  

eliminate the variables j  , v^, j ,  and Vq. The procedure is  to f i r s t  dispose 

of the variables v^, j^ , v^ and jg , keeping the matrix co e ffic ie n t  o f the LH8 

column matrix as unity. The equations which correspond to v^, and Vg 

in the m s column matrix are then discarded. In general four subsystem.s o f 

equations o f 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 o f degenerate equations, a fter  

which the unwanted equations are discarded, leaving behind a set o f  independent 

capacitor and inductor equations, plus some res is to r  equations which can be 

eliminated in a sim ilar fashion. The elimination o f the dependent tree branch 

voltages and link currents can be quite complex, 'The equations o f constraint 

have to be transformed using the relations between tree branch currents and 

voltages, link currents and voltages, Tliis unfortunately introduces more tree 

branch currents and link  voltages into the capacitor t ie se t  and inductor cutset 

constraint equations, 7\t this stage any tree branch currents and link voltages 

are eliminated by referring  back to the main system o f  degenerate equations.

The constraint subsystem's now involve only tree branch voltages and link 

currents, but are in teractive with each other and with the main system o f 

equations. This complicates even more the elimination o f  any unwanted variables, 

The follow ing procedure has been adopted:

(1) The relevant trees and t ie se t  matrices are computed,

( 2) The equations o f  constraint are picked out and transformed so that they 

contain only tree branch voltages and link currents,

(3 ) The capacitor equations o f  constraint are solved by Gaussian Elimination, 

and the dependent variables substituted back into the main system, the inductor 

constraint subsystems and the resistor  constraint subsystem.s.

(4 ) The inductor equations o f constraint are solved in the same v/ay, and the 

dependent variables substituted back into the main system and the res is to r  

constraint subsystems,

( 5) The re s is to r  equations o f constraint are solved and the dependent 

variables substituted back into the main system.

(6) Any remaining res is to r  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 o f  constraint are as before

inductor cutset 

capacitor tieset 

capacitor cutset 

inductor tiese tÍ lU
v.'hich become

Jr Jg -JlO

"7 = -v^ -K

•̂1 = “ jp -J 3

^8 "" ^9  ̂ ^10

G = -C„v„ -C V,1 1 2 2 3 3

8̂'̂ 8 ~ l̂O' l̂O
neglecting arbitrary ^  
constants o f integration .

Referring back to the main system

• 1̂
= 0 0 0 0 0 0 0 0 - 1 1

^ 1

¿ 2 0 0 0 0 0 1 1 1 1 0
^ 2

h 0 0 0 0 0 ~ 2 - 1 - 1 0 V3

0 0 0 0 0 0 0 0 1 - 1

0 0 0 0 0 0 0 0 1 - 1
" 5

0 - 1 1 0 0 0 0 0 0 0
^ 6

"7 0 - 1 1 0 0 0 0 0 0 0
^7

8̂ 0 - 1 1 0 0 0 0 0 0 0 *̂ 8

""9
1 - 1 0 - 1 - 1 0 0 0 0 0 J 9

^ 1 0  _
- 1 0 1 1 1 0 0 0 0 0

•^10

the equations o f constraint become

L ù k ic k  ofc k> be ittldeol I c x h c  c iò  utihal OcM^abUi



V ^ 7  ~
C V = -C V -C V ^11 2 2  3 3

i .e .
lO'^lO

(1/L^+l/L^+l/L^pOv^ = (1/L^+1/L^q) v^-(1/L^)v^ - { 1 /L ô V3-(1/L^.1/Lio ) v̂

(1/C2+1/C^+1/C^)j^ = -(l/ C 2 + l/ C ^ )jg -(l/ O 2 + l/ C ^ )0 g -(l/ C 2 )j^ -(l/ C ^ )j^ P

^1^1 = -^2^2"S^3

iiliminating and v̂ , from the main system and from tJie other equations of 

constraint v<e are le f t  with the constraint eauations

(1/L^+1/L^+1/L^^)v^ = (l/L^+l/L^p)((-G2V2-G^v^)/C^)-(l/L^)v2-(l/L^+l/L^^)v^

8̂'̂ 8 "" S'^9'^^10'^10
and a fter  discai’ding the v.̂  and equations a main system o f the form

■̂2 = A ^2

3̂ "3

\

•̂6

■̂8

'̂ lO
V/e now substitute fo r  v and j „  'tho main system and discard the j_ and Vq3 o 5 a
equations. F inally the res is tor  variables v and are determined and

4 “
substituted back into the remaining equations which are brought into state 

variable form.
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d/dt = A V2 c.

V , V-,3 3

•̂ 10 ■̂ 10
Tile presence o f  any sources v;ould mean the progressive updating o f two 

matrices A and B such th;it eventually vie arrive at equations o f tlie form 

djj/dt = A]c + Bu

whore x and u are the vectors o f state variables and excitations respectively .

I f  output Variables y  are prescribed two more matrices C and D require updating 

along with A and B so tliat output-state equations

are produced.

Ttie inductor t ie se t  and capacitor cutset constraints need not be eliminated 

i f  the inverse o f  A is  not required during the solution o f the state equations. 

However i f  there are a lo t  o f  these constraints present, we would be solving a 

much larger system o f equations than is  rea lly  necessaiy which could considei'ably

slow dovm the solution process.
2Another method o f identifying and eliminating d^aiamic constraints is  to use 

the t ie se t  or cutset matrices to set up in it ia l  equations o f the form 

Sd/dt V_ = A V_ + DuV = A V-c “ C
V V—c

ÎL ÎL
I ,±L ^±L

where are the excess inductor currents due to the presence o f  cutsets o f 

inductors and sources; v̂  are the excess capacitor voltages due to the presence 

o f tiesets  o f capacitors and sources. liie augmented matrix (S A B) is  

reduced to row-echelon form. I f  S has at least one row o f zeros, but the 

corresponding row o f  A has at least one non-zero element, then a constraint
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exists betv.'een the state variables in this rov.', at least one o f v/hich can be 

eliminated together with it s  f i r s t  derivative, /ifter  substituting fo r  the 

dependent variables in terms o f  the remaining independent ones, the process is  

repeated u n til S becomes a diagonal matrix. I f  (S A) has a zero row, but 

the corresponding row o f  3 has at least one non-zero element, then a constraint 

exists betv/een the sources. I f  u contains only independent sources, then the 

network is  inconsistent and has no solu tion , A constraint between controlled  

sources may be consistent. I f  (S A B) has a zero row this denotes the 

presence o f  a completely superfluous state equation. V/hen S becomes a 

diagonal matrix, the eqiuations could then be solved by som.e method vihich does 

not require an inverse o f  A which in general would not exist due to the possible 

presence o f cutsets o f capacitors and sources or tiesets  o f  inductors and 

sources. These la tte r  sets o f constraints could be removed by reducing the 

matrix (A S B) to row-echelon fonn. This would reveal any constraints 

between f i r s t  derivatives o f  state variables, /ifte r  elimination o f  any 

unwanted variables, S viould have to be converted to a unit matrix and the 

equations vrould be in their fin a l form. Operating on (S A B) and eliminating 

state variables and their f i r s t  derivatives introduces in general derivatives o f 

the sources. Sim ilarly operating on (A 5 B) and eliminating state variables 

and their f i r s t  derivatives introduces in general integrals o f the sources.

These derivatives and integrals o f  soui’ ces should not occur i f  the sources are 

real.
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Kethodo based on Bashkov/'s Topological Formulation provide a d irect way o f 

obtaining a set o f independent f i r s t  order d iffe re n tia l equations, ca lled  the 

state equations, which together with a l l  inputs completely describe a network.

There are tv/o main methods o f  formulating the state equations. In one the 

tieset or cutset matrices are used d ire ctly  to form a set o f  equations

2,4 Conclusions

n+1

0nn P T

-P In

In

11

Vn

'’n+1

In this method, any capacitor tiesets or inductor cutsets would appear as 

integral equations a fte r  substituting fo r  tree branch currents and link voltages, 

Any tree branch inductor voltages and currents or link capacitor voltages and 

currents are eliminated, /uiy resistor  variables are also elim.inated leaving 

behind a system o f f i r s t  order d iffe re n tia l equations which are independent i f  

the network represented by the equations contains no t iesets  o f inductors and 

sources or cutsets o f  capacitors and sources. The presence o f tiñese la tte r  

constraints could slow down the solution process considerably i f  the equations 

are solved without their removal. The equations o f  constraint can be 

formulated by drav/ing auxiliary trees, computing their associated t ie se t  or 

cutset ra/itrices, and selecting the appropriate rows. I f  these constraint 

equations are put in terms o f tree branch voltages and link currents only, the 

e ffe ctiv e  elimination o f  the f i r s t  derivatives o f the selected dependent 

variables can be achieved by discarding the appropriate equations from the main 

system a fter  the necessary substitutions have been made.

In the other method o f  formulating the state equations, the t ie se t  or cutset 

matrices are f i r s t  computed and then used to produce equations o f  the form



Sd/dt V., -  /i.- c - c
v„ V-G

-L ÍL
I, I ,-L L “ L _

+ Bu

vdiere and are the excess capacitor voltages and inductor curi'ents due to

the presence o f tiesets  o f capacitors and sources, and cutsets o f inductors and 

sources respectively  in the network being represented. These constraints are 

dealt with by repeated G-aussian Zliraination on the augmented matrix (S A B) 

until B becomes a diagontil matrix, /my constraints pertaining to tiesets  o f 

inductors and sources or cutsets of capacitors and sources could be removed 

sim ilarly by operating on (A S B) un til A becom.es diagonal, a fter  which 

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

The la tte r  method is  in some respects more elegant in form than the former, 

but suffers from repeated G-aussian Blim.ination on what could be in practice a 

very large matrix and consequently the round-off error build up would have to be 

carefu lly  m.onitored. I t  also needs in practice an independent method o f finding 

the numbers o f the d ifferen t kinds o f constraints.

I f  the soiorces are not rea l, derivatives o f the sources could appear even 

when the state variables are capacitor voltages and inductor currents due to the 

presence o f  cutsets o f inductors and sources or tie se t o f capacitors and sources; 

i f  constraints due to t iese ts  o f inductors and sources or cutsets o f capacitors 

and sources are to be removed tM s could introduce integrals o f sources.

Sources may be represented as branches in their ovm right or associated with a 

passive element. Derivatives or integrals o f  sources can be transform.ed out o f 

the state equations by a suitable change o f voi'iable, but not in general from 

the output-state equations. The input vector u w ill in general contain 

independent and non-linear controlled sources.
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3.0 Solution o f  thcj State Equations'

3.1 Introduction

For an nth order system with m real excitations, and capacitor voltages 

and inductor currents taken as state variables, the state equations take tlie 

form

d x (t ) /d t  = Ax(t) + Bu(t) (3 ,1 ,1 )

v/here c^ /dt. A, _x, B, u_ are matrices o f orders n X 1, n X n, n X 1, n X m and 

ra X 1 respectively . In general there w ill also be a set o f k output-state 

equations

^¿;(t) = Cx + Du (3 .1 .2 )

where ¿y C, D are matrices o f orders k X 1, k X n, and k X ra. The value o f k 

and the matrices C and D are prescribed by the user, though C and D w ill have 

been modified within the program. I f  capacitor voltages and inductor currents 

are not used as the state variables x, derivatives o f  the inputs u may appear 

even though the sources are rea l,

(3 .1 .1 ) may be tackled by a predictor corrector method such as Adams- 

Bashforth-Koulton or a Runge-Kutta method such as England's method,^ 

A lternatively the state equations can be expressed in the form

x (t )  = + ■ ^ B x ( t ' ) d t '  (3 .1 .3 .)

where x(j^) is  the in it ia l  state vector. The problem is  v irtu a lly  reduced to 
At , f At.

't  A ( t - t ')

dealing v/ith ê ' and Je^ dt, where

e'’ '̂  = I + At + ............+A^tVpi +

and I is  an n X n unit matrix. I f  the input vector u can be regarded as 

constant over some in terval p h ^ t ^ ( p  + l)h , (p positive integer) then 

(3 .1 .3 ) can be expressed

x ((p  + l)h ) = e '^x(pi‘ ) + (e^^-l)A ^Bu(ph)

s  /x (ph ) +\/u(ph) (3 .1 . a )

This is  sometimes known as Certaines' Method. For some problems /  and 3/  

can be evaluated once and fo r  a l l  at the beginning o f the computation.



The lineal’ d ifference equations (3 .1«4) niciy be solved stage by stage using 

the previous state vector x(ph) to produce x ((p  + l ) h ) .  and are 

re-evaluated as necessary according to some erixir tolerance c r ite r ia . A step 

size varying routine can also be incorporated v/hich v/ould re-evaluate /  and y* 

whenever the step size  is  changed. The output-state vector would also be 

computed at each stage and output or stored fo r  future use,

/  and are known as the transition  matrices and are calculated by 

truncating their series expansions a fter  some convergence cr ite r ia  have been 

sa tis fied . The transition  matrices may be evaluated almost simultaneously by 

the relations

3,2 Gertaine*r. Liethod

Co
 ̂ ^  A V /m l and y- = h [ ^  A V ‘/(ra + l ) l  J B.

As the matrix series fo r  y is  bu ilt up, the ( i ,  j )  element y. . is  incremented 

by a y . . to become . + Q ^ .  ., iiventually, a l l  . / 6 .  • [ <' 5L (some

prescribed sm.all positive  number), and both in fin ite  series fo r  y and are 

truncated, as the la tte r  converges more rapidly than the former. Unfortunately, 

i f  the number o f  terms in the in fin ite  series fo r  y  is  m.ore than 7 or 8 the 

method becomes numerically unstable. Therefore a step size h has to be chosen 

such that
oo

/ / __ f IB. ni / ,y = h /m:m«j3 '

converges fo r  m less  than 8. This restr ic tion  has been found in practice to 

cause the solution process to almost grind to a halt, especia lly  with networks 

vdiich have slowly damped o s c illa to ry  responses.

The assumption o f  constant inputs u over some interval p H t  (p + l)h  

holds better ttian would be expected fo r  inputs with piecev/ise-linear functions 

o f time, but breaks dovm with non-lineur inputs. The method also fa i ls  when 

two or more State variables have -widely sepax'ated time constants, due to large 

Lipschitz constants being introduced which severely slow down the rate o f 

convez'gence to a solution .
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other djjí’ference formulae can be produced to deal with the problems o f 

sources not being constant over some small time in terval and non-linear inputs, 

but the s ta b il ity  o f  the method is  not improved and the appearance o f widely 

separated time constants s t i l l  v/reaks havoc.

To deal with this la tte r  problem known as s tiffn ess  we have to use more 

povverful m.ethods o f  numerical analysis. In fa ct , no Runge-Kutta method or 

Predictor Corrector method can deal in general with this problem o f s tiffn ess  

and we have to turn to a special class o f methods due to G-ear, Krogh and others,



rhis method incorpor' tes into a sophisticated pi'Oijram ;\dams-Bo.shfoi-th- 

IJoulton methods of orders one to seven. The program automatically clianges 

the order of the method, as well as the step size , the strategy being to 

minimize the com.putational e ffort required to keep local errors within a certain  

tolerance. The program offers an option to the user of replacing these 

Adair.s-Bashforth-I.Coulton methods by special predictor-corrector methods 

appropriate to the solution of a s t i f f  system, of d ifferen tia l equations, 

ilrogh's method is  similar but has Adams-Bashforth-’ bulton methods of orders one 

to thirteen available to the user.

The Adams-Bashforth pth order predictor equation for tlm dii'ferential 

equation dx/d.t = f ( x , t )  is
P

X .rs - X  + h Z ]  P.d(x . ) /d t  (3 . 3 . 1 )n, (p j n- 1  i= l  X n-x

vihere x^ = x (ih ), dx^/dt = f (x^ , i h) ,  h is  the step s ize . The sets of coTistants 

for each method of order p can be found in almost on;/ standard numerical 

analysis textbook. x / /  ̂ is  the value predicted by ( ^ . l . l )  to be used as a
n, IP;

f ir s t  approximation of the Anarns-Fioulton corrector fon.mjla of order p
n—].

X  ,  = X  ,  + p ;: h f ( y  , . , t  ) + h H :  p i d ( x  . ) / d t  ( 3 . 3 . 2 )n, (m+1 ) n- 1  'p  n, (m)’ n-̂  i^ l  1  n -x "

I f  the corrected value x , x fa i ls  to converge in three iteration s, the stepn,(m+1 )
size is  reduced and a new predictor value computed from (3 .3 .1 ) . Tlie set of

For s t i f f

quations, the predictor and corrector equations are given by
n

f j \  -  • + \,hd (x , ) / d t, (p)  i= l  x-^n-x '■ 1 n -1 "

43,3 G-Ggr'n Lcthod

pi fo r  each method, of order n can be found sim ilrrly  to the p ..

n. (3 .3 .3 )

and

X / X = 13 af y , + ^ y hf(x / x ,t ) n, (m+l) i= l 1 ■ ŝ-x V  ' n, (m)’ n̂
v/here the coefficien ts a '̂, are given i n f ? ] .

The above equations can be expressed in the matrix form

(3 .3 .1 )
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predictor (jt!) '^•^-1

corrector : X-n , (ra+l) (m) ' (m)^

Vihere

B = 1 Pi P2............. ■ V i

C
■ ¿P-i ¿p

C 1 0 ............. 0 0

0 0 0 ............. • 1 0

X =—n [ X >L n iixn' hx  ̂ ^..........n-1 . . .  hx' n-p+1

(3 .3 .5 )

(3 .3 .6 )

'%i,(m) i^ n ,(m )’ ^ \ ,(m ) ’ ^^^n-.l,(m)'

c = [  p‘ . 1 , 0 , ............., 0 ' f

vihere T is  the transpose operator, t^ = nh, 

and Irx̂

c ' . >1n-p+1, (.mj J

n

n, (in)

h £  V  X' .1=1 1, n-1

m ^  1

m =

¿ i  = ((3̂  -  P^)/Po> =  d V d t.

For s t i f f  methods the equations are o f  the same form as (3 .3 .3 ) and (3 .3 .£ ) 

except that

x = —n h x ',n . . .  * X 1n V i *  ■' n-p '
B = ■ ‘̂ 1 Pi . . . .

• ■ °P-1
u
P

h ^p-1 iip
1 0 0 - • ■ . ■ 0 0

0 0 1 . • ■ . . 0 0

0 G 0 • 1 0

i  ~ (a. -  a'.' 1) / \ o

1 " V ' i o
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and £  is  as befci’e.

Rather than using thn eouations (3 .3 .3 ) , (3 .3*4) ’-''c use

QBQ —n-1 (3 .3 .5 )

(m+l) = z X X + IF(z X 0  -n ,(m ) '-n,(m )^ (3 .3 .6 )

where I = :£_ and Z , = C'X - ,  —n-1 —n-1
The ti'ansforniation Q is  chosen so that the P + 1 components o f z  ̂ are the“ n -i
function value and the f i r s t  p derivatives o f the polynomial used in the

kprediction process. The kth derivative is  scaled by h /k i  so that the matrix

Q is  independent o f h, and becomes

ĥ ’x (Pnz = I X , hx ', —n L n’ n
(k)  ,

/P» ]

where x^' is  the kth derivative o f the approximating polynomial used by the 

predictor in the pth order method, (jB.'j  ̂ is  the Pascal triangle matrix

1 1 1 1 ................................................ 1 1

1 2 3 • ■ . . p -l p

1 3  

1

J P 

1

The back values are now those o f  a single point and this a llev ia tes  the problems 

usually arising in predictoi'-corrector methods when a change in step size results 

in the wrong back values being saved. The I fo r  the adam's and S t i f f  methods 

are given in P I  [7 ] respectively .

In the case o f  s t i f f  equations, the corrector values w ill not converge 

unless h is  very small. This results in either the solution process being 

slovred down dramatically or fa ilin g  altogether. I t  has been found that using 

a nfodified form o f corrector equation

z / t\ = z / \ + I'iP(z / n) (3 .3*7)—n, (m+lj —n, (m) n,(rny
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where ’.V = ( - (  ^ F /

the iteration  w ill  converge to a solution o f F(_z^) = j i .  F o r  most functions 

f ( x , t )  that occur, large values o f h s t i l l  permit rapid convergence, V»’ is  

only re-evaluated i f  three iterations fa i ls  to bring the system close  to 

convergence,
m

In it ia lly  a method o f  order one is  chosen then Jy is  given-y> "0
and hyj can be calculated from h f(y  , t  ) so that the metliod is  s e lf  stai-ting, (6 SB (t
Changes o f step s ize  require oni.y that _z be scaled by powers o f  the chiinge. 

Changes in  order require reasonably easy m odifications o f _z.
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3,4 Conelusions

NetVi’ork s im plicity  does not guarantee ease oi’ numerical solu tion . The 

problems vihich may arise in the numerical solution are, in some cases readily  

predictable from the form o f  the orig in a l network, but, especia lly  with large 

c ircu its  unpredictable d i f f ic u lt ie s  m.ay arise ,

A general purpose program therefore requires a pov/erful method o f  solution , 

to take account o f tliis variable numerical complexity, llie algorithm to 

ensure th is, by Gear, has been chosen and described.
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4. Development Tr’î of̂ rs.ms

4,1 Intix3duction

Six programs (FOPoVTvI1 ,?,3 ,4 ,5>6) have been developed which formulate the 

state equations fo r  progressively more general networks using Bashkov;'s 

Topological Formulation. The la st tv;o programs also solve these equations. 

The earlier  programs served to iso la te  and c la r ify  the problems involved.
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4.2 t^ro^rams F0F4V;2.2

The f i r s t  ar.d second programs wei'e used to foni’ul:.te the state equations 

for networks which contained only one branch between each node pair, each branch 

contained only one element, a re s is to r , a capacitor, or an inductor, 

e.g.
T.

Q—

'1

\
— înn— - o

■'7

A proper tree fo r  the network could also be dravm, that is  one which has a l l  i t s  

capacitors in the tree branch set and a l l  i t s  inductors in the link branch set 

(liiik s ). I t  ’.vas also decided to adopt the convention o f current flowing from 

lov/est to highest numbered node.

The tree fo r  the network is  f i r s t  computed, fol].ow-ed by its  associated 

tieset matrix (p ) .  A system. mat.rix fo r  the network is  then bu ilt up suchr
that



43.

nn In
V,

% V.

V

'7

-P In 11

k

^6

T/here p = (p P is  the subtieset matrix and p ^  i t s  transpose, 0^,,In 11 In In 11’

0 are nu ll matrices o f orders 1 X 1  and n X n respectively . In this case 

the number o f tree branches n = /(. and the number o f links 1 = 3. is  a

unit matrix o f order 1 X 1 ,  Any equations representing res is tiv e  branches 

are nov; eliminated and the equations brought into the zero-input state form 

d/dt

using

-1
V = A V—c —o

■4t

'̂ 1 = c^dv^/dt

c„dv,/ dt 2 2

h
c^dv^/dt

V \

"5 •’s S
L^djg/at

/ 7 _
L d j^ d t

where v̂  is  the submatrix o f capacitor voltages and the submatrix o f  inductor 

currents.

The second program d iffe rs  from the f i r s t  only in the respect that, within 

the program the in it ia l  input order o f the branches is  changed into tree and 

link sets , Tliis sim plifies the log ic  la ter  in the program.



The third and fourth programs were used to fornulate the state equations o f 

more complicated networks. They could contain more than one branch between 

two nodes. Also loops o f capacitors and cutsets o f  indue tors v«re allowed, as 

were loops o f  inductors and cutsets o f capacitoi's 

e .g .

-V ^
"4

4*3 Pro/̂ :rams F0F4VT.3.4

This time not a l l  o f  the capacitor branches could be included in the tree 

branch set and not a l l  o f the inductors could be le f t  out, A tree with the 

maximum number o f capacitor carrying branches and a link set with the maximum 

number o f  inductor carrying branches is  chosen. This is  called a normal tree . 

An in it ia l  sj'stem m.atrix is  set up as before, but now the constraints betv/een 

the possible state variables have to be eliminated, as well as the resistor  

variables.

The third program cannot complete the form.ulation. I t  eliminates the 

resistor  variables and also outputs the systems o f constraint equations which 

have s t i l l  to be solved and the resu lts used to complete the formulation. The 

fourth program actually  completes the formulation.

Both programs are written in procedure form, F0FSVl'i3 uses procedures 

called TRdE, TIESET I,W'['RIX, and EliEMEET SCAN, The la tte r  procedure produces 

the equations o f  constraint, FOFSVI.lf uses procedures TREE, TIESET I.'ATRIX 

SUBSYSTEM, CFPIVOT and REDUCE MA'iHIX. SUBSYSTEM formulates the subsystems o f 

equations o f  constraint, GFPIVOT is  a Gaussian Full Pivoting procedure which



45.

solves the constraint subsystems, REDUCil eliminates the dependent

variables from the main system matrix. Two fui’ther procedures ca lled  TISETS 

and CUTSETS are used to count the numbers o f t ie se ts  and cutsets respectively . 

These numbers are used la ter  on to decide i f  any further ca lls  o f  other 

procedures are required.



4é,

This program is  tho same as FOPSWf except that i t  nov, accepts networks 

which contain independent sources, controlled sources and sinusoidal soui'Ces,

All the previously mentioned procedures have been updated to deal with these 

sources. Also the program produces output-state variables selected by the user 

which can be on the lineprin ter and on a graphical output device. The program 

formiulates and solves the state equations. Because o f the s ize  o f PCFSVi.l5 i t  

was necessary to segment the program to save core space. Some procedures v/ere 

put onto magnetic tape.

The solution  section  used Certaine's I'ethod and therefore the program 

cannot solve some problems in an economical am.ount o f  run time. This is  

especially  so with netv/orks containing diodes and transistors w'hich are represaited 

by equivalent c ircu its  by the user. In fa ct v/ith a lo t  o f the test problem.s 

o f this type there have been troubles with re la tive  s ta b il ity . That is  the 

transients output have been o f  the right shape, but grossly exaggerated in value.

The ob ject o f th is program is  to formulate and solve fo r  quasi-linear and 

time-invariant networks (matrix co e ffic ie n ts  A,B,C,D are constants, but sources 

may be non-linear) a pair o f systems o f  equations

d x (t) /d t  = A2c(t) + Bu(x, t ) ( l  . i f l )

_y(t) = cx (t )  + Du(x,t) (4 ^ . 2)

where (4 .3.1) and (4 .3 .2 ) are the state and output-state equations respectively ,

J^t) is  the state vector, y ( t )  the output-state vector, u (x ,t ) a vector o f 

dependent and independent sources. In the form.ulation process the sources are 

treated as i f  they v/ere a l l  independent and are associated viith a resistance, 

but during the solution  the sources are updated as the computation progresses.

In the test problem.s tried  with this program, fa ilu res  occurred 'without 

exception when a row o f the augmented matrix (a B) had a l l  negative elements.

This apparently causes sp’urious roots introduced by the numerical method to

4,4 Pronr̂ un F0P''SYn5



dominate the real roote, thereby introducing errors which are propagated 

exponentially, v;hich give risfe to exaggerated transients o f  the right shape. 

Another type o f  fa ilu re  occurred when the solution  process was progressing 

too slov/ly due to widely separated time constants and had to be abandoned.
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This program uses matrix methods to produce a normal tree fo r  a netviork.

It uses two extra procedures INCIDENT I-l/VTRIX and COSORT, The incident matrix

is  f i r s t  produced, then it s  columns are arranged by COSORT is  some order o f

preference. This mati'ix is  nov/ operated on by &FPIVOT to bring i t  e ffe c t iv e ly

into the form ( l  cl where i t  is  now id en tica l to the cutset matrix a„.nn nl^' F
The subcutset matrix is  related to the subtieset matrix by tlie equation

% i  » 1/  = 2
T is  the transpose operator, I^^ is  a unit matrix o f  order n X n, 1 and n are 

the numbers o f  links and tree branches resp ectively . ¡3̂  ̂ is  produced and 

the analysis proceeds as in F0FSW5, Procedures T'i'E and TIESET IWTRIX are 

not used in F0FSVM6, their tasks being mainly done by &FPIV0T which results in 

about a saving o f 1.3k o f store . The program however needs further development 

before i t  reaches a sa.tisfactory fin a l form.

4,3 Prof̂ ram FOF0VT.I6



;j.,6 Cone lusions

F 0 F 3 V T ; 1 , a r e  no use as netv/ork analysis programs their function being 

developmental, FOF3W5,6 can formulate the state equations fo r  any RCL 

network wiiich is  tim e-invariant, and quasi-linear, 

i . e ,  d x (t ) /d t  = -'\s(‘t) '̂ )

where A and B are constant matrices. Any active devices such as diodes or 

transistors have to be replaced v/ith equivalent c ir cu it  models by the user,

Tlie state variables chosen are always capacitor voltages and inductor currents, 

Ii‘ any other variable is  required as output i t  must be entered in the input data 

as an output-state variable, F0FSVI’.';5,6 cannot solve any set o f  state equations 

which they formulate, T̂ vo types o f fa ilu re  can occur. The problem, is  

re la tive ly  unstable fo r  the numerical method o f integration being used or the 

solution process is  not moving fa st  enough as a large enough step s ise  cannot 

be chosen without lo ca l errors becoming in to lerab le ,

FOFSVI.15 uses a search method o f  computing a normal tree fo r  a network, 

whereas FCFSn.l6 uses a m.atrix method. In both program.s a l l  soui'ces are 

associated v/ith a resistance. The m.ethod o f Auxiliary Trees is  used to 

formulate the equations fo r  each type o f  constraint present in a network. The 

solution section  uses a form, o f Certaine's lAthod v/ith variable step -size  

routine.
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5, Froftram Tests 

5,jZS Introduction

FOFSVI','5 is  s p l it  into three segments only one o f  whdch is  in core store at 

any time. The f i r s t  is  up to the formulation o f  a degenerate system o f

equations from which dependent variables and redundant ecmations need to be 

elimina.ted. The second segment reduces the degenci’ate system o f eouations to 

that o f  the State Variable Equations, The third solves the state variable 

equations and outjjuts data to the lineprin ter and to a further program SViiPLT 

v.'hich produces graphs o f the prescribed outputs.



5,1 Input o f Data to yOFSVI-!5

Hie follow ing l i s t  gives the format o f  data input fo r  J''0FSVI'5.

' title'

IIRUI'I

B,ESOmiCE,NY

im ( l )  i,K2(l) l,;CO:.P(l) hCOlI'il)

I.I'il(B) IL'2( b) MCOMP(B) ACOLP(B)
branch id en tifica tion

S! 1^1(1) SLCOirF(l) IBOmiCE(l)

SIJa(RBOUrvCE) SM'J2(RS0URGE) SV:C0I.P(RS0URCE) i.isource( rsource)
source
id en tifica tion

K1

A(j2i,l), A (^ ,2), ,A(.je!,B) in it ia l  values

YCOI.T(l), YG0I,P(2),........,YG0I.P(NY) type o f  output

KYBB(l,l), NYBB(1,2), ,NYBB(1,2B)

IiYBB(NY, 1) nYBB(NY, 2 ) , ............ ,NYBB(NY, 2B)
outputs required

NINT(1),NINT(2),.........,NINT(IS01TRGE) number o f  time intervals fo r  each
independent source

I S ( l ) , ’ilIETA(l),AUX(l)
sinusoidal souices

IS(l),TIlETA(l)
diode souixjes

IS(1)
linear sources

( ( t o ,U o ) ,( t i ,U i) ) ;( ( t^ ,u ^ ) ,t^ ,u ^ )) ; pieceu'ise linear continuous: 
independent sources.

EPS, EPS 1, EPS2, Tfi, Til, NPTS, K2
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Tlie data is  arranged ready fo r  input in tlie above order though the presence 

of some items would depend on previous entries in the same run. For instance, 

entries in the integer array I.SOURCE would indicate whether a l l  or some o f the 

permissable t;j’pes o f  sources were present in the nefavork under analysis,

'I'lTIiS' name o f  network

NRUE rim number set to a positive  integer except fo r  la st  run v/hich is  set 

to a negative integer.

B The to ta l number o f  branches in the network excluding the sources which are 

always associated with a re s is to r .

RSOUPlCE The number o f  sources (vhiich must be associated with r e s is to r s ),

NY The number o f outputs required.

MI1,!.IN2 Node pair (where the current direction  is  t.'iken as that from the 

smallest to the largest o f the p a ir).

NCOMP Element type id e n t ifie r , 

capacitor 1

re s is to r  2 entered by user

inductor 3

capacitor

re s is to r  5jZi<MC0I,iP<lJqei witliin program

inductor

ACOI.P The numerical value o f  an element

SIN1,SM'I2 Source node pair (written in d irection  o f current or increasing 

vo lta g e ).



1

2

3

33.

SKCCIP Type o f  source (voltage = 3, corrent = )0)

I,SOURCE Type o f  dependence o f source:

piecev/ise lin ear continuous function o f  time, 

lin early  controlled  source 

non-linearly controlled  source (diode) 

sinusoidal function o f  time.

A(J^,1:B) Set o f  in i t ia l  conditions (zero fo r  res is tors ) v/hich fina3.1y forms 

the in it ia l  state vector used in the solution process,

NYBB(1:NY, 1 :23) S pecification  o f  UY required outputs ( l  to B voltages and 

B + 1 to 2B currents).

EPS Truncation fa cto r  fo r  transition  matrix set to 

(TJÍ,TN) Time inter\'al over v/hich output is  required,

K1 Integer indicator (jZi i f  a l l  in it ia l  conditions zero 1 otherv/ise)

K2 Integer indicator (j2Í i f  only output-state vector required on lineprinter

1 otherwise).

(ePS1,EPS2) Interval over which the re la tiv e  change o f a state variable from

the K to K + 1 iteration  is  deemed to lerable . 
x(lv + 1) - x(k)E I Y i l<

L!/lX

<C EPS2

YCOIv'P Type o f output (current = voltage = l ) .

NP'TS Llaximun: number o f  points to be output a fter  which tlie program goes onto 

the next run,

IS, IHETA, AUX Real arrays representing parameters o f  the follov/ing types o f 

sources:

sinusoidal: u = i  sin (2n© t + <g)s
where qj is  the auxiliary angle, 

diode: u = i^ (ex p (q /(C k T ))y (t)-l)C>
vdiere y (t )  is  the controllin g  output-state variable.

lin ear: u = i  y ( t ) .
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2nd points o f a linear independent source over the time

interval (t  , t _ ) o '
Example

'SliPLE r:ET.'/CId: V;1TH CONST.\NT

IÍRUN := -1

B = 7,, RSOURCE = 2, KY = 1

I.NI IvllZ i.;cci/p ACÜIP

1 2 1 Cl

2 5 1 C2

3 5 1 C3

3 4 2 R4

2 3 2 R5

1 2 L6

4 5 3 L7

oM.'I S.MIZ GJ,:COIP I,•SOURCE

4 3

2 3 1

K = p  (a l l in it ia l conditions

YCCLP = 1 (voltage output)

Q "ero)

IIYBB =

(capacitor voltage v  ̂ output)

HINT = 1,1 (one time interval fo r  each source)

((T ^ ,iJ ,(T N ,i^ ))
step inputs.
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iiR3,ETSl,liPS2,T;2t,TN,NPTG =

K = 1 (sta te  variables to appear on lineprin ter as viell as output-state

variables) .
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3,2 Outnut o f Solution

The input data appears on the linoprin tor, follov/ed by the computed tree, 

the number o f constraints, the order o f  the system o f  state equations, the 

matrices A,B,G,D where 

d x (t ) /d t  =

^ ( t )  Cx(t) + D u (t,x (t))

and f in a l ly  the state and output-state vectors are output over the interval

AHre (̂  = e an 

lin the progr 

T = T)6

T + H

:z+KH

x'.

X-,

K

;ep sise  H, via 

+ yuj. and

the d ifference equations

. ;ii (e - 1)A  B are the transition matrices

: form o f  output o f x (t )  and y ( t )  would

/ - . d / / / ■ ^KY2 OHBHR j ±  ^2
1 1 1 1 1

^2 ■ ' ÔRDER ^1 ^2 ^HY

K K' K K K
'̂2 ■'̂ ORDER ^1 ^2 ......... ^EY

y (t ) can also be output graphically via the pix)gram SVHFLT used in batch with 

F0FSVIvI3.
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,-4
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4 3 2  ̂lo 3
3 4 0 2
4 i  1 0
K = n
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V= 1 0 0 0 0 0 I=r. 0 0 0 0

0 U 0 I) I = n n 0

■ ■ 1 T A r  1 . 5

V = 0 \
 ̂Î !'j r = 1 

I S  = 5 .„- ll 
0 ì «A, 1
F P S = „ - 6
FPSi=rj .0?5 PPS7 = i l . l
TO = H T.1 = 'l , j ,0-6 Ih'TS = .1Ü
K = 1
' S U P  K'FSPD.'J^F ')F FILTtR'  
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3 4 3 4 . Í 3 0 7 5,0 - 3
2 3 1 :<0T . 9ñó.o-‘̂
1 b 2 100
4 •) 2 100
5 1 1 C
K = Ü
Yrn;;p = o
V = 0 0 0 0 0 1 0
m :'!T = i
C‘ 1 .of) 1
EPS = .o-6
E:PS1='ì .[)25 F I^SZ^ J. I
Tij = .i t ;j = ,o30 '!PTS = 500
K : = i' ;
' nUTTFP'..' OfT-l F IL T E P '
NRU : = fS
[i=5,r;sni.iRCF--i,NY = i
1 2  3 Î
1 4. 2 1
2 3 3 1
2 4 L 2
3 4 2 1A
4 1 1 0
K = 0
VCil '̂!P = 0 
V = 0 0 0 'i 0 J=0
NI NT = 2
0 1 ') 0 1 10 ri
1 0 ID 6 C
Ef>S = .o-o
tP S i= o .n ?5  r-^sz = ' i . i
T 0 = ;j 7 = .o3 ! 'PT3 = bJ0
K: =ii
'P P lP b P h ' T-E FILTFfV
,'JPU.i = 3
B = 7,nT0URCF = 1 ,f!Y=3
1 4 2 10.10
2 4 1 10 “ '1
3 4 1 lO ' >
1 3 1 1̂ “*
3 4 2 10 u 0
1 2  3 ]

J  = 0 Ù Ü I)



-,,í-;̂ ';!í:- - Í t í ' V ' , : v ' - , - ' - - '



U
?  .-i
4 1
K = 0
YCt)i'tP = l , 1 . 1
v = o 0 0 1 1 n 0 J  = 0 0 n 0 0 0 n
V = Ü 1 0 Ì O 0 0 J  = 0 n 0 0 0 0 0
v = o 0 1 J 0 II n ,) = 0 0 0 0 ü 0 0
MÎNT=1 
0 0.02 . 
EF̂S = >o-6 
EPSI=0.025

f  . 0 2

FPS7 = 0 . 1
Tü = 0 TM- |o 3 ■■'JPTS = 5'!0
K = 0
' L I JEAR MOi'FL or tk'Angistü
NRUri =
B = 4 RGOUPC- = 2 NY = 2
1 2 1 lO *■ J. Í?
1 2 2 10
2 3 2 10
2 3 1 10 “ 1.OA.
3 2 ü 1
2 1 1 0
K = Ü
YCOMP= 1 1
V = - l 0 0 0 1=0 0 fl 0
V = n 0 0 - 1

J, i = .) ü 0 0
NIM r = 1
IS  = ü. 0
0 .1. 1 
EPS = .o-6 
EPS 1=0.0 2''' EPSZ=0.1

Tn=3.o-fi MPTS = SO0

VÜTM SINUSOiriÂL SUÜKCl

TO = i 
K = 1
' !̂E■̂ ¡l)RK 
NRU 'J = 6
B = 2,RS01)RCF = 1 ,NY = 2

, - 1 21 2 1 1 0 0 to
1 2 2 10.0 3
2 1 1 3
K = ü
Yi'Ü;lP = l , 1 
V =0 - 1  1=0 0
V=1 0 1=0 0
NIMT=Q
IS= l TMETA = 5,o4 
EPS = ,o-:>
EPSI=0.025 EP"'7 = 0 . l
TO = () TÜ = 3,o-5 i'iPTS = 300

AUX = 0



fHVi'î '- í ■ '*’,.y •’ .«--ii.’' ’ ■•■; >v. ••

pfeife

■■" ■ ■ ■•■ VV'-' '., feW.;'í;í̂ ’ ';; , ■ ' ^

. i : '■-ív-’í'

- V4s'i .; .- ':. .'.'■' . ')r(L ■

« t e li.'-SSfey^a



K = 1
' PX '̂OrJF^;T 1 AL . - i Oüí . L OF TôAiiSISTOhî ' 
N RU.') = -•'
0 = 5 RSC)ÜF'C:5 = 2 iJY r̂S
1  .5 1 5 0 0 , 0 - 1 ?
1 .5 2 m o i
2  3  1 l Ü 0 , o - l ?
1 3  2 1 0  0 0

2  3  2 1 n 0
2  3  0 0

3  1 1  
K = 0

0

Y r û . ’ i P = l 1 1
V = 1  0 C 0 Ü
V = 0 1 0 0 ü
V = 0 U 
N 1 N T  = 2

1 0 0

I S  = , o - 9 t h e t a = i

0 - 1 lo — tj — 1
. 0 - 6  1 
E P S  = . o - 6

,0 3 0 1

J  = O 
J r i )  
) =  0

E P S i  =0.025 
T0 = U TNr.«6 
K = 1

EPS7  = i ) . / 
' ]PTF = 50n
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5.4 Test jJxarnnInG

The ■f’ollov/inr: fiv e  oxanples arc foraulntion only 

using ?QFSVI.:5. 

ihc. 1
8,5b. lOJi

1 „  2 
o....o

Tlioy have b '̂en comjuitel

4.5h

P.eferring to tlie oonputer printout ovf tl;e nuribcr of bre.Jiches B = 7j

there are no soiu’ces R3CURCIS = and there are no prescribed output state  

variables MY = 0 ,  Ttie branch connecting nodes 1 and 5 ( -h l ( l )  = 3, Mh?(l) = 5) 

contains a capacitor (:'COLP(l) = l )  of 2 Tarads (.''CO!P(l) = o). Gbrnilcrly 

there are cap-acitivc branches connecting nodes 2 tcnd 5, and nodes 3 and 5.

There are resistiv e  brandies (IMOIP = ? )  connecting nodes 3 and 4, a.nd nodes 2 

and 3 . Inductive branches (l.ICOLP = 3 ) connect nodes 1 and 2 and nodes L a.nd 5» 

Tiiese branches can be input in any order betv/een themselves but tlioy must follor: 

the f ir s t  three numbers B, RSCURGM, MY.

The program computes the numbers of tree branches M = 4 , linlcs 1 = 3 ,  

resistors R = 2, capacitors C = 3, the order of the system of state cqua.tions 

representing the cii'-cuit, capacitor tiesetr LC = 0 ,  resistor loops L€ = 0 ,  

inductor loops LL = 0,  capacitor cutsets MC = resistor cutsets MR = 0 ,  and 

inductor cutsets ML = 0 ,  This is  follovied b;- the subtieset matrix (d-]j )̂> 

its  associated tree v/ith branches TBl and linlcs TLl relative to the order in  

which the branches were initially^ input.

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

i'esistor eouations solved by procedure G-FPIVOT and rives an indication of the 

numerical s ta b ilitv  of the subsystem.
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Tlio stcto  v; r 3.able5; cboson by tbn i-ironran arc v , v „ ,v , , , i ,  '-nd j  re la tive' ' j. /  a 6 7
to the nev/ order o f  the brandies v.'hicji in tPiis case is  iclontica.1 to the orig in al 

ordero The state matrix I\ is  computed vdiere d x (t ) /d t  = . 'x ( t ) ,

Tliis was one o f the simplest problcm.s used to test tlie program.. I t  has 

only sinf;le branches betv/cen nodes, no dynamic or non~d\Tiainic constraints and 

no sources.



KJ
»««»»»«««««fi»«««««»« 
«fi«fi«««««« «fifiBfifi«»*« 
»fi«e»fifi»»«&fi«fi«fi«fi»ft 
»S«B»fi»»«fi««fi«««fi«*«



z'í
<[/l jr C9 jr et JA C2 JA ei JA ) o

;jnv SJH'VIHVA ai v i ;  3iii
¿0-"' DSéJ ■ X =iüAId isaoilvi ddAo isanv .ts

í ¿ ]r P0 + '“ (.'0S' 20X s ^ L
[9 ]r nu»‘"()i)s-8 XÜX 2 X 9
es ]r T 0 ♦ n ü n • X 2S t 2 S
Ct> ]A oij+‘“'oQO‘ e xs f t-
Ci.' ]A 0 ü + "’ ü u p • s t S £ £
c¿ ]A ou+^ooc•9 2 S c 2
ex JA o(i + "noo ‘ 2 X 5 X X

etJdi-.oov C Ö ] d Ü 0 »*. edJ2f.w eejxN'd s

SMNn (!NV S^lOWtíf! :ÍL¡í;i L'iNI C JiBCMO aè.' cgHONV̂ iü VyOi'-i-JN

= 1N = HN = ON

L 9 £ = n j x j i

t- £ 2 X = CíJJXdi

tSWAbJOJ iPidliiO
X X- 0 0
c 0 X X-
0 X X- c * c:»

= CN' 3jjb iag

0 -~n ü =dJ 0 = 3 J S =íjsadO i - . j

; svvASdC j indino

£ =ü d = y £ =1 b = fJ
ÜÜ+°'()0S • tí £ s. b L
00 + '"l)0S‘ w £ 2 X o o
T0-*“'nüU • X 2 £ 2 Ç
0 n < ■" 10 0 • 9 2 b f h
cnf'OCU's X Ç, £ £ o
0 (1 + ü 0 U • t X S 2 2
Û n + ij 0 (I • 2 X c, X X

CHJdWOOV eíJJdUCDt eiiJ2Nw ceJiNij n
() 0 ■dOdOOSd L =3

¡SlsASJüJ iOdtvI





AINO ’̂ al J V'iTHHUJ
x»=in/xQ

D

o

f

r>

n ú * ° ' » L ¿ ‘ i - Ü0t"'Li00'U T0-“'222'2 00 + °'ü0Ü • 0 0l. + '’'0ü0 • 0

CU*"0ü0‘ 0 uo + ̂ uno'ci 0(! + '"0(l0 • ü [0-°'yzT • 'p-

Tu-’"ÜU0‘ 2- QO+^uau•0 20-‘"Q0C’ 2- 2ü-''UCU • 2 01.i + ‘"U'JC • 0

0 u ♦ 0 f n ■ 0 T('-'“ |j OÇ • 2 20-‘"0US'2 2n-"M0bV- ÜU + ’'C1I0 • c

0Ü*-°'ÜÜ0‘ 0 CU-"U0U • !î- 0',) + °'00 0 • 0 0 0 * (J ü u • 0 0 li + ■” 0 ü ü ■ 0

u
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60.

This c ir cu it  lias a res is tor  current constraint (v/hich v;ould be ca lled  a 

cutset re la tive  to a. tree v;ith the m'’xiirum nunbor o f  re s is to r  branches in  the 

lin k s). The problom tests that the res is to r  variables can be dealt v;ith in 

sin ilar  n'.a.nne.r to de5;enerate c'^racitor or inductor va.riablcs, by ca lls  to 

ijrocedures Tlhdi, Tlllfd!;? IllTHIX, fUB','yhTiX:, f?PIVCT and lldDIJCJ IIVTRIX.

The c ir cu it  s t i l l  onlv contains sinale branches botr/een nodes.



P'iPÜT FüPSV'15:

H= 9 RSOURCF= 0 HY= 0
P P'IICR] ('’i»2C3] MCOMPCH] AC0-'PCP3

1 1 P 1 2.0 0 0,. + ü 0
? 4 Ò 1 2 .‘iOO„-<-00
.5 ) 3 2 4 . 0 0 0 lo ♦ U 0
4 2 5 2 5. oan„4ijû
0 5 ó 2 6. n 0 n ,o+ù ü

“S O 1 6 3 7.000„ + 0(i
7 3 A 3 S.OOOin + ÙO
i) 1 b 2 8.5 0 Cl 10 + U U

. 1 2 4 2 y . üOUio+üO
'

M= 5 L = A R - 5 C= 2

ÜiJTPUT FOFSVNS:
ORDPft: 4 LC = n Uî = n LL =

dptapcl ,N] =
0 -1 0 Ú -1

“ X -1 0 - 1 -1
0 n 1 n -1

■“ 1 1 0 0 -1

NC:: Nh = NL =

OUTPUT F0F3VNS;

;
Tí--i[N] = 1 2 3 S

> TLlCU= 6 7 ft
NFT'.-.'ORK nPANCHES RPORnCRPl) INTO TRrP bPANCHËS AND LINKS

h NNUP] MN2CÜ3 ficnupcrn ACO'IPrUD
1 1 2 1 2.0 ii 0 ,o *• 0 C vr 1]
2 4 S 2 2 .5 n 0, 0 + n 0 vr ? ]
3 2 t 51 4 . U 0 ü 10 + 0 0 V[ 3]
4 A 6 53 6 . Ü00.O + ÜU vc 4 J
5 2 4 55 9 . 0  0 U ,o ■>■ 0 n vc ‘ 5]
6 2 5 52 5 . 0  n U „ + n 0 JC 6]
7 1 6 IC I 7. noü,o + Oô JC 7]
a 3 4 102 8. COOio + Oû JC ft]
y 1 5 54 S.50üio + fiü JC 9]



M ê^Î :.>í'

j ' r í 0 0 i3 . : f y A
.') 'i

■m’¿, I ■■

l .

O

Y



TB̂  =
1 2 4 7 8

TL4 =
3 5. 6 9

PC-TAFCL.'J
1 1 1 -1 1
1 1 1 -1 11
1 a 1 -1 0
C 0 1 -1 0

S'-iALLEST OV -.R LAiiSFST PIVOT= 1 . OOi).. + UO
S:iALLBST ov ER LAROfST PIV()T = 1 ,961, . -U?
THE STATE v a r i a .rles ARE
( VC 1 ] VC , 2] JC 71 JC

A =
- 4 , 2 6 8 IC “ 02 - 1 . 3 2 4 , . -0? -  3 . 6  2 0

- l . ? 2 0 . . - 0 2  

1 . 0 3 7 . » - n i  

- 3 . ' i 3 P . . - 0 2

-3.2<53.o-02

702.O-02

- ' 7 .2 f t l . o - 0 2

8] )

- 1  . 0 3 7 , . - 01  

-1. l ‘̂ 0.. + 00 

-2.91^,.-01

1 . 3 7 ? , . - 0 1  

2 . 9 6 3 . . - 0 1  

— 0 • 3 3 2 1. — 01 

- 7 . 9 1 i , „ - 0 1

U H f j V E  D X / D T  = AX 
F O k n U L A T I O M  O N L Y





l x .  3 .

61,

This c ir cu it  contiiins four cljm-amic constraints, one caracitor t io s c t , one 

inductor cutset, ono loop o f  inductors (which would be called  a,n inductor tie se t 

relative to a tree vrith the na,xiniun nur;ber o f  inductors in the tree branches) and 

one capacitor current constraint (v;Mch 'would bo called  a capacitor cutset 

relative  to a tree with the raaxiraum number o f  capacitors in tlie lin k s). This 

tests the sequence o f  procedure ca lls  which have to be made to eliminate t}io 

d ifferent types o f constraint subsystams which are in teractive with each other 

and the main system o f  equations. I t  also overlaps 'with the f i r s t  problem as 

i t  has to eliminate a res is to r  subsystem from the main set o f eouations. This 

problem also contains three branches between one ua.ir o f nodes.



1''jPUT FCFSVM5:

10 (<S0UPCE = NY =
H MN1C93 pcoMPcin Aco'^TreT

1 1 2 2 5 . (10 0„*13 0
2 2 3 3 ? . i i 0 0 „ * 0 0
6 3 4 1 3 . 000„*00
4 3 0 1 6 .0  0 0 „  + U 0
'j 4 S 3 7»fior»„+oo
6 4 6 1 9 . 000„*00
7 4 6 2 4 * 0 0 010 + 0 0 ^
(i 4 6 3 2 . s o n „*00
■y 1 ‘3 1 0 . noo„*ui)

lu 5 o 3 7 . 0 0 „  * 0 0
I = K = C =

OUTPUT F0PSV'15:
3 OPI'PR = 4 LC = 1 LR =

OPTAFCL oNlz
J 1 1 0 -1 -1

0 -1 1 0 0
0 0 -1 0 1
0 0 -1 0 0
0 0 -1 0 0

LL = tviC = Nh = NL =

OUTPUT •OFSvys;

3 T ‘- i l F N ]  = 1 4 6 9  1 0

T I . 1 C L 3  = 2 3 5 7  8
MF- TWORK P H A N C U n S  R E O R D E P E i l I N T O  T R E E d R A N C H b S

P P N I C ' » ] M N 2 [ n ] M C O M P C P ]  A f O ' i P L P ]
1 1 2 6 1 5 . 0 i i U , o * 0 i J VL 1 3
2 3 6 2 6 . 0  0 0  „  + 0 0 VC 2 3

J 3 4 6 3 9 .  o n o . , + 0 0 VC 3 3
4 1 5 4 8 .  o o o „ * n o VC 4 ]
5 S 6 1 0 4 7 . 6 0 0 1 0  + 0  0 VC 5 3

*> 6 P 3 1 0 1 2  • 0 0 010 ♦ 0  0 J C 6 3
7 3 4 1 3 . 0 0 0 1 0  * f i O J C 7 3
8 4 5 1 0 2 7 . u OO. o  + 0 0 J C 8 3

i t

ANU LINKS



9 4 6 52 4 . 000„ + 00 JC 9]
10 4 6 103 2 . 5  0 U „ + 0 0 JC 10]

1 S 6 7 10
TL2 =

2 3 4 6 9

U E T A F C L . N ] :
.5 0 0 0 - 1 - 1

0 0 0 0 - 1
_ i 1 - 1 - 1 - 1

* 0 1 0 0 - 1
0 0 0 0 - 1

S' - 'ALLEST OV ER LARGEST PIVOT= 1 . ooc„ + on
s m a l l e s t CVES LAROEST PI vriT = 1 . 0 0 0 „ + U 0
s m a l l e s t CV iR LARi'.e ST PIVOT= 1 . noo„+on
SMAI.LFST OV'^R LARGEST PIVOT= 1.  n 0 0 „ + 0 0
s m a l l e s t OVER LARGEST PIVOT= 5 . 000. , -02
TOE STATE VAR IAULES A R f-
( VC 3J VC 4] JC 60 JC 1 0 ] )

o

A =
- 2 . 2 7 S 10 •“02 0. 000 „ + 00 - 1 . 6 7 2 . . - 0 2 1. 0 66 „ - 0 1

0 . j OO„ » n o  0 , n n n„ + 00 - 1 . 2 5 0 „ - 0 1 0 . COO 10 ♦ 0 n

sj 3. 272' ic “ 02 3. 361 „ - 0 1 - 0 . 3 9 0 „ - 0 1 0 . oun ...♦00

4, 000 10 “ 01 0. 000 „ + 0 0 0. 0 0 0 „ + 0 0 0. 000 1« + 0 0

WHEi^E P'</DT = AX 
FORMULATION C.NLV





3x. h .

6 2 ,

15

In this case, the netv;oi'k contains one capacitor t ie s o t , te’o inductor 

loops, and one capacitor current constr.'iirt. Id’ocedui’e Q-PFIVOT operates on 

one rectangular dyn-air.ic cons I/iaiint subsystem o f order ? X 7 e,nd on a rosj.stor 

subsystem o f order 3 X lb , Hiis tests  further the method of elimination o f 

constraints and re s is to r  variables.



IMPOT FÜPSVM5;

P =

N =

B
15 RSOORCE 

MN1C43 M.J:2[B]
0 NY= 0 

MCOMPCR3 ACÜMPCrn

1 1 7 3 i . 5 0 n . ,  + ü()
P 1 2 1 2 . fl 0 0,010 Ü
rO 6 7 2 2 . 500., + QQ
'i 6 7 3 3.  n 01; ,„ + J 0
5 1 6 3 3 . 5  0 »  U 0
O 2 6 1 4 .SOO„+ÜO
7 2 5 1 5.  n ü fl 10 + ü 0
S ô 8 2 5.5Û0 ..^00
■) 4 a 1 6 . non ,o.*üO

1.1 5 6 1 6 . 5  0 010 * ü n
i 1 2 4 3 7 • 0 û 010 + 0 0
IP 4 5 ■ 3 7.50n.o + C0
13 3 4 2 ü . n 0 Dio + c 0
lA 3 5 3 ü.5on . .  + üo
n 2 3 3 9 .  nnnio+00

7 L= B R = 3 C= 5

OUTPUT FOFSV M5:
ORiTERr 8 LC = 1 l.R = 0 l L

BfcTAFCL , 43 =
-1 -1 -1 n n -1 0

0 -1 Q 0 0 n G0.  ^ n -1 0 0 -1 ü
0 0 -1 0 0 -1 0
c 0 -1 -1 1 -1 Ü
r; 0 P 1 -1 1 C
n 0 0 1 -1 1 ~ 1
Û 0 -1 -1 1 -1 iJ.

MC = NR = ML =

OOTPUT FOFSV'15;

TP I L MD:

T L I C L T :

2 3 7 è 9 1 0 13

1 4 5 (y 11 1 2 14 15
MFTvJORK BRANCHTS REORDERFn IMTC TREF üRANCIIfeS AND L I N K S

B M MC R3  HCOMPCH] ACOMPCB]





.-**s
1 1 2 1 2 . 0 0 0 , . + 00 vr. 13
2 6 7 81 2 . 5 0 0 , . + 00 VC 23
3 2 5 3 5 . 0 0 0 , . * 0 0 VC 33
4 5 R 82 5 . 5 0 0 , . + 00 VC 43
5 4 . 8 4 6 . 0  0 u ,. + 00 VC 53
6 S 6 8 6 . 5 0 0 , . + 0 0 VC 63
7 3 4 53 3 . 0 0 0 , . + 00 VC 73
3 1 7 1 0 1 1 . 5 0 0 , . + 00 J C 83
9 6 7 3 02 3 . 0110, . + 00 ■ J C 93

' 10 1 6 1 0 3 3 . 5 0  0,. + 00 J  L 1 0 3
1 1 2 6 2 4 . 5 0 0 , . * 0 0 J C 1 1 3
12 ? 4 1 0 4 7 . 0 0 0 , . + 00 J C 1 2 3

■ ’ 13 4 S 1 0 5 7 . 5 ! ) 0 „ + 00 ■ J C 1 3 3
14 3 5 3 06 8 . 5  0 C ,. * 0 0 J C 1 4 3
I S ? 3 1 0 7 9 . 0 ( i0 , . + 00 J C 1 53

T P 2 :
4 6 9 10 13 14 15

' T L 2  =
3 2 3 5 7 3 11

' B E T A F C L , V I :
0 1 (1 -1 0 1 1

• 0 0 -1 0 0 0 0
•• J 0 n C n 0 -1 -1

- 1 -1 U n -1 0 0
0 0 0 n 1 -1 0

V  > 0 -1 -1 0 0 0
0 - 1 0 0 0 -1 -1
0 u 0 0 1 -1 -  ^

S i ^ A L L E S T 0 V  = !R L A . R G r S T P I V O T : 3, ., 0 0 0 1« + Ù 0
s m a l l e s t  o v =r  l a r g e s t  p i v o t = i . n o n . , - f O o
5 ^ ' A L L P S T  O V " R  L A R G E S T  P I V O T =  3 . 8 8 9 , . - 0 1  
s m a l l e s t  o v e r  l a r g e s t  P I V O T :  3 . 1 2 L , . - 0 l

12

THE S T A T E  VARIAtiLFS ARE
( VC 13 VC 33 VC 5 3 J r 8 3 JC 9 3 JC 123 JC

A:
0 . 000.. + 00 0.000 io 0 n 0 . 000,.+ 0 0 -7.143..-01 4.206,.-01

0.0 0 0u. + 00 0.000 1« + 0 0 0 . 0 0 0 „ + 0 0 -1.1 02..-01 6.613..-02

0.000..+ 00 0.. 0 0 0 10 n n 0 . 0 0 0 „ + 0 0 0.0 0 0 „ + 0 0 0.000,. + 00

7 . 8 7 9 „ - 0 1 3.939 ,«-ui -3.636,. - 0 1 ■"1 « 667io + un -1.667,. + 00

0 . C 0 0.. + 0 0 0,000 10 + 0 0 U. 000,, + 00 -6.333,.-01



13] jr  14])

n . n o n « ♦ U n

• 1 . 3 7 ? , . - n i  

?.963..-01 
0.0 Û n » ♦ u 0 
n . non«.*oo

Ü. 0 II0 ♦ Q a

■1. i 7 7 , . - n i  

- 2 . 7 7 Ö . . - 0 2  

O.OOU..*no

0.0 n 0 + 1) 0

o .noo„ - » on

1 .945,.-Q? 

-3.241..-01

n.oon,«  + uo 

0 . non, .+ 00



r

2 .5 9 7 . . - U 2 Ö. 442.0-U2 - 2 .2 0 8 ,0 - 0 1 o .n o n .o  + on 0*00010'♦■00

- 2 .4 2 4 ,0 - 0 2 ■ Ì .4 5 5 . .-0 2 2 .0 6 1 , , - 0 1 Ü . OljO.o + 00 O.OOOio-^OO

- 2 . l3 9 . o - 0 2 4 .3 1 3 .0 - 0 2 1 .8 1 8 ,0 - 0 1 n .o o o io  + oo 0 *0 0 0  lo ■*‘ 00

■ J

dx/ dtzax
F O R M U L A T  ! OM O N L Y



• 1 . 3 9 7 „ * o n  1 . 3 1 0 „ - 0 1  1.52P,o*0ü
- i . 2 ? 2 . . - n i  - i . ' i 2 6 , . + o n

1 . 8 8 2 K .  + nO 6 . 7 6 5 . . - 0 1  - 3 . 0 0 8 . . * 0 n



■r.

63.
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ĉ :—
\

\
\

i s
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Tliir. rroblen lio.s an indepondont oiirroni; nourco :ind pi-'n^cribocl outnut r,ta.tc 

v:.riabler, v ,v  and v , no thiit an vrell an the state n.' tr i :: A, extra, matrices 

B, C and D have to bo computed; whore B .is the source .aiatrix in the state 

onuations, G a.nd D are the output state matrices, such that 

d x (t ) /d t  = - 'x (t) -f 3u(t)

and

:(t) = Gx(t) + I-^(t).



INPUT F O r S y n ;

R= 7 R^O'IRCr = 1 MY= 3
H M N lCn  HN'2CH3 HCOMPCR] AC0NPCB3

1 1 4 2 1 . 000.„+U3
 ̂ 2 4 1 .1 . nnii .0 - 0  6

3 3 4 1 1 . 00l),o-U6
4 1 3 1 1 . 0an,„-06
b 3 4 2 1. noi!.o + 0 3
o 1 2 3 1 • 0 01) JO + u u
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jte. 6, ■'uttor-.-oi-th F ilte r

1 a

Thif- is  the f ir s t  of a se n e s  of problo'^s for  viuch the stete e-aftions for  

networks are formulD.ti-''d and solved. F voltaro source of ICO volts is  sroltchod 

on for one second and t}ie triinsient cim ent response through the second 

inductor is  observed. The current carries on risj-n^^ a fter  the source has been 

switched o ff , peaks when the enerpy lin il. is  re- died and then ta ils  o ff  ’.vitli 

some o sc illa tio n  to stead;;’’ o ff  back a.t zero a fter  about tv/ont;/ seconds Imve 

elapsed, since the in it.ia l voltape input,

Tlio computer printout now contains the source input data. Tliere is  an 

indepondont (ir.Cb7:CE(l} = j6) voltape s.iurco (FrGc: P (l) = l )  betvreon nodes k and 

1, i . e .  the voltape rise  is  from node k to node 1 , IJore input data ref erring 

to the source voltage u was rcc!ui.red. Tliere a.rc two piecov;ise time intervals 

IIIFT(l) = ?, and tvio sots of coordinates ( iTlIT,UIIIT) of tlie end points of the 

graphs of the independent source.



o <

volto

( 0 , 1 C 0 ) (1,100)

(1,0 )
oeco)
>

The in it io .l  step nij’.o ootirnate M cornoutocl b.y t}io oi'orrrojn io  unod to 

produce output d to in the form

tir.o, output state v.'ri-dolos

The output o f state variables to the linepidntor '.vo.s supp.rnsr.ed in this cxoaiiplo 

bj’’ settiu ': K = jii at the end of the l i s t  of input data. \fb-K end I.'Ldl are 

used to nonilor lo ca l ei'rors durinp the solution procG.''-s, Tlie outrut state  

vorioble d- tn is  a.lso output on an o f f - l in e  rroph plotter via the pi’O.priva

OVl.dLT.

Referring to the p lo tte r  output o f inductor current versus tim e, p65 ( v i ) ,  

superimposed points are from p . l l2 ,  reference 11. The output from F0PSVM5 

corTesponds very favourably, the greatest discrepancy being at the peak 

overshoot.
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In thi;-. c ircu il;, nn incleponclent current source o f ('.C'' nmns is  sv/itchod ! 

on and the tr.onsicnt voltc.^o rer.ronsc3s o f  branches /[, 1 and P. arc obsoi’vod ;
I

u n til they s ta b il is e . The branch volts.aes se ttled  dov/n a,fter about four i
H'il]iseconds at ten v o lt s .

This p2X)bleai v;as the fi.rst to shov; the. need fo r  a. v ;.riable step sine 

routine, n.s no suit.able sin.^lc sten si.se cnulci be found over the whole ra21.ee o f 

intcz’est, without ]o c a l c.T-’rors beconiina intolei'a.ble causing; the solu tion  21'ocess
-8to f a l l .  The sten si se rancod from L A 10 to /•. k 10 ' secondo. 

This e;-:;::nplc vai.s extracted fron a papci’ by Dr, i... ,. f i ’a.dshaw. 10

Referring to the p lo tte r  outputs in each case the corresponding resu lts 

extracted fi'om Rr. Bradshav;‘ s paper have been superimposed on the P0FSVM5 

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

P0FhVM5. Such agreement is  to be expected, provided the subroutines- are 

opei'ating c o rre c t ly , as the bridged tee network has a simpDe current step 

input.
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182 1 . 744,0-02 9 . 800.O + 00 9.9 71,0 + 0 0 1 . 01 2,0 + 01
163 1.734,0-02 .. 9.822,0 + UO 9.986,0 + UO 1,013,0 + 01
184 1 . 824.O-02 9 . 851,0 + On 9.9 9 9.0 + 0 0 1.013.0 + 01

1.664.0-02 9 • (^63to+ 00 . 1.001,0 + 01 1.012.0 + 01
186 1 .904.O-02 9 . 916.O+00 1.002,0 + 01 1.011.O + 01

• - laz- 
1,88

_1.944„-02- 
1 . 964,0-02

____ 9.948,0 + 00
9.977,0+00

- - -1. 0 0 2,0 + 01.. 
1.0 03,0 + 01

.... 1.009.O + 01 
1.G07.O+01

;  - -'18 9 ' ■2 . 024.O-02 1.000,o+0l "I'.O  03,0 + 01 ...  1.0 05,0 +01
190 2.064,0-02 1.0 03,0 + 01 1.003,0 + 01 1 . 003.O + 01
191 2 . 104.O-02 1 . 004,o+Ul 1 . 003,0 + 01 l.OOl.o + Ol

j • 1V2 2.144.0-02 1 . 006.O+01 1.003,0 + 01 9.991,0 + 00
' 4» ^ .i h ;193 2.1B4.O-02 1 . 006.O + 01 1.U02.O + 01 9.978,0 + 00
h.'.l 19 4 2.22''.0-02 1.006,0 + 01 1 . 002.O+01 9.969,0 + 00

195 - 2.264,0-02 1.0 0 6 „  + 01 1 . 0 01,0 + 01 9.962.0 + 00
e> 196 2 . 30 4.O-02 1.006,0 + 01 1. OOl.o + Ol 9.959,0 + 00

t» i r- :-  197 2 . 344.O-02 1.005,0 + 01 1.1) 0 0.0 + 01 9.959,0 + 00
- 5 198 2.384.O-02 1.004,0 + 01 9.998.O + 00 9.961.O + 00

i ^ -- 2.424.0-02 1.003,0 + 01 ■ 9.295.0 +0 0 : 9.965u. + 0'0





i_ 2 . 464,.- 02 .1.002,0 + 01 9.992,. +0 0 9.9 71 „  + 0 0
?01 2 . 504.O-02 1 .001,0 + 01 9.991,.+ 00 9.977.0 + 00

' . 5 44„-0? 1 . 0 n 0 ,o + 0 1 . 9.990,. + 00 9.9 8 4 .. + 0 0
;?ii3 2 . 5B4.O-02 9 . ^93.0 + 0 0 9.990,. + 00 9 . 990.O + 00

n— ?.624«-02 ... 9 . 988„ + n0. 9.990,„ + 00 9.996,„ + 00
,?i)5 2.664,0-02 9 . 9S4,o + U0 9 . 99i.„ + no 1 . 0 n 0 ,„ + 0 1

2.704,0-1 2 9 . R8i., + on 9 . 993.. + 00 1 . oni.. + oi
20 7 2 . 744.C-02 9.R80.O + 00 9 . 994.. + 00 1. 0 01,. + 01
2,oa..i;:. .,2.7.84„-02 „ 9.9 8 0.. + 0 0 „_.,.9. 99 6,. + 0n 1.001 ,. + 01 . .
2119 2.H24.O-02 9 . 982.O + 00 9.998.. +0 0 1 . 001,„ + 01

r:::2 in ;r ::. „2,864,„-02 9.9 8 410 + 0 0 . : 9.99O.. + 00 1 . oni,„+ 0 1
211 2 . 904.C-02 9.987.O + 00 1.0 0 0.. + 0 1 1 . 0  0 1 . 0  + 0 1

IL ;712 .j^ i: _ 2 .944,0-02 . . . 9.990,0 + 00 1.000,. + 01 1 . 0 0 1 ,„ + 0 1 ..
213 2.934,0-02 9.993,0 + 00 1.000,. + 01 1 .0 0 1 .. + 0 1

_ .._2i4 3.0 24.0-0 2 9.996,0 + 00. ___ 1.0 0 0,. + n 1 1 . on 1 . 0  + 0 1
215 3 . 064.;-02 9.999,0 + 00 1 . 0 0 0,. + 01 1 . 0  0 1 .. + 0 1

. 3 . 1 04.O-02 i .o n o „+ o i 1.000,.+ 01 1 . 0  0 0 ,„ + 0 1
217 3.144,0-0 2 1. flno.o + 01 1.0 0 n,. + 01 1 . noo.. + oi

-: 218 3 . 184.O-02 1 . OOO.o + Ol i.ono .„ + oi 1 . 0  0 0 .. + 0 1
219 3.224,0-02 1.0 01,0 + 01 1.0 0 0,. +01 9 .996.. + 0 0nr:- ' 220 ■ .3,-.^64,0-02 1 . oniu+01 1 . ii 0 0 .„ + 0 1 9 . 9 9 7 . 0  + 0 0
221 3.30 4,0-02 1 . fi 0 1.0 + 0 1 1.0 0 n .0 + 01 9 . 9 9 7 . 0  + 0 0

= 1- 3 . .■',44,0-C? 1 . noi,o+ui 1.0 n n.. + 01 9 . 996,o + [!0
4 223 3 . 384.O-02 1.001,.+ 01 1 . 0 0 0.. + 01 9 . 996.. + C0

L...-. - - 2 2-5 3.424.0-02 1.000.0 + 01 i .u n o . , + 0 1 9.996,0 + 00
225 3 . 464.O- 02 1.0 0 0 ,o + 01 1 . oon.o + ni 9 . 996.O + 00

rz ,,226 „ , 3.504.O-02 1. noo.o + 01 ....  9.9 9 9,. + 0 0 9 , 9 9 7 , 0  + On
r- 2.2 7 3.544.0-02 1 . 000.. + 01 9.9 99,. + 00 9 • V 9 b 10 + 0 0

; ,„223 : 3,554,0-02 1 . oon.c + 0 1 9.999,. + no 9 . 998.. + 00
. 229 3.6 2 4,0 - 0 2 1 . ono . , + 0 1 9.999,. + 00 9.999,„ + 0 0

, 23 0 , 3.664,0-02 9 . 999.. + 00 9 . 999.. + 00 9.999.O + 00
i 231 3 . 70 4.O-02 9.999,0 + 00 9 . 999.. + 00 l»000io+01

L-i .. .^32 ■ 3 , 744,0-02 9.690.O + OO 9.999., + OG l.OOO.o + Ol .
233 3.784,0-02 9 . 998,0 + QO 9 . 999.. + 00 1.0 0 0 ,„ + 0 1

-̂-_,._;23 4 ■ '■ .3.-24,0-02 9.998,, + QO .. 1.0 0 C.. + 01 .„. i .o no ..  + ni
235 3.8 6 4,0 - J 2 9 . 998.O+00 1 . 0 n 0,. + 01 1 . 0 0 0 .. + 0 1

•.„„„236. . . 3.'4 0 4,0 ".0 2... 9.R93,. + 00 1 . 0 0 0 1 . + 0 1  . 1 . 0 0 0 ,„ + 0 1  ....
237 3 . 944.O-02 9 . 999.O+00 1 . 000,o + 01 1 . 0  0 0 .. + 0 1

rv ■. 2 3 G 3.9.34.O-02 9.'499.0 +0 0 l.D00,o + 01 1 . 0 0 0 .. + 0 1
239 4 .0 ?  ,0 -0 2 9.999.O + 00 1.0 0 0,. + 01 1 . noQ.. + oi

■;̂ i ..24Q. 4.064,0-02 1. n 0 0 ,o + 01 1.0 0 0.. + n 1 . 1 . 0  n 0 .. + 0 1
2-4 1 4 . 104,0-02 1 . 0 0 0 - 01 1.0 0 0.. + 01 1 . non ,. + 0 1

T = -x. 00.0 ,. + 00 ,MPT5 = 242
-- rji) i-IGRE TRANSIENTS AND STEADY STATE REACHED

—

_______ _______________ _ .... ...... ..............  .....  _
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a
CD

O 
LH _

O

Oo

c-o
07

C?
cn o

J> .

oo

oo

B r i d ^ e x l  i ¿e. F i l l e r

R e s , ] ^ b o r  V o U ^ o j t ( y 4 )  T a u i S L e n i  ( Z e s p c a s c

\ I I I I I I I I ■! 
cn 5 .0 0  55-00 105 .00  155-00 2 0 5 .0 0  255 00 305 - 00 355-00 405 00 4 5 5 .0 02TIME (MICROSECS) ^ 1 0
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O i

Csi J

QO i

y -T — C 
s_L LC

lO

c - o
lO

J
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»
o
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B ncl^g,cl 1 FiK^^yT

C a p a c ^ t c r  V o L t a ^ e .  T r c u a ^ t ^ a t  f e s p ( m e ( v i ^

n  ^  I r~ I I I I I-------- ■;
-45-00 5 . 0 0  5 5 . 0 0  J O S . 00 155-00 2 0 5 . DO 2 5 5 ,0 0  305 .00  355 .00  4 0 5 .0 0  455 .00

TIME (MICROSECS) * i 0
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CM

Br-'clged 1 F cI t e r

1— I I I I I I I I 1
4S.OO 5 . GO '55 DO 105.00 155.00 2 0 5 .00  2 5 5 .0 0  305-00 355-00 4 0 5 .00  4 55 .00

2TIME (MICROSECS) * i 0



:;x. 8. .'■■loT) Ror.non.''o o f  F il.tor

100 A .
■ \̂A.— h

i o o n

7

_  >  _  —O

6 / ,  I

A voltn.^G source o f  one v o lt  vrr.r. applifid to the c ir c u it  o.nd tlic trr.nsient

current resnonr.e ( j, } v.'ns oborrved to s te b il is e  at about f'l.f. in  1.8 nillisecond,|
8 '!

This pi'oblcm needed a v r ia b lo  stop s ize  and lo c a l error chockinf; I'OutincG |

to  aet i t  ctarted ovc-r the- f i r s t  f l a t  nart o f  the rccoonrc. I
10Tl)is exanvlo v.rs extracted from a paper by Rr, I’.'.V. Bradshav/  ̂“ and points '

from the NEETLE solution  c f  th is problem are superin posed on the inductor 

current versus tim.e graph. Again, good agreement is  shown between the two 

program outputs.



'â*.
L_---_STE.P , ..Pl SPO^VSE.^ 'Q 'FI, F I LTEFr 

-ê___ F,<̂ _̂ yM5̂  OUTPUT_____  ________

■"INPiJT fpFÏJVM5:

==p¡-_-— r s OURCE= 1 NY =
®  P MM1C9] rtN2[B] MCOMI’CB] a c o m pt r :

4» : l -e
?

«» 3 3

'T  2

2 ~ 
5

5

3
<» :'5.

5

1
3_'
1

*3.
1

i3.;
1

, 2 .

2
;-ST1NÎ

5 1
SF̂ COMP..,:.

1

_ 2 
1

3
_ 9 

3
l ^ ï '

1
S COL.

L- R:

799,.-07 
63^,.-U3 .„fj 

.434,0-07 

.973„-02yi: 
,360.0-0 7 
..8fl l 0 3 
. 0in,o-07
. n 0 !i „+ó ?
, 000.O+0?
;;;Msóu.Rcf¿F
8 d

EËFOyj ? 0 TLiE P F'S y M 3t\-
ORDFR= 6 LC= 1 LR=

BFTaF l L , \!]:

O

U-.
0 -1 -1 0
fl - --.ü. J  - -1 0
0 -1 0 1

- J Î Y f)". O.L

Ê=-:^TîTPür--rCF5VM51

LL = NC = NR = NL =

© T P I CM] =

T1.1LU_= __ _ 2 _
©. ¿j£í m̂ e.Tjíí or k11.3. R E iC H è S l .

3 4
Ï...REOR!)FREiT,

6 8
i.N T 0,..,̂  T REE. .„.jî R ANCHES A N D L IN K S

©

4

MNICH] MN2C?n
.2IZ' 5'"

______ 3____  5

~ 4  5

MCOMPCB_]_ACONPCB]__
......... 1 2.799,0-07'"Y V i : ' “ ” ! ]

3  9 . 3 6 Û . O - 0 7  VC 2]
ÎL ,Z  .4 ■i E1 :'3 .010 ,,-07T  V t " ¿  3 i[  

52 1.000.. + 02 VC 4]
"P"



'4^ =-
... . ::-- ........ -- . .............. •

r ' . . 5 . - _1........... 2 . .101 . 1.654,0-03. _ JC ..... ..5 3 . -,...
6 2 5 2 5.434,0-07 JC 63

,;.7. 2 ......... 3 102.. ,.3.973.0-02. .....JC .7 3 ,  ___
8 3 4 103 6.83110- 03 JC 83

: .... 9̂ _L .. 1.::______5.. ... 51 .1,0 00,0 + 02 ...;: JC.....79 3 ............ .
4f

■ SHNl SM\'2 SHCOHP snoL MSOURCE
5 1 1 9 0

7 . A'. ■ ____
s m a l l e s t OVER LARGEST P I VOT = 1. 000,o + 00
SMALLEST OVER,LARGEST PI VOT = 1. 0 0 0,0-0 4

«  THE STATE v a r i a b l e s ARE
....VC . , 13 .. .̂VC_ ,2 3 VC .. .33 JC 53 . JC 73 . JC !

^  A:
- 3 . 5 7 3 . O  + 0 4 0 . OOO.o + OO 0 . o n o , o + o o ■ 3 . 5  7  3  t o  +  0  6

0 . 0 0 n , o  + 0 0

0 . 0  n 0 to+ 0  0

0 . 000.O + U0

o.onOto+00

6 . 0 4 6 . O  +  0 2
0.000 to+ 00

-6.046,0 + 0?

0 It 0 010 + 0 0

0 . 0 0 0 to + 0 0 1 . 4 5 3 , 0  + 0 2

0 . 000,o + 00 3.155,0 + 05

0 . 000,o+00 9.812,0 + 05

■_6 ._046to + 02_  n . 000,o + 00
2.517,o + 01__ 0.00n,o + 00

o . o o o , o + o o  o . n o o , o  + o o

32)

0 0 0,0 + n 0

696.0 + 05

5 5 1 . 0  + 06' 

0 0 0,0 + 0 0 

0 0 0 ,o + 0 0

0 0 0,0 +0  0
y_ _

3 . 5 7 3 , 0  + 0 4

0.000.O + 00

0.0 0 0,0 + 0 0
4) 0_ ^ 00,o+00

0 . 0  o’ o , 0+ 0 0

0  .  0 0 0 . O  +  0 0

0 . 0 0 0 .0 + 0 0 0 . 000,.+ 00 0 , 000,0 +00 0.0 0 0,0 + 0 0 0 . 000,o + 00
.a :

n:::'!) -
0.000,o + 00



O.OOü,o + üO
^8.852,.-^05

5.696,0 + 05' 

0 . OOOÎo + OÔ

0 . OOO.o + ÛO

■1.453.0-1 0<

1.000.O + Û0



&

■h h h h îT;:- d x / d T = a v  + b u ' ■; a n d  y = c x  + d u ;

i=:ii=_2.D0a.
. ___ N[NT =
' <3.Q
«»___ T!NT= l . n

~"Af:ps=::i ; ôq
T 0 =  n . o o o

-05..
1

0 0.5+0 Ö ,:_ :r  u i N . T = i . o o n „ + n o .
0 0 io_+0 6 _ _uiNT= 1 . 0 0 0 1 0 + n o  _ _ _ _
,0 lo - 0..6,'1:.ÉP 51 = 2 . s  0 0 ,o - 0 2 F. P  5 2  =  ' " l . O'O 0 , ; r_01 ; 
lo + OO TN= l . o n O i o  + 30 N P T S =  50 0

F = 0
Ê H I i A X = -

T_-
...0,

0.000..O+ 00 0,00010+ 00
i iÖ i o + ; 0 .0 . . i , I _ : I .H ÄX =  1 .  O n O i o - 0 2 . '

»
¿2., OQDio-0 8 6 .6 03 ,0 -18 .

2 4 . 00n,o-0 8 1 .056 .0 -16
» 6 . 0  0 0 lo -  0 8 5.346io-16_

4 8 . 0 0 0 . 0-0  8 1 .6R9i , -15
._1..000u>-D.7.„L„ 4.123 ,0 -1 5 .

t f 6 1 • 7 00 10 “ 07 8 .549 .0 -15
r-:-: —— :i .4Q0io-07_ i . 583.0-14

8 1 . 600.O-07 2.701.0 -14
. ,1 .8  0 0,0-0  7, 4 .325,0 -14

10 2 .OOO10-.07 6.591.0 -14

O
^ S I E £ : . S 1 2 . E. INCREA8ED__, H= 4 . 000.O-

: . 2 .400 ;o -07 1.366 ,0 -1 3
12 2 . 300.O-0 7 2.530.O-13

• . . 3 i 2D0io- ü7 2..4 ,314.0-13.
14 3 . 600.O-07 6.908.O-13

-.15 ■ " ' 4 . üOÔ.o-07 • 1.052.0-1 2
«> 16 4 . 400.O-07 1 .540 .0 -12

17 . ■ 4 . 8[ 0.O-07 2 . 180.O-12
18 5 . 200.O-07 3.002.O-12

• 9  ̂- ' 5 . 6  0 0 .0 -  0 7 4 . 036.O-12
20 6.000.O-07 5 .317 ,0 -12

•
" : ' 5 T F P  SI 7 e ; î NCHEASED ;;. H= i . n o o .0

= “ “ 7 ?1 7,0n0 .o -07  ■' 9 .840 ,0 -12
22 8 . OOÜ.,-07 1.677 .0 -11

• ^ r - r -  23 9 .000 .0 -07: .— ^ 2.684 .0-1 1
Viri 24 1 . 0 0 0 10 -  0 b 4,086.0-1 1

1 ,10010- 06 _ 5.976 ,0 -11
26 1 . 2 OO10- O 6 8.455 .0 -11

- ^ 7 7  -— ^ 1,300,0 -06 1.163,0-10
28 1 . 400.O-0Ö 1.563.O-10

<9? - .1 .50 0 »  - 0 6 . — 2.058.O-10



1.60 0.O-06 2 . 661.O-10
STEP S IZ E IMCPEASED H= 2.000.0- 07

~  .̂ 1 1.600 10-06 4 . 254.O-10
---- -̂-- ..

; 2 . oo^o- 0 6 .;.::: 6 . 470.O-10
.̂ 3 2.200.O-06 9.454.0-10

:34 '. , 2 • 4 0 010 “ 0 o , _ _1.336.0-0 9
3 5 2.5 0 0.0 - 0 6 1.8 3 6.0 - U 9

=!Vr̂ ':T“ 756--:"-. 2.300.0-06 2.465,0-09 .
37 3.0 0 0,0 - 0 6 3.242.0-09

. 3.20 010-0 6 4.187.O-09 ..~il___ ____ ' __
59 3 . 400.O-06 5.325,0-09

=T~- .: >?n 3,6 G .010 - 0 6 6.679,0-09 ■ ........ - . -
Ŝ1E P_ S_I_ ZE_IMCREASFD H= 4.000.O- 07

41 4 . 000.0-0 6 1.014.0-08
2 ._:_„.4.400.0-0 6 : 1.478.0-08 ..____- 7-;. ■

43 4.30 0.0-06 2.084,0-08
--...5.200.0-06 _  . 2 . 858.O-08 ____ ._____________ — _____.

4 5 5 . 600.O-06 3.827.O-08
** ' : 4 :.... ' 6,00 0.0-06 _ 5.021.0-08

4 7 6.400.0- 06 6.471.O-08
„6 .,300.0-06 fl.210.o-08 ...........'.'.Tl;;,!.. - ,7 ........--

C  4 9 7.20 0.0-06 1.027.0-07
—--■■■--oC • - '. 7 . 60 0.O - ( 6 . . 1.270,0-07 __ - - ..

STEP S IZ E INCREASED H= 1.0Q0.O- 06
i . ' E:£-'- :.r~:.. , r. ■

51 8 . 600.O-06 2.058.O-07
. 9 . 60 0io-.0 6 3.159,0-07 ...... .. _ . . . _.

O  5 3 1. U60.O-05 4.640.0-07
1̂4 E l . 160.O-05..... 6.576.O-07 . -- .. - ... . .
d 5 1 . 260.O-05 9.045.0-07

0=^.-^-".SiS _l.360u.-05 1.213.O-06 ..........________________L.
57 1.460.O-05 1.591.0-06

^ 58 -l.560.o-05 2.048.0-06 .
i> 5 9 1 . 660.O-05 2.592.0-06

l1__..__d0. _ . 1 . 7 6 0.0 - 0 5 3 . 234.O-06
STEi' S IZ E INCREASEn H= 2.000.O- 0 6

()1 1.960.0-05 4 . 845.O-06
62 ■ 2.160.O-05 6.956.0-06

^  53 2 . 360.O-05 9 . 644.O-06
„ o4 . .. 2.5 6 0.0 - 0 5 1.298.0-05

5 5 2.76 i.o -05 1.704.0-05
Ci»“ ' 2.960u>-05„ - . 2.189.O-05 .

6 7 3.160.0-05 2.759.0-05
S 3 .3 6 0. 0 -0 5 3.421. O- 05 • r-: •

^  69 3 . 5 6 0.0 -  0 5 4 . 178.O-05



>LM_=o:



í

s»

i»

«»

«>

&  Li L

i®:

7 0 ó  • 7 6 0 .O - 0  5
: z :j i

TV » 9 6 0 , 0 - 0  5
7 2 4 . 1 6  0,0 - 0 5

r,r. : :73 v 3 6 0 . O - 0 5
7 4 4 . 5 6 0 . O - 0 5

; 7 5  - - _4 , 7  6  0,0 - 0 5
7 6 4 . 9 6 0 . O - 0 5

. 5 . 1 6 0  ,0 - 0 5
7 8 5 . 36Ü.O - 0 5

: ~ 7 7 9 C 5 6 0 , 0 - 0 5
6  0 5 . 7 ó  0,0 - 0 5

.73 6 1  r ï . 5 . 9 6 0 . 0 - 0 5
h 2 6 . 1 6 0 k - 0 5

6  . 3 6  0,0
T EP  S J 7 = _ _ í M C 9 F A S E i

8 4 6 . 7 6 0 , 0 - 0 5
. 7  . 1 5 0 , 0 - 0 5 .

8 6 7 . 5 6  0,0 - 0 5
3 ^  0 7  . . 7 . 9 6 0 , 0 - 0 5

8 8 8 . 3 6 0 , 0 - 0 5
" g ^ 7  6 0 . o - 0 5

9  0 9 . 1 60.O - 0 5
: 9 , 5 6 0 . O - 0 5

9 2 9 . 96Ü.O - 0 5
: ^ - 9 3  " 5 - . 1 . 0 3 6 . 0 - 0 4

9  4 3 . 0 7 6 , 0 - 0 4
1 . 1 1 6 . 0 - 0 4

9  6 « i 5 ó . o - 0 4
J:. 9 7 : - . _ \ . 1 . 1 9 ó u - 0 4

9  8 1 . 2 3 6 , 0 - 0 4
QO ■ ■■ 1 . 2 7 6 . 0 - 0 4

1 0  0 1 . V? 1 6  10- 0 4
M ú i " — 1 1 . 3 5 6 , 0 - 0 4

1 0 2 1 . 3 9 5 , 0 - 0 4
..7i.li 3 . : : : . 1 . 4 36' .o - 0 4

1 0 4 1 . 4 7 Ó 10- 0 4.7  l U 5  ___. 1 . 5 1 6 , 0 - 0 4
1 0 6 i  . 5 5 6 , 0 - 0 4

. 1 U 7  7' : - 1 . 5  9 6.0 - 0 4
l u O 1 . 6 3 6 , 0 - 0 4

- T l u e J i l : - ! . 1 . í> 7 ó  w - 0 4 .
T F P  3 I Z ; E I 'JCRF A S E l

l i o 1 . 7 7 6 . 0 - 0 4
- J . - 1 1  ' - 1 . 8  7 ó  u - 0 4

1 1 2 1 . 9 7 6,0 - 0 4
1 . 1 . 1 3  , _ 2 . 0 7 6 u - 0 4

5.03610"05
5 . 9 9 8 . 0 -  0 5  
7 . 0  6 8 lo -  0 5 
8 . ^ 4 6 , 0 - 0 5
9 . 5 3 5 . 0 -  0 5  
1 . 0 9 3 . O - 0 4
1 . 2 4 4 . 0 -  0 4  
1 . 4 0 6 , 0 - 0 4  _
1 . 5 7 9 . 0 -  0 4
1 . 7 6 1 . 0 -  0 4
1 . 9 5 4 . 0 -  U 4
2 . 1 5 6 . 0 -  ü4_,
2 . 3 6 8 . 0 -  0 4
2 . 5 8 6 . 0 -  0 4  . 
H= 4 . 0 0 0 . O - 0 6

050.0-
5 3 9 . 0 -
0 4 8.O-
571.0-
102.0-
634.0-
1 6 3 . 0 -

6 . 6 8 3 . 0 -
7 . 1 9 0 . 0 -
7 . 6 7 9 . 0 -
8 . 1 4 9 . 0 -  
6 . 5  9 610 -

020.0-
420.0- 
7 9 6 lo -
015.0-
048.0- 
D79.0-
109.0-
1 3 7 lo —
1 6 4 . 0 -
1 8 9 . 0 -  
? 1 4 „ -
2 3 9 . 0 -
263.0-
2 8 7 . 0 -

H= 1 . 0 0

0 4  
0 4
0 4 ____
0 4 r  ■"
0 4 _____
0 4 ''iv:
0 4
0 4
0 4  _
0 4
0 4  _ _
0 4 _ 1 _ _  
0 4
0 4 ; _ . I Z
0 4  
0 3  *
0 3
0 3 V 
0 3
0 3  _ _ _  
0 3
0 3 . .
0 3  _
0 3  - '
0 3 ___
0 3  " : : Z  
n . o - 0 5

1 . 347.0- 03 
-.1.4 0 7.O-Ü3.Z
1 .4 6 9 .0 -  03 _  

. 1 . 5 3 l u - 03-...





J ? 4  3.176,»-
STFP S IZ E  INCRF/

593,»-ü3 
6 Í5 -1 IO - O 3
714.0- 03
772.0- 03
329.0- 03
887.0- 03 
9 ̂  5 IO — ü o . 
0 0 6 IO — 0 3

2 * 070IO — 03
2 . 1 3 8 . 0 -  03
2.209.0- 03“

2.000,0“

STEP S IZ E  DECREASE!) Hf-1AX= 1.000,

125 3 . 276.0-04 2 . 283.0- Ü 3
126' - 3.3 7 6,0 -  0 4 2 . 360,0-03
127 3 . 476,0-04 2 . 440.O -03
123 3.5 7 610 -  0 4 2 . 523.O -03

r--. f : “ —
129 3 . 676.O -04 2 . 607,0-03
13 0M : : : . 3 .  776.O -04 2 . 693.O -03
1 i i 3 . 876,0-04 2 . 780. O - Ü 3

.13?  : ______ 3 . 976,0-04 2 . 869,.,-03
« r i 133 4 . 076,0-04 2 . 959,0-03

H T r ~ ~ 134- ■4 . 176,0-0 )  - 3 . 051,0-03
135 4 . 276.0-04 3 . 143.0- Û 3

o  è ' — 1 361- r : ; 4 . 376.0-04 3 . 236,0-03
137 4.4 76,0-04 3 . 329,0-03
13.3........ 4.5 76.0-0 4 3 . 422,0-03

o 139 4 . 676,0-04 3 . 514.O -03
________ 14 0 4 .  775.O -04 3 . 606,0-03

141 4 .  .876,0-04 3 . 697.0- U 3
: 142 . . . . 4,976 IO -04 3 .  786.0-03

143 5 . 076,. -04 3 . 873,0-03
14 4 _ . .  .■ 5 , 176.0-04 . 3 . 958,0-03

C > 145 5 . 276.O -04 4 . 042,0-03
F  ' 1 46 ■ - 5 . 376.O -04 4 . 123,0-03

147 5 . 476,0-04 4 . 201,0-03
% I  4 8 .. 5,5 76,0-0 4 4 . 277,0-03

149 5 . 6761C -  04 4 . 350.O -03
= ::" ' . 3 50 .  . . 5 . 776.0-04 4 . 420.O -03

151 5 .  B 76.O -04 4 . 487,0-03
- ■ 15 2 5 . 976,0-04 4 . 550,0-03

153 6.0 7 6,0 • • 0 ‘ 4 . 611,0-03
^  L ' I t ; : ; 154 6,3 76,0-04 4 . 668,0-03

155 6 . 276,0-04 4 . 722,0-03
s r r - 156 . . . 6 . 376,0-04 4 . 773,0-03

% 157 6 . 476,0-04 4 .  820.O -03



05
-05



! I1 !

¡
íi ;;

i !■- in
i-i iHl
! ;
i:: 1 : 1 ‘

i-i
1 ;i i/ii. ‘
;:i

■ • L
i ■
1-

i :

r !
i / !

I
i ni

! "i

I

n ::i

■'I

I ■ !

ni

! : í

í',:l
í ;

! :i
L:i i:'i
i i i  ! ■ ' !

r 1 :
i i  ; ■

I 1 
¡ ;

I

I 1

i ' . ; !■I I :

'■ I

!í ;í

!" i i: i

I ' M
í m !

i'I

I’ .

;■  I

i - I

I

: I

! 1

i: ’

I I

I
¡I-i

: !  !

■I i:

l . M  i>

M i

I'M
i I

I i

! iI- ;

■i-i
re ro re

í
ro re ÎO re ro re

• • n 
ro re

'ii
ro ro íO ro

I
ro ro ro ro »0 re ro .070 0 0 0 0 IO re 0 0 re fO 0 xn re

i
0 ro 0 re IO ro «0 0 0

0 0 0 C3 0 0 c 0 0 3 0 0 0 0 0 0 3 0 0 0 e n w 0  a 0 0 CD CD 0 3 CD 0 3 3 3 3 3 3 1 0 3
f) 0 0 2 3 e '«X 0 e 0 ’0 e e 0 © e © © 0 e © © e ©

tr, 0 re CX3 0 0 i r ‘X 0 p^ cv 0 r'v *;r 0 Pv co co pv V x-f Px ro P'X x~H LT c o T-^ r-x 0 CV LO P̂ 0 CVJ lí^ c o cv U'̂ 0 r--; CV
0 0 P'v ro 'O co 0 c\¡ i r vO p^ co 0 0 0 0 0 0 O' co X r - •O r i r 0 cv CV x^ 3 3 O' c e p̂ px. xLi i r i r V
ce 0 O' 0 0 0 0 0 x~{ tH T—l tH •rH t*H x-H xH T~l r-1 x-H T-| T-l X-H -rH X—r t*HT~r tH x-H xH xH r-H xH X-H x-H x-H x-H 0 0 3 3 e 3 LJ —

V" V 'íT ir i r i r i r LO ir i r i r i r íT

-n

i r i r

" i

i r i r ir ir.
Ü

ir tr
;!

i r ¡ i r ir. r i r i r i r i r LO ir
; ■

ir. i r
!

i r LO

i;

i r LO
•
).

ir LO

¡:

i r i r  L'̂

1
i r
;

'

i r ir.

-,-

■Ct- rr
’ i

■ 1
V

■ :¡ , 1 ■1
tr xrp •íT

n
rr r r r -rj- rp rr 'T

1
'T

I "
*o 0

!' '
fO 0 ro

. : ■ ' 
•
0 ro *e

CD 0 0 a co 0 e n 0 0 CO e n a 0 0 0 a 0 O 0 e n 0 .  P CD CD 0 0 0 0 0 0 “ e <D 0 0 0 3 3 0
V'

0  :o  
1 1

0
•c

o
'O

0
vO

a
0 vC

0
'O

e
nO

s
•0

0
'O

s
'O

0
nO

o
0

0
vO

Q
sO

0
•0

0
0

0
nO

0
'O

0
vD

s
vO

0
vD

0

0
2 2

>C 'O
© 1 0

xC ix3
e

0 vO nO
e

•0 0
0

xC
0

vC
©

\C xO
©

CO
e

co
©

CO-
0

X
e

r o

©
•*o

©
cc

0
co

0
ÌO

e
CO

0
re

rv. rv. pv pv. px. P-H pv Pv p^ p̂^ p^ pv P̂ p^ p̂ P-X r-x :p>x P-v P̂ Px rv. pv P-x PXs p̂ •3 x-H CV ro 'T i r xC pv co 0 0
■ o rv c o O' a c \ ¡ re ir .  0 f'- n 0 p x~( CM ro ir sO r^'co 0 CD x-H (V re i r  xo r-v ;X O' ..0 3 .0 ■—■ 3 '—' 3 x_̂ T—<

I r
* i- iI ii-lI ; ' (

I- ! 1 ' ■ 
: ■ I

•IM
¡; -- i
i ü i

i. i i! : I 'i

I: ■!

I !

^  >c

¡ M

c c  CS O  t -í  
ü ' 'S, oi:Ci ------------1 T • ^ ^ H

‘ I

sCi i^ r>
i;,:i

r^ 'ca oc en xi oa ao;aa an

OJ -C.in o f> 03 CK■c- o c. --c -í? -O;
tH' -rH tH' H ..........

3! -t-lO; -H 00 rt o-los O'-fSr * f  t H !  r H
I';;i 
íil

in
vO rs

T—’ r̂  T-<i tH
COjO

fH
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s i ■ 2  u 6 . 1 . 1 3 8 . 0 - 0 3 5 . 028.O-Ü3
2 0 7 1 .1 4 3 .0 -0 3 5 .0 2 3 ,0 -0 3

■' ' ..., ? 0  8 : 1 . 15R.O-03 5 .0 1 9 ,0 -0 3
2 0 9 1 .1 6 B io -  0 J 5 .0 1 6 ,0 -0 3

=í^'v' .210. - ■ 1 . 1 /5  O-03 ..._. 5 .0 1 2 ,0 -0 3
?11 1 . 1 88.0-03 5 .0 0 9 ,0 -0 3

:2i2,..:i3 ;::.i. 193,0-0 3 . . 5 - 006,0- 03
213 1 .2 0 3 .0 -0 3 5 . 0  0 4,0 -  0 3

-:214: .213.0-03. :  v: 5 . 001.O-03
215 1 .2 2 8 .0 -0 3 4 .9 9 9 ,0 -0 3

=rrr—-.216. . 23 3,0-0 3 4 .9 9 7 ,0 -0 3
217 1 . 248.O-03 4 .9 9 5 ,0 -0 3

z n • .215. 1 .25 8 .0 -0 3 4 .9 9 4 ,0 -0 3
219 1 . 268.O-03 4 .9 9 3 ,0 -0 3

:.220.. ^■^^1.278,0-03 ■ 4 .9 9 2 ,0 -0 3
r“ 221 1 . 283.O-03 4 ,9 9 1 ,0 -0 3a -------- 222.. ^ : . 1 . 2 9 3 . o- Q 3 _ : .... 4 . 99O.O-03

r*- 223 1 . :508,o-03 4 .9 8 9 ,0 -0 3
■-V •..221 ■ ■‘M .3 1 H .O - Ö 3 ..... . 4 .9 8 9 ,0 -0 3

225 1 .3 2 8 .0 -0 3 4 • 9h8i'j” 03
.226 Z l - . l .  333,0-03 . 4 .9 8 6 ,0 -0 3
227 1 .3 4 8 .0 -0 3 4 .9 8 8 ,0 -0 3

■.228 : : : “ : ' i . 3 5 8 . , - 0 3 u _ : . 4 .9 8 8 ,0 -  03
229 1 .3 6 8 ,0 -0 3 4 .9 8 8 ,0 -0 3

.23 0, .......1.378.O- 03 4 .9 8 8 ,0 -0 3
231 1 . 388.0-03 4 .9 8 8 ,0 -0 3

O  e: :-;v - -:232 . - . _ 1 . 3 9 3 . o- 0 3 . . ,  ... 4 . 9 8 8 ,0 -0 3
2 3 1 . 4 0 3,0-03 4 .9 8 9 ,0 -0 3

.'234 .,- , . . .1.418.0-03 4 .9 8 9 ,0 -0 3o 235 1 .4 2 8 .0 -0 3 4 .9 8 9 ,0 -0 3
:236 . . 1 .4 3 3 .0 -0 3 4 . '490,0-03
237 1 . 448.O-03 4 . 990.O-03

O  S£= _238 . .X • ^ 0  ^ 10 ~ Q >5 4 .9 9 1 ,0 -0 3
239 1 ,463.0-03 4 .9 9 1 ,0 -0 3

.240 l.<473io“ 03 4 .9 9 1 .0 -0 3
o 241 1 .4 3 3 ,0 -0 3 4.992.O-03

- ■ .242 _ 1 .498.O-03 4 .9 9 2 .0 -0 3
2'i3 1 . 503.0-03 4 .9 9 3 ,0 -0 3

!0 = ' -- " . 2 4  A .___. . : i . 513.O-0 3 ._ . 4 .9 9 3 .0 -0 3
245 1 • !?20id"'03 4 .9 9 4 ,0 -0 3

"24Ò ■ “ '■-■1.338.0-0 3 4 . 994.0-Q3
247 1 .5 4 8 .0 -0 3 4 . 995.O-03

=■■■■ ■- .24« 1 . ■> 5 810 -  0 3 4 . 995.O-03
249 1 . 5 :>8 O-03 4 . 996.O-03
25 0 1 . 573,0-03 4 .9 9 6 .0 -0 3
251 1.58810-  03 4 .9 9 6 .0 -0 3
252 1 . 5  9 310 -  0 5 4 . 997.O-03
253 1 . 608.0-03 4 . 997.O-03



IS£1£ÉÍJ



___.: -. _ . . r - ;

 ̂ ?i54 1 • 613  If* -03 4 . 997,0- 03
“  ̂ 755 . . 1 , 6 ? e  „ -.13 ,' 4 . 998,0- 03

1 . f> 3 B JO-0 3 4 . 998,0- 0 3
^■:_’.;::2?7 : . v : : .1 . 648,0-03 4 . 998,0- 0 3

2̂ )8 1 . 6 5 310-03 4 .999,0- 0 3
 ̂ . 2 < 5 q v ^ ^ - : 1y U v) B 10-03 7 '  A. 999,0- 03 -

?60 1 .578,0 -03 4 . 999,0- 0 3
^■^T=r.Ir OQO10 on :.NPT3 = 26 1

o NO MORE IR_A V S I_ENTS AND STEADY ST; REACHED
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CG,

I';x, 9. Kot’.vor): 3anu:;oiclal .'So rco

10k.Q
A V -

0  e •loop I

o

e = e s in (?n  Gt+ <jp) s so '•
v/horo a = 1  vo lt  so

2 ^

f  = ,0 and 2a  0 = 1.297 a 3 06

Y 1

Tills v.T.s a sa.n',nlo c ir c u it  to s3;ov/ that v.’ith  vorv l i t t l e  m odification  ,iV  , •]
1

FOPOVi-i could be m.ade to tr3:o sources v.liich vai'v s,inusoidal3y '.vith time, Tlio 

prograjTi tornd.n.-.:.tc5 a with a sinus^oida], soui'cn vdion tiio tin?e intoi'’vcil 

proscribed by the user is  exceeded, 1

By d irect ca lcu la tion , the peak voltage across the capacitor should be O .if 

volts at steady sta te . From the resu lts l i s t in g , the second output state ;■

variable, V  , peaks at +O.625 v o lts , and checks on the time sca].e, i . e ,  period c

the waveform, conforms to the input frequeneji, . ;
i

The network in this example has a sine-wave suddenly a pp lied to i t ,  and -i
}

examination o f  tlje p lx tter  outputs show the in it ia l  transient envelope o f  the s i ;  

wave and subsequently a. steady s ta te . I f  the computation tim.e had been longer, 

then phase measurements o f the d iffe ren t outputs could have been made. r
I

The signifyoai.c-o of this exaii^le is  only ii: the derr.onstration o f  the progra ; 

handling a sinusoidal source. y



.̂'.-r.vOPiK KITH SINUSOIDAL SOURCE 
iU fU V M 5  O u n - ’ U T

__ 6 _
INPUT F'UFSVMS:

e= 2 RS0URCF= 1 MY= 2
.. B-. . . 2;M1 [ 0 3 M'J2LK j  MCOMUCh J ACOMRCB]

L -- 1 - 2  1 1.000..-XI) .
2 1 2 2 1.00 0,„ + 0 4
, . Sit M1. -., S M N 2 S M C 0 M P S C 0 L M S 0 U K C E

N =

1 1 1 R= 1 2

rrUlE.U.T. FyFSVHv ; . 
pP[irR= 3 LC =

F F T  A r  CL . Nl] =

1—̂ --1.................

0 LH= 0 LL= 0 NC= NR= 0 NL=

puipiJT^;.. rOFSVH5 ;

cri] =

T L U L 3  =___ 2
iJETwDPK::;.fiRANCHES REURDERED INTO TREE . I IRA N CH ESA N D  LINKS.

B MN1CB3 MNpnn m c o m pc b : ACOMPCBT
U; 1 1 , . 2 1 1 ,  a u a , „ - i o . . _ VC 13

2 1 2 51 1. 000,„ + 04 JC 23

SMNl SHN2 SMCOMP SCOL MSOURCE
2

SMALLEST OVER LARGEST PIV0T= 1.000i„ + 00 
_THF STATE VARIABLES ARE 

ui^.VC .1 3 )  .

A =_____
___“ 1.0 0 0 ,„ + 0 6





1.000’"*06

c-
- 1 .  o ü o .0 + n o 

1 . o o o >o *  o o

1. n ij n,» + o n 
o . o n o ,o + o o

_ WHEWl DX/DT-AX + tUJ AND Y = CX*nU 

! 1.000>.-n7
: : i S -  1.ÛÙ0.O+0Û THETA= 1.257.o*06 A'JX = 
LÍ'PS= 1.0nu,„-n6 EPS1= 2 .5 ü0.o- ü2 FPS2: 

. ÜDÛu= + 0Û TN= 5.Ü00.O-Û5 NF'TS =

f =0 T= 0.0Ü0., + Ü0 0.Ü0Ü.<,*Ü0 0,
V M A x =  i . n o n „ * o n  i m a x = i . o u n . o - u 4

u r s IM ] = o . n o o ,o + n n
1 . 1 . ÜÜÜU.-U/

_jlLS.lt'n= 1.2^3.0-01
r;.:!!- .-,2___ - 2 . úÚU.o-ü7

U[S1MJ= 2.4F}7,o-ni
.3 3 . U 0 Q ;o - D 7

M£Siin= .3.6 2,0-01 
. 4 , 4.0Û0.O-0 7

y tS  Î N]= 4 . filR,o-01 
- 5. üü 0.0-0 7 

y.[,SlN'¡=  5.079,0-01
_̂__ 6 . - 6 .OOü.o-07

y r S I N l r  5.046,0-01 
—  — 7 - — .— 4 *OÚÜ,o — U7 
l.JJ.SIN]= 7.7 0 6,0-01 ,

.£ -, Ü.UOü.o-0 7
_U .LS irn  = _8 .444.0-01

9 ...... 9. O0 0.0-0 7-
U.[S[rn= 9.049,0-01

....  1 . OOÜ.o-06
,..ursir;i= 9 .5M ,o-n i 

x l . . 1 . 10U,o--U6

o . o Ü o o O o .0 + o o 

I.l92ti57,o-02____

3.446240.0- 02 _

6.621086.0- 02

1 . 057í j7 7.o-01 .

1.516440.0- 01 _

2.023632.0- 01. .

2.564368.0- 01 ^^'"

3.123887.0- Û1— "_ 

3.6Û7726w-01..._.

4.241691.0- 01__

O . 0 0 0 . O  +  0 0
1 . 000.o-01

3 U O •

Ü00.o^00

O . OüU.o + Oú_. -  

,1. i34u.-Úl

2.143.0- 01

3.020.0- 01..-.':-

3.760.0- 01--..

4 . 3 6 2 . 0 -  01 .. 

-4 .6 23 .0 -0 1 .  -. 

.57l41.o-üi"" -  

.5 .32U,o-Ül. ,_ .  

5.3Ó1.O-01 

.5.269u,-üi._..

D. 000„ + 00 ..

. . Û.OOÛ«+ÜÛ

1.193.0- 02

3.446.0- 02.

-6.622.o-02

1 .058u,-01 

1.516oo-ül 

.2.ü24u,-01. 

2.564u,-ül 

. 3 . 124u,-0l.

3.688.0- 01

4.242.0- Ul
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Í JL ü i NJ-
'fS i-:j = 

13

í Sli\'J = 
14

;Ü£ S ¡ li j : 
^  15
U C S I l i J r

¡■•ü L-S ¡ .'-i -1
L ._  .1^  .. 
n ^ : [ S I N ] -  

18
üCSi!¡] = 

19
U [ S i li ] = 

9 0
Ï Ï L S Î N 3 =

91
Ü r S I f ;  j = ‘  

2?.
Ï! r F: 11; 3 = 

9 3
, ü í : ? ; r - : 3  =

Ul S i h j  =

u l.s Li; 2 - 
9 6

U LSK IJ-  
__ 27
U C S U i J :  

98
Ü,L 3  ! M 3 = 

29
;-U L 3 i f ¡ 3 =
3n

-U£,Sifi3 = 
31

:UC.Siri3:
39

iU £ 3  I H 3 =
3 3

ucs¡ri] =
____34

-U£3!li] = 
3 5

3 . e i ‘ 3 ^ - 0 1
1 . 2 0 0 , 0 - 0 6  

9 . 9  i* O .o -  01 
1 . 3 0 0 „  -  0 6 

9 . 9 8 0  io-  0 1  
l . ' iOD.o-Oó

9 . 8 9 9 . 0 -  01
1 . 5 0 010 - n 6 

9 . Ö 1 0 . O - U 1  
1 . 8 0 0 „ -  0 6

9 . 0 4  7,0-01
1 . 7 0  ü 10-06 

' > . 4 4 9 , 0 - 0 1
1 . H00io- 0 d

7.703.0- 01
1 . 9Ü0ii,-0 6 

6 . 84 3io-01
9 . 0 0  (lio-06

5.875.0- 01 
9 . 1 0  0 . o - 0 6

Ï4 . Oí 5.O-01 
9.9 0 0.0 - 0 6 ■ 

3 . 6  7 8,0-01
9 . 3  0 U 10 — 0 6

9.4 8 3ia — 01
9 . 4 0 0 . 0 -  Ü6 

1 ■ 94910 — 01
9.30 0 10 - 0 6

-4  . Ü73io-04 ,
9 . 6  0 0 ,0 - 0 í) 

- 1 . 9 3 8 . 0 - 0 1
9 . 7 0 0 . 0 -  06 

- 2 . 4 9 1 n , - 0 1
2 . ' ! Ü O , „ - 0 6  

- 3 . 6 b ‘3io-01
9 , V 0 0 .0 -  0 6 

- 4 . 8 9 . 9 . 0 - U l
3 . UOn.o-06

- 5 .  aa9u.-üi
3 . 1 o 0 .0 - o 6

6 . 8 4 9 . 0 -  01 
3 . 2 0 0 „ - 0 6

7 .7 0  8.o - 01
3 . 300 .0 -  06

3 . 4 46.O-01
3 . 4  O O .0 -  O 6 

9 . Ü 3 l , o - n i
3 . ‘ > O 010 — 0 6

4 . 773024,0-01 5 . 0  5 0 „  -  0 1 4.773,0 -01

5 . 968071.O-01 4.719 ,0 -0 1 5 . 2 6 9 „ - 0 1

5 .716936 ,0 -01 4.263 .0 -0 1 5 .717 .0 -0 1

6 .107697 .0 -01 3 . 715.O-01 6.1 0 8,0 -  01

6 .4 31388 ,0 -01 3.078 .0 -0 1 6 .4 31  „ - m

6 . 680319.O-01 2 . 3 6  7,0-01 6 .680 ,0 -0 1

6 .8 4  794 0 .0-01 1.594.O-01 6 .8 4  8,0 -  0 1

6 . 999338.O-01 7. 739.O-02 6.929.O-01

6 .9 9 1 1 4 0  .0-01 - 7 . 7 9 3 , 0 - 0 3 6.921 ,0 -0 1

6 .8 2 1 6 0 8 , o-Ul - 9 . 464o , -0 2 6 . 822.O-01

6 . 630Ó11.O-01 -1 .8 1 6 ,0 - 0 1 6 .631 ,0 -  01

6 . 349698.O-01 - 9 . 6 7 9 , 0 - 0 1 6 . 350..-Û1

5 . 981693.O-01 - 3 .4 9 8 ,0 - 0 1 5 . 989.O-01

5 .8313 61  .0-01 - 4 . 989.O-01 5 .531,0-Ül

5 .004598 ,0 -01 - 5 . 0  09,0-01 5 . Û05.O-01
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i : .  10. Kon-lino:.r ¡.bdol o f Diodo

+ /^  eO

A A /

V

/  4| ,
■3 ' '

I
1

1

This c ir cu it  has a dependent current source vdn.ch is  exponentially 

controlled by a capacitor voltage. Local numorica.l errors v;orc being 

propagated exponentially, u n til a damping fo.ctor vías introduced which allov/ed 

the transient voltage response across the diode to s ta b ilis e  a fter  some 

oscilla tion .
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Note that the input voltage e is  a square nulse, svn.tched from C to ~k- vol+i
s -“7iat t = Oj then to +k- vo lts  at t  = 10 seconds.

The transient responses o f  con tro l and output voltages contain, s ome 

oscilla tion  due to the method o f numerical in tegration  being used. Tie damping 

fa ctor , employed by F0F3W5 to con tro l exponentially propagated local- errors, 

clips the transient curves above the steady? state value. A transien t siim lated 

in this manner w ill  contain true response o s c i l la t io n  and spurious o s c i lla t io n  

due to d e fic ien c ies  in the numei-ical method being used. A good so lu tion  method 

should reduce this spurious o s c i l la t io n  to a minimum.
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"1.669569,0-01 " 1.670,0-01

T 5 5 7 2 6 5 ,0 - 0" 1"' " "2̂  1 " r5 5 7 ,0 - "d r  

“ i  . 610220.O-01 " 1.610,0-01"

■ i  . 8 0 3 3 9 3 ,0 - 01 1.80 37» - 0 T

2.114 8 2 6,0 - 01  "2 .1157-01"

2.5  2 5 2 8 7 ,0 - 01 "2". 5 257^7^7

3.017957.0- 01 3.0 1877-(j"i'

~3.5 7 814 4 „  - 01 3 .' 5 7 8.0”- 01
H= 5 . 000.O-09  ̂ '

3.286.0- 01
4.207.0- 01 

5.151«,-01

5.360983.0- 01

7.241229.0- 01 

5.252481..-or

5.361.0- 01

7 . 2 4 1 . 0 -  o i '  

'"5 .2 5 "2 ,0 - 0 1 "

.7 .7 0 6 ,0 - 0 1

5 . 8 7 3 . 0 -  0 1
4 . 4 2 2 . 0 -  0 1
3 . 3 2 2 . 0 -  01

2 . 5 2 7 . 0 -  0 1
1 . 9 9 5 . 0 -  0 1
1 . 6 8 9 . 0 -  01

1 . 5 7 6 . 0 -  0 1  
1 - .  6 2 9 . O - 0 1

"1 . 8 2 2 ,0 -0 1

2 . 1 3 4 . 0 -  0 1
”2 . 544.0-01

3 . 0  3  6 .0 -  0  1
3 . 5 9 6 . 0 -  0 1

5 . 3 7 8 . 0 -  0 1
7 . 2 5 8 . 0 -  0 1  

'  5 . 2 7 0 , 0 - 0 1
4.502643,0-01 4.503,0-01 4.520,0-01

‘4»





; .■ -------------- ---------
ÜCDPT3= 3 . 4 4 5.0 - 0 4

1U5 - 2 . ? 5 ü ,^-07-2 j^ . 14. 629992,0-01 7 7 :̂4 .630,0-01117^ 4 . 648,0-01
UCDI'T3 = 3 . 15 9,0 - 0 4

' :E- 1U6 ...._- .2.30 0,.-07,. 5.350099,.-0r  ̂ 7.P S . 350,0-01 17 5.367u.-0l
UÎDPT]= 2.913,0-04

^Vv; i;¡7 2.35 0,.-0 7 6.436219,0-ûl ~7 1 6.4 36,0-01 ~ 6.453,0-Ûl
UCDWT]= 2.872..-04

108 . ,;-2.4 0 0,.-0 7. 7,350141,.-01 1 7 7 7 7 ; 35 O«-01 7 . 366w-Ûl
ÙCDPT]= 4 . 753,-04

- 2.450,.-Q7; r .  ■■3 ,934013,0-01 :77 ‘^3; 9 341,-011:^1,3.952^,-01
UCDPT]= 4 . 383..-04

110 2.50 U ,.-07 2.137064..-Û1: -....2.137,0-Ûl 2.156,0-ÛI
UfDPTÏ= 4 . Ü57..-04

111 . - 2 . 5 5 0,. - 0 7 1 . 495429«>-ûl ■7 1 . 1.495u,-ùl 1.5 l5u.-Ûl
urDPT] = 5.756,0- 04

11? 2.60Û,.-07.:^ 1 . 664503..-01 1.665.O-0117, . 1.684,0-Ûl
UCDPT]= 3.483..-04

1 1 3 —.-- 2.650,.- 0 7,.  ̂ - 2 . 389797,0-01 2.390U.-Û1 1 2.409,0-01
UC0PT]= 3 . 234..-0 1

114 2.700..-Ö7 ';75 3.404362,0-01 3.434,0-01 17" 3»503io**01.
_  UCnpTDr 3 . 0D8,.-04
u l 2.75n..-07' " '■4 : 811649,0-01 4.312,0-01 ’l 4.829,0-01

UCDPTJ= 2.8 0 3,-- ,4
^ ~ T 1  6--- “ 2 . S00u,^07---- 6 v2 6 8 l9 r , .-0 r . 6-, 2 6 8-,o - ff l..■ 6v285«-01

ULDPT3= 2 :717,.-04
Ëi - .117 2.350,.-07 7.561278..-01 7.561,0-01 7.577,0-01

ULDPT3= 5 . 662,0-04
■ =;s t ê p  s î z £ DFCPFASED H= 2.n00„-09 ...- T .1 - ___ .......... — ■- -

=-ucnpT.] = 3 , 91 2,.-04 ..
113 2.920..-07 6 . 855880,0-01 6,856 10- 0 1 '6.872.»-01

^■UtDPT3 = 4.002.O-04 -.7---- 1. . . •
119 2.940,.-0 7 6.138225,0-01 6 . 138,0-01 6.155,0-01

ií:UCDPT3 = 3,925,0-04 ....... *"in:“.r-_rrrr.r~.....  —:---
IPO 2.960,.-0 7 5.568707,0-01 5 .569,0-01 5.586 10- 01

i=Ut:DPT3 = 3.327,.-04
P 121 2 . 980,.-07 5 . 150827,0-01 5.151,0-01 5 . 168,.-0l"

^:ü CDPT3= . 3.723..-04 . —-......
122 3 . Ü00,.-07 4.869812,0-01 4.870 ,0-ül 4.887,0-01

^Ü I.DPT] = 3.632,0-04 —7 ................. — -■
123 3.020,0-07 4 . 709407..-01 4.709,0-01 4 . 727,0-01

^ÜCDPT3 = 3,538,0-ni ■
^  124 3,0 4 0,0 ' Z 7 4.654415u>-01 4.654,0-01  ̂•672io*Ûl

^r.UCDPT3 = 3.44 8 .0 -0 4 ... .
125 3 • 06Üio*"07 4.691081„--01 4.691,0-01 4 .709,0-01

i:U[DPT3= .3.360..-04
12Ó 3 . 080,o-07 4.807055,0-01 4 . 80 7.O-01 4.825,0-01

^CD .PT3  = 3.275«-04 “ :. . '“Tr*.... - --.,7',r.--------  . . .>
.



1=̂ -- 127 3 .1 0 0 ic - 0 7  -Z.
S T E P  S IZ E  INCRFASED

UCDPT]= 3 . 0 7 7. 0 - 0 4  
~  1 12.0 -- -. 3_. -Ld O.o — 0 7

IJCDPT]= ? .  910,0-04 
rE-~r- 129 3 * 200w —07

liCnPT ]= 3 . 091.O-04 
'1 30  . 3 . 2 5 0 « - Q 7

____L i r D P T 3 =  3 , 7 3 3 . 0 - 0 4
1 3 1  _ .  3 . 3 0 0 1 0 -  0 7

U C D P T j r  3 . ' 5 9 6 , o - 0 4  
^ 3 1  ■ 1 3 2  3 . 3 5 0 . O - 0 7  ~

U [ D P T ] =  3 . 3 9 9 . O - 0 4  
^  i 3 3 ; : i : 3 . 4 o o « . - o 7 _ : j - ;
____l J [ n P T ] =  3 . 2 1 5 . O - 0 4 ____

13 4 __ ; 3.4 50.0-0 71 3j;: 
_U C Ü PT ]= _3 .061.O-04 

ÈÉÏ ; 135.-^1:3.50ÜW-07 5  j-
_ _ U [ D P T Í Í =  3 . 0 2 9 . O - 0 4 _____

1 ' 3 . 5 5 0 « - u 7 . , : : : l= :  
u r i ) P T Í =  3 . 4 6 6 . O - 0 4  __

1 3 7  3 . Ò C 0 . O - 0 / ' “ 
L ! C D P n =  3 . 4 3 0 . O - 0 4

1 3 8  ’ l l '  3 . 6 5 Û . O - 0 7  -
U C ! l ) H T ] =  3 . 3 1 3 . O - 0 4
- , 7oo.o- o7_'^

_ _ L ) [ D f ’ T 3 =  3 . 2 Ü 6 . O - 0 4 '
~z: 14 0 _ 3,75010 — 07

_ U [ D P T ] = _ _ ‘3 . 1 6  3 . o - 0  4 
l 4 l  3 . 8 t j 0 . o  — 0 7

S T E P  S I Z E  T ' J C R F A S E D

5.80 5323.O-

6 . 771043.0- 

7.í25907.o-

_5 .882924«-

.5.347249.0- 

.5 .372_4.4 7«: 

.5,792150.o: 

6;,, 448041.0- 

17. Ol578a.o:

6.492658.0- 

,6.173921.0- 

6.187933ÍO-

6.432949.0-

■01 4.991«-01 5.009«-01
■09

01 5.805«-01 ' 5.822.O-01

01 6.7 71u,-_01 6 • 78610— 01

01 7.126«-01 7.142.O-01

01..J“ ;5,.883n:-.oi.i:'p 5.900.O-Û1

01 ----- 57347.0-ÜÏ ■ 5.365.O-01

01 :1 '"!:5 ,.3 7 2 ;^ o i i :̂ 

o i__1:_::5^7921^q í ;i ; 

01M -I16  ̂i_4_8^-Ofll 

.01 “ ;i 177 016 m rlill'l 

01 . ■ ~6.4 913jo — D1 ..

0 r'TTTjí: 17 4 iö- Û1

Q í~~-- 67188.r-Ql' 

Ol----” --5;433.,-or

6.711159.0- 
H= 1.00Û.O-

O i~ - '""'6T7 ir.,'-D l 0 8

5.390.0- 01

5 . 8 0 9 . 0 -  0 1

6.465.0- 0i ;  

7. Q32.O-01' 

6.50910 — Ol

'■;6.l9l.o-01‘

6.2Û5.O-01

6.450.0- 01

6 . 728.0- 01

U C n t ' T : =  3.340.O-04 
142 3.900«-C7

_  U C D P T ] =  3.233,0-04
~j .1^3  4.UÛ0.O-C7

’  U [ D P T ] =  ' 3 . 3 1 5 , 0 - 0 4  
, 1 4 4 - r^ : :- r4  . I Q Q . o - O ?  '

,.7 ’ Ü C í 1 P n =  3 . 2 4 6 . O - 0 4  
r p .  1 4 5  4 . 2 0 0 . O - 0 7

b C D P T ] =  3 . 3 0 5 . O - 0 4  
2* ! j : :  1 4 6  4 , 3 0 0 . 0 - 0  7

■ ' " U C D I > T ] =  3 . 2 5 6 . O - 0 4  
^'7 4 . 4 0 0 . O - 0 7

U i D P T j =  . 0 * 2  911 0-  0 4  
; HT- '  1 4 8  : : -4 . 5 0 0 . . - 0 7  
! U f f ) p n = “  3 . 2 7 0 . O - 0 4

6 .4 0 5 7 7 7 «- 0 r ;"

.6,639734,o-.0.ri,;

6 . 459157.0- 01 --

6.620568.0- 01

6 . 4 8 5 9 6 3 . 0 -  01 :

6.596448.0- 01 '

Ò * 4 0 6 JO — 0 1  

,6 . . .6 4 _ 0 « .- 0 1  

6 . 4 5 9 « - 0 1  

p.621 ,0-01 

:6 .486,0-01- 

6 . 5 9 6 ; o - 0 1

6.5?4  4 79.o-01“ 72-6 ;524,o-01

6 . 4 2 3 . 0 -  01 

6.6 5 6.0 - 01

6 . 4 7 6 . 0 -  0 1

6.637.0- 01

6.503.0- 01

6 . 6 1 3 . 0 -  01 

6.541..-01





1 ^ 9  4 . 6 0 0 . 0 -  0 7 6 . 5 6 4 8 7 4 . , - 0 1 6 . 5  6 5 ,o - 0 1 6 . 5 8 2 . O - 0 1
r u r O P T ] =  3 . 2 7 9 . O - 0 4

l-vO 4 . 7 0 0 . O - 0 7 6 . 5 5 4 5 3 0 . , - 0 l 6 . 5 5 5 . O - 0 1 6 . 5 7 1 U . - 0 1

^ _ U C D P T ] =  3 . 2 7  9..-04
> 1 6 1  4 . B 0 0 . O - Q 7 6 . 5 4 6 2 5 5 . , - 0 1 6 . 5 4 6 . O - 0 1 6 . 5 6 3 . O - 0 1

E.-.STEP S I Z E  I N d E A S P D 11= ?.0l )0 .,-0 H
■ ■ -

i l S T E P - S . I  Z E  D c C R F A S F D H M A X =  1. 0 0 0 „ - n 8 .

^ i I D P T ] = .  3 . 2 7 4 . 0 - 0 4
1 6 2  4 . 9 0 0 . O - 0 7 6 . 5 6 0 8 1 7 . O - 0 1 6 . 5 6 1 „ - 0 1 6 . 5 7 8 . 0 - 0 1

^ U C D P T 3 =  'i.2e.0.o-04 '
1 6 3  6 . 0 0 0 . « -  0 7 6 . 5 4 9 4 2 6 „ - 0 1 6 . 5 4 9 , 0 - 0 1 6 . 5  6 6.0 - 01

=ltiELij'T3 = : 3 . 2 7 7 . O - 0 4  . ,
1 6 4  5 . 1 0 0 . O - 0 7 6 . 5 5 3 6 5 1 . C - 0 1 6 . 5 5 4 , o- 01 6 . 5 7 0 . O - 0 1

r=^Ui:DHT]i" 3 . 2 7  7.o-04--^ ----- . ■ . - - '

1 5 5  5 . 2 0 0 . O - 0 7 6 . 5 5 5 5 2 9 . , - Q l 6 . 5  5 6,0 - 01 6 . 5 7 2 , 0 - 0 1

^ l i t D H T ] =  3 . 2 7 S . O - 0 4  ' - ■ -

1 5 6  5 . 3 0  0.,-0 7 6 . 5 5 1 5 4 6 . , - 0 1 6 . 5 5 2 . O - 0 1 6 . 5 6 8 , 0 - 0 1

= E ^ U t D P n =  3 . 2  77 «. -04 E:
1 5 7  5 . 4  0Q .O -0 7 6 . 5 5 4 1 0 0 . O - 0 1 6 . 5 5 4 , 0 - 0 1 6 , 5 7 1 . 0 - 0 1

=I7UCD 'HT] = 3 . 2 7 7 . 0 - 0 4 . ■; . ■ . . ..
1 5  8 5 . 6  0 ' .c - 0 7 6 . 5 5 4 0 4 3 . O - 0 1 6 . 5 5 4 . 0 - n i 6 . 5 7 1 , 0 - 0 1

^ U C D P T 3 =  3 . 2 7 6 . O - 0 4  '
1 5 9  5 . 6 0 0 . C - 0 7  

“ r O U l p f ] :  3 . 2 7  7^,-04
6 . 5 5 2 7 4 3 . , - C l 6 . 5 5 3 , 0 -  0 1 6 . 5 6 9 . O - 0 1

1 - C  5 . 7  0 3.0-0 7 6 . 5 5 3 7 6 6 . , - 0 1 6 . 5 5 4 , 0 - 0 1 6 . 5  7 0.O-01
— ' U U ) P T 3 =  3 . 2 7 7 . O - 0 4  :7

1 6 1  5 , 8 0 0 . 0 -  0 7 6 . 5 5 3 7 1 7 . , - 0 1 6 . 5  5 4 ,o -  0 1 6 . 5 7 0 , . - 0 1

i ^ U r F ) H T l =  3 . 2 7 8 . O - 0 4
1 6 2  5 . 9 0 0 . O - 0 7 6 . 5 5 3 2 0 9 . O - 0 1 6 . 5 5 3 , 0 - 0 1 6 . 5 7 0 . O - 0 1

^ ) r O ? T ]  = _ 3 . 2 7 7 . 0 - 0 4
l o 3  6 . 0 0 0 . O - 0 7 6 . 5 5 3 5 6 5 . O - 0 1 6 . 5 5 4 . O - 0 1 6 * ^ / n t o “ ui

^ ■ - u n P T 3 : . ' 3 . 2 7 7 . o - 0 4
1 6 4  6 . 1 0  0,,-0 7 6 . 5 5 3 6 1 6 . , - 0 1 6 . 5 5 4 , 0 - 0 1 6 . 5 7 0 . 0 - 0 1

= : U C D H T ] =  3 . 2  77 .O -04 .
1 6 5  6 . 2 0 0 . O - 0 7 6 . 5 5 3 3 9 7 . O - 0 1 6 . 5 5 3 , 0 - 0 1 6 . 5 7 0 . O - 0 1

i J L n R T ] =  3 . 2 7 7 . , - 0 4
1 6 6  6 . 3 0 0 . , - 0 7 6 . 5 5 3 4 9 0  .,-01 6 . 5 5 3 , 0 - 0 1 6 . 5 7 0 , 0 - 0 1

h:MCD?T]= 3 .277u.-04
l o 7  6 * 4 0 0  — 0 7 6 . 5 5 3 5 5 9 . 0 - 0 1 6 . 5 5 4 . 0 - U l 6 . 5 7 0 . . - 0 1

“  U i ; n P T 3 =  3 . 2 7 7 .  - 0 4
N O  M O K E  T R A N S I E N T S A N D  S T E A D Y  S T A T E R E A C H E D





N a n - ^ o d e ,L oj- Diode,

TIME fNf lMOSEfS)



ino

TIME [NANOSECSj



l']x. 11. j'̂ x^onontiril Ibdel o f Dior.e

70.

2 0 0 t) F

In this problem introducing a second capacitor in combinr.tion v;ith the 10k 

resistor slov/s the solution  process dorm dra.sticallp', T}io time constants fo r
O

the two capaoitoi's are a,nri'o:cima,tely sonarated by 10‘‘ , .as moasured by the rcitio



71.

of the irc.Tcirnui:’. to  ü’lníjmin row normo o f  tljc z t r t e  .v.rt.rir 1,

Ih' i l lL '.X II" II ITIi ^  »

where |jAjj= j Oj . , io  the jth  element in the kth row,

and mciano mocluluo.

In this example the so lu tion  process breaks dowii injaediately shovdng 

widely separated time constants are the severest te st  so fa r  applied to th is 

routine, A more powerful method o f  numerical in tegration  is  needed to deal 

with these conditions such as that due to G ear,^ ’ "̂
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-fcXPUfíE.MT I AL ‘-lODEL-
L_ P !¿l LPI____

OF ...DIÛDE,^

=Ë3MiL‘ÏT_:MÔ.v3"f:.

îü 3 =;l :z i ô .:.i : f îs û ü r c e = z _:z 2 '' n y = ' 2
H M.MICP] .MN2Çn] MCOMPCIi] ACOMPLBI

1 2 1 1 2 . 00Ü„-12
'P --.V... 2 LL-,™ — 2 ■ 5.noo,o+üû :
3 3 4 2 5.oon,„ + ûu

4 '■ 1' ■ 2.0 0 0,.-10
5 1 4 2 1.000,. + 04

—=r:rr-p ft r— 2 i_ :„  E, 2 _ 1. n 0 0,. + 0 5
SMNl SMN2 SMCOMP SCOL MSOURCE

■■■■' L-ITT-

riz
3 4

2
0

N = L = R = C =

~OUTFOrTO FS, '̂5 ; ' - -- 
'? LC =0RnLR= LR: LL = NC: NR = 1 NL= 0

BFTaFC L , NJ:
•Î:-~
-1

■ôiTTPgTSFT0F5V»5

T n U f i J  =

TLICLJ= 2
i^ N  E TWORK--—-g RA N C H Ê S ■_ _ R E OR 06RR P ili TÑ  T ü_.P 6 E;1_B H A M C H E S AN D L.I N K.S. ' ~ :-■•

B MNICBJ mn2 : r ] MCOMPC iî] ACOMPCBJ
r ^ - - -  P -"-2.000,.-12 VC 1

2 3 4 52 5 . 0üÛ,. + O0 VC 2
—::r--T;.“JzrrrTrr---- N, u ; r r — - 1  ;LL-L.4 -- P 2 . 00U..-J Û • VC 3

4 2 3 51 5.000,. + 00 JC 4
r_■' ty- ■- — Î  \ --,LL-r- 4 -, 53 ■ :: 1. O0U,. + O4 . JC 5

6 1 2 54 1.000,. + 05 JC 6
ZTz:~zrzzz: -.z L -rrr:"« :-.-. " . : . • • •■ - ...

SMNl SMN2 SMCOMP SCOL MSOURCE
*5czsui*b¿ai«j



-1jl________

T B 4  =

JililZ:
T L 4  = ■ :  L '  i t : . '
HbTAFCL>_M ] = i :....

1 1 r l ___,,________ :______0- 1  n
i-SilALLESTl OVER LARGEST P I  V0T= 1  . DOO.o^DO .
_ S f a l l j s 'l .o v er  l a r g e s t  p I v o t =_i . noo,o+oo_
LS..=-iAi;i,£i;X.G VbH iLAHGt-ST-.P ai- = _a^aOtU^GJ-C 

th e s t a t e  VARIAiiLES ARE
EEiLEV^ciii:: i :t;e z ::vc .g- .3 ] )

•5.001.o^ I t

5 . 0 ( 1 0 , 0  + 0 8

5 .000.O + 10

-’5 . 0  05 .0”+0 8'

-5.000.O+11 ii . 00,0'.o + 10

0 . 0 0 0 , o  + 0 0  - i j . O O O . o  + 0 8

=ATiCi ------
1.000,o + 00 i’ 000« + 00

5 . 0 00. O- 01  5 . 0 0  0,0-01

f-
0 . 0 0 0 .O+0 0 " ' 0  .'oo~o,o~+oT



OÔOIo + ÛO 5.ÛOO«,-Ol

WfH-, riH -- ■ Û X / D T = A X + Ô U AÎ̂ D ■ Y = CX + DU

, noo„-13
N I T- 2

^;-lL5= .'î.'DGai»-!! ; THETA= 2 • 64l,„ + 01 .
____ T I N T_= 0 ._0 0 010 ♦ 0 0 ______U I NT = -  4 . (] 0 0,0 + (10
^ r T - î N T =■_■ i " ; 0 0 0 .0- n 7 _ : ■■ u i m t =-4 . o n o . » + n o  ' '
____ T I N T = _ 1  . O O ü . o - 0 7  U I N T =  4 . 0 ü 0 . o  + 0 0

=A, . TTT' i T= , . , )  - 0 0 0 , 0  + 0 6  r  U I N T =  4 . 0 0 0 i o  + 0 ü  .. 
_  E P S =  l . U O Ü , o - O ô  F P S 1 =  2 . 3 Ü 0 . O - Ü 2  EF 
^ £ T ì L = ^ 0  £  0 0  .0 + 0 G . "  T N = 1 . 0  n 0 .0 -  0 6  N P T S :

î  r:r-̂ -.~̂ F̂' = o r ’ T= c.oooi.+no . o.non.o+on 
V.'‘AX= 4 , 0 ü 0 . o + 0 0  1MAX= 8 . 0 0 0 i o - 0 1

___ l)C_FXP]= 3.841.0 + 11
n  V", 9.0 0 0 „ -13 .

__ UCEXP3= 5.190.O--1Û
^ £ £ J _ 2  . ï .  800,0-12.
___ U Œ ^ P ]= _1 .370.0 + 10

; 7  n 0  -1 P ■
___ Li[EX]^]= 5.041.O + 09
^ £ £ ‘’ 4  V ' " 3 . 6 OO. 0 - I 2  ^ £ - 1 . 7 6 5 9 i 9 „  + Ï L

- 1 .6P0298.O + 11 

_-l. 844704.0 + 11 

-1 .8?3894„ + l l

U f F X P ] =  2 . 2 6 5 . 0 + 0 9
--- 5 ... . Í . 500.0-12 .^_.-l.698315.0 + 11..

U[tXP3= 1 .163,0 + 09
HrZ- 6. 5.4Û0.O-12 __ -1.628070.0 + 11:

U[ F XP 3 = 6.568 10+ 08
z: ■ .. 6.300.O-12 -1.560235,0 + 13 .

UCFXP 1 = 3.983,0 + 0«
-E . 0 , . ., 7 ì 20 0iq“*12 -1.493612.0 + 11 .
u rFxp ]- 2 .554,0 + 08

•.JT 9 . .8.100,0-12 -1.429274.0 + 11
u f f x p := 1. ; 12.0 + 0 8

la.--:..-.9. UOÛ.o-12..... -1.367.425,0 + 11.
UCEXP]= 1.190,0+08

Î£_- ■■ 3 1 9.900.. 12” - 1 .308094.O + Í1
ucf: x p 3 = S . 5 2 3 ,0 + 0 7

Ü Z 4i. 4. 1 . OBO.o-ll -1.251252,0 + 11
urFxp '’ = 6 • 269to+ 07

HE;'. 13 1 .170,0-11 -1.196837,0 + 1 1
Uf.FXP3 = 4 . 711.O + 07

h Z T__.14 ■■...1 .760.0-11 -1.144771,0+13
. -- UCFXP3= 3.608,0 + 07

--------------------rr-r ' — -



S2= l.OOO.o-Ol
.. r̂:. 5 U Ü Z

...0. opp..+p0 3,._ . 0.000w+p0̂ :,.:... p . poOw-̂ oo •

iT T Z '+ p  7 ' " I  

, r l . 1783 '97 .o + 08 'Z  

27003 0 75 lo+0 a. ZL. 

‘ - 27 '8i r 9 6 O’ 27 + T 0Z Z ' 

ZZ3Z. 5Ï 7 4 9 8 .» i_P 5_ Z .  

>rr334210Lo + C8 ..Z 

T i Z O  4 9 5  3 9,0 Vo 5 _ 

- 5 “. '734 Í 22 «  + 08 Z Z  

“ 6 . 38893 ÖZ,VÖ8 

V y Z 015062 «+ .Q a -^ -. 

~ -T 3‘6 ì 3 '657 ;o40S 

- 8 . 185854 .. + 0Ö 

- 8 . 7_32769 >c + 08 

_ 9725 5 490 .» +0 8 ,

- 1 .690„ + l 1„___^-8.4 53,. + l.P_

-1 .R45.o+llZZIIH^'e?97ilP.
- 1 .  F ? 4 „  + 1 I _  ^ - 9 . . . 1 2 9 „ + 1 Q ,

Z Z Ï Z '7 6 6 ., +1 i " : z -  8Z  8 4 4 ;« + l a

Zrl. 698i. + llZirvOroZZVia

■■-1 . 629,0 + 11 ’ -8.166«t10_
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The points superimposed on the computer program output graphs were 

calcu lated  from the normal linear equations o f  the tra n s is to r . The agreement 

was good, and shows that the solution  process employed in F0FSVM5 is  capable 

of solving problems involving lin ea r ly  con tro lled  sources. I t  has been fo ’>irid 

that the method fa i ls  i f  the augmented matrix (AE) has a row containing a l l  

negative elements where

d x (t ) /d t  -  A x(t) + B u(x ,t)
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0_52."-01

0 51.0 — 01

-4.474,,■♦03 

-4.546.o ■♦O 3 

_~4_. 614.0■♦03 

- 4 .680.o■♦03 

-4.742..■♦0’3

4.635984., -03

4.726234., -03

_9.051.,-01 -^. 858., + 03

*9.050.,-01 "-4.964.,^^03



t/-»
o? '

o
to
co

OLO

C5IO

t—I m
lo'

o'-O
. .  1 ■<

CD
Œ  S
1— n '

C) o  
D> ^ 

N

o

o
IO

olO
o . (

Ñ o n - L  ¡ n e c u T  M p c k l  o - f  T r a , n à i ^ ( j y r

Capaci'f(?r Vo¿(uge Trayi^im^ Response (\Ji)
tx^pcmtnIncili^ ccn^hroliìn^ CiuTint Sowrcc (yjip-.'j^^

---------1-----------1—
-0 28 -0-0Ô 0 J2 0 32 Û 52 D .72 0 92 1 .1 2

[ Ml f ROSECS)
i  . 3 2  1 .52

“ 1
1 . 7 2



VÜLTHGE: 1 O
I

•H
I—I
IZ

o

o
Dì

o
D ì

N i
CO

ID ■
O
CO

o
N)

OjN

ro

•nJ(Vi

IDDO

-SOO . r j 0 - 4  5 0 .Q Ü -4 Ü Û- D Û - 3 5 0 . 0 0  - 3 0 0 .  0 0 - 2 5 0  • 0 0 -ZOO ■ 00 - 1 5 0 . 0 0 - 1 0 0  • ÛQ- S O . 00 -Q .00
_______ I_________ 1________ L ________ 1_________ 1_________ ]________ J------------- 1------------- 1------------- 1

L»JISJ

tn
ro

ro

S '

e l ?

I
r~/
::5

o

Í/'
c r



? r . f

j'Jx. Toño], oí' 'IVcinrirtor

Tliin c ir c u it  ccntr.in.'^ cn in ctc .b ility  in that tiio .-'.uci'icnted natri:: h)

ho.o a TovT o f nocn.tivc cle.’nontc, Tlic tiric ccnr;tanto arc not vaicicly r.’x’.ced, 

conooaucntly a solu tion  is  obtainoc], althnuHi one oí' th.c sta.to v  ria.blcs is  

}ii.'3h3.y oxa,¿;^orate(l,

Note that th,e input voltage e is  a square pu lse, switched from 0 to 1 vol'*s
.-6at t=0, then to +1 vo lts  at t=10 seconds.

The f i r s t  transient is  the capacitcr  voltage v^, and the second v  ̂ -  e^, 

Y/here the action  o f  the switch is  evident in  the graphical output. The third

transient that o f  tlie capacitor voltage v^ has not been obtained due to the

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

which causes the method o f  numerical in tegration  to become unstable.



HXPUNFNTIAL MODEL OF TRANSISTOR
SĤ rOFSVMS'~niÌTPlÌT--"'' : -.'" 
___NPUNr__ ^1_____________

TnF i ìT F0FSVM5;

_____5___ RSOyROE=____ 2 NY= _ 3
^H iO Ì.ti".fÌ3- .:.> 1N 2C 3 3 -  MCOKFCB3 ACOMPC3Ì-

J

____ 3̂

_  _ J,________3 _
- 2 .- .- ____3,

SMNl____SMN2__SMC0MP

3 1

1
2

' 1  ■ 
2

N = L = R =

,5, 
1, 
1. 
1.

SCOL

c =

0 0 0.O-10 ;
0 0 0 IO + 0 3 _
000:o-10.
0 0 0 lo 0 3 __ 
tì0ùio + Q3 

M'SOURCF
__________  ...2 .

2 0

^- OUTPUT' F SVM51“  
^  0RntR= 2 LC= LR = LL = NC = NR = NL =

HETAFCLrM3=
- 1 ,_ 0

-1
o

^ O U ’I POT-P^T0F SVM5 T

o  ;
t s i i ; m] =

o TLICL]=  2 4 5
pLfl£TPlnHK :T j lM CH F ;S_ ;RFO RnER rP l ', l J  NTO AND L 1 NKS

---- --- —  . ......... - -----  • -......■_ • ..

B MNlCtì] MN2FR] MCOMPCin ACOMPCB]
pr.3z.:~ . . . r .  1 : V- 1 '̂ 3. 1 ■ 5.on0io-ifl • ve 1]

o 2 2 3 2 1 . ODO.0-10 ve 2]
— —--- r: j.:.::---, ■: ....  51 ■: 1 . no 0 ,0 + 0  3 j e 3D

4 1 3 52 i.noo.o + 03 j e 4]
<5 -r-_.  ̂ ■ 3 - 53 1 . 0 n 0 ,0 + n 3 j e 5]

t;.s h n ; T^-SMN? r -SMCOMP '■ SCOL m' s u u r c F- — ____r."

_ 2 _
,-3f:

______3
"3"

2



^ T l3=;
2

B E T A F [ L . N ] =

f :r? .0 :1  
0

_____ S M A L L F S T  o v e r  LAru-^EST PIVOT= l.i)00,o + 00
< ^^S .M A .LLESO VER .LA RO EST  PIVOT= l . n 0 0 „  + 0 0 ,

___J H E _  STATE v a r i a b l e s  ARE __
23) ......

- 4 .  o n o . o  + 0 6

o . o o o . o  + o n

0 • 01 •' R .0 + 0 0

’ I* 0001C+ 10

0 , OOOio + OO 

-1 .  OOO.c + 07

2 . 0 n 0 . o  +  0 6
0 . 000.O + 00

o

l . O O O i c  + OO 0 . 0 0 010 + 0 0
Oi

j, ■ 00010 +0 0

0 • 00010+ 00

ty
0.0 0 010 + 0 0

K* 0 . OOOio + OO

0.000.O + 00 

1 , 0  0  0 10 +  0  0

0 . OOOio + OO 

• 1 . 0 0 0 . O  +  0 0  
0 . 0 0 010 + 0 0____ _0.000io + 00

^  ................ . ..... ......
l.̂ ,■_______________________________ ________

V* WH E R E  D X / D T  = AX  + BU AND -Y = C X  + DU

1 .  O O G i o - O B
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3.5 Opei- .̂tinr, lusti'uctions

Data fo r  use with pi'ograni FGFoVio is  airanged -as i f  fo r  a single run, the 

individual problems being separated from each other by identify ing  names and a 

run number which vihen negative s ig n ifie s  that no noz-e data is  to be read.

The branches o f  a network are id en tii’ied by numbei-ed nodes which are used 

as cooruiru.tes, and two more number’s wliich design-ato the type o f  element 

contained in a branch and it s  value. foui'ce branches ai'e id en tified  sim ilarly  

by node coordinates and two numbers which state whether i t  is  current or 

voltage and it s  type o f  dependence. Depei'.d(-mt sources should bo entered f i i ’st 

followed by aiiyindependent soui’ces.

An integer K sp ec ifies  whether' i f  a l l  in i t ia l  conditions are to be taken 

as zero or to be read immediately aftcrvvai'ds as data. I f  in i t ia l  conditions 

are not zci’o, then they must be entei'cd as data in the same order as the brandies 

they represent. Will capacitors are given in i t ia l  voltages, resistors  are 

entez'ed as zero, and inductors are given in it ic :!  cu irents.

The output state variables are preceded by a l i s t  of- id en tifie rs  

specifying each o f them as current or- voltage. Then each output should have 

data entered which I’epi'esents the co e ffic ie n ts  o f branch voltages and currents 

in that ordez’. For instance i f  a network has B branches (scuz'ces arc not 

s tr ic t ly  regarded as bz'anches in theiz- own z’ig h t) , 3 voltages and B cuz'rents 

must have their c o e ffic ie n ts  entered as zei'o oz' non-zero fo r  each required 

output. These co e ffic ie n ts  should be positive  or negative rea l numbez’s. I t  

must be emphasized that branch voltages or currents £tre being dealt witli 

rather than elemental ones. I f  a z 'csistor elemental current 01" voltage is  

required i t  may be better to specify  i t  in d ire ctly  using K ird ilio ff 's  Current or 

Voltage Laws, as an unwanted source component may appeal’, Tliis is  only 

necessaz’y when a resisto i' branch has an associated source. Any control 

Variables must be entered as output sta.tc Vc.rio.bles before any other output



76.

requirements, /J.so these output ct;,tos representing' control v-i.riablco 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 d:ita v/iiich '.vas related to the source 

colunais o f  the state matrix. This la tte r  source data pertains to the input 

vector u. Again dependent sources are entered f i i 's t  in tlie same order as they 

were before, follo*ved by the independent sources. I t  is  probably best to 

enter the soui'ces a l l  the way tlu'ough the follov.dng order; sinusoidal, 

exponentially con trolled , lin ea rly  con trolled , and independent.

Independent sources have time intervals specified  by the user. The 

number o f time intervals fo r  each independent source must be entered. The 

coordinates o f  the end-points o f  the graphs o f  independent sources are entered, 

i'or inst^.nce, a single step function v/ould have 

((yu^), (t^,u^))  

whereas a single rajiip ivould have

a ramp follow ed by a plateau follow ed by a ramp would have

; ( ( t 2, u^) , ( t , ,u^))  ; ((t^,su ), (t^.u^)).

F inally  a set o f  nusibers is  entered vdiich are the state matrix series 

truncation fa cto r , loca] error tolerance liju its , time in terval over which 

responses are to be observed, meiximum number o f points on response curves are 

to be p lotted, and an indicator whether or not a fu l l  printout o f state 

variables and outpjut state variables or just output state v.^riables alone are 

required on the lin eprin ter , (bee section  5.1 fo r  formal layout o f data input..



FCFijVI13 needs t-ivo maf^notic tapes fo r  use during tiie running o f  the program. 

One is  used fo r  the segmentation o f  the program and the other to dump data fo r  

use with the program SVi.jI'LT which can be put into batch with FGFoVi.;̂ . The 

fir s t  is  an in it ia lis e d  scratch tape mounted on handler 3 nnd the second is  

in it ia lise d , ca lled  'FOFLVI.I OUTPUT' and mounted on handler 6.

lifter  F0Fa'VI..3 has completed it s  runs UViPLT reads tlie tape on handler 6 and 

then writes data to the same tape. The p lotter  tape fo r  CiLLCOI.P is  then required 

by the program.

5.6 Opcratoi’ Procodure



s . Final Conclusions and Future Devolopnonts

There are throe main tasks that a computer program based on state vc.ria,ble 

analysis has to perform, namely

( l )  the formulation o f  a degenerate system, o f  equations (see section  2 .2 ), 

( i i )  the processing o f  these u n til they eventually become tlie state equations 

(see section  2 .3 ),

( i i i )  the solu tion  o f  the state equations (see section 3 ) .

The f i r s t  task requires the com.putation o f a topolog ica l tree and it s  

associated t ie se t  matrix. This can be done using either mtatrix or search 

m.ethods, A degenerate system o f  equations can then be formulated.

The degenerate variables can be eliminated using P o tt le 's  Method or the 

method o f Auxiliary Trees which is  based on Baslikow's work. The la tte r  method 

has the advantage in that Gaussian Elimination is  applied only once to each 

subsystem o f equations o f  constraint, wliich are formulated top o log ica lly , whereas 

the former method uses Gaussian Elimination repeatedly on the considerably larger 

main system o f  degenerate equations to formulate the equations o f constraint, 

the process being repeated a fter  each degenerate variable has been eliminated 

until only the state equations remain.

The solution  o f the state equations can bo accomplished u sin g :-

( i )  a,n Adams-3a.shforth-Moultcn predictor corrector m.ethod, '̂”
. »

( i i )  a Rungc-Kutta method such as England's Method/^

( i i i )  Certaine's Method o f  transition  m.atrices (see section  3 .2 ) ,

( iv )  Methods suitable fo r  use with systems containing equations with widely 

separated time constants known as S t i f f  equations, e .g . Gear's Method 

(see section  3.3)®

It  v/as found that the formulation o f  the degenerate system o f equations was 

re la tiv e ly  easy to program. In Bashkow's Topological formulation the sources 

are associated with a branch containing a passive element whereas in F o tt le 's
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formulation tljcy are treated as indeicndent brjnebes. I t  v,us decided to 

associate a l l  sources with re s is to r  branches as this sim plifies the 

c la ss ifica tio n  o f  the di -̂naadc constraints as well as supt.ressin<; derivatives 

and intef^rals o f  sources, which could s t i l l  occur in certain cases, despite the 

choice o f capacitor voltages end inductor currents as state vax-iables.

However, associating sources v/itli re s is to r  branches would not pi’ovcnt 

derivatives and integrals oi‘ the sources appearing i f  tnis choice o f state 

variables was not made.

The section  dealing ..itii the elimination o f the degenerate vax-iables from 

the main system o f equations pioved more d i f f i c u l t  to progi-ani. I’rograniming 

ei-rors were made v/hich pi’oved d i f f i c u l t  to loca te  and elimiric.te. Test 

problems had to be su l'fic ien tly  lax-go to test tlie program but small enough to 

check by hand, Fox-mulations were tried fo r  networks containing fx-om two to 

fifteen  branches. One tree v/as computed fox- a netwox’k containing th irty  

branches, Tlie nujiibex- o f  branches in a netwox-k gives the in it ia l  ox-der o f the 

system matrix that has to be manipulated. The method oi' Auxiliary ii’ ees was 

chosen to eliminate the cons tx-aints.

The solu tion  o f  the state equations gave x-ise to problems -which wex-e 

sometimes d i l 'f ic u lt  to diagnose. Some equations could not be solved without 

a variable step s ise  routine, as too many points -K'ere required over the 

prescribed time intei-val using the in it ia l  step sise  estimate computed bj" the 

px-ogram. There was in fa ct  no suitable single step sise  estimate ovci’ the 

whole range o f in terest. Other failui-es ox 'iginally thought to be due to 

programming inconsistencies wei-e corx-ected by monitoring the lo ca l numei'ical 

eiTors; this resulted in the solution pxxicess being speeded up in most cases, 

hetwoi’ks -whose components had v/idely separated time constants caused the 

solution px-ocess to slow down to an unacceptable le v e l, and no way round this 

px-oblem could be found using Certuine's method. But apart fx-om tliis lust
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problem, a l l  test netviorks containing capacitors, re sisto rs , inductors and 

independent sources wore solved. However test circu its containing linearly  

controlled sources fa ile d  without exception when a row o f the aug:nented matrix 

(a B) contained a l l  negative elements, Tliis gave r ise  to transient responses 

of the right shape but grossly distorted in magnitude, Tliis apparently occurs 

when a step length cannot be found v/hich lie s  within the interval of relative  

sta b ility  for  the method of numerical integration being used, Ahen an 

exponentially controlled source was introduced the transient response did not 

sta b ilize . I t  appears that small lo ca l numerical errors were being amplified 

exponentially. The introduction of a damping factor^ apparently brought this  

error propagation under control as the transient response then settled  do'.7n to 

the right value a fter  some numerical o sc illa tio n .

Program FOF3VTt5 was based on Basldcov?'s topolog ica l formulation o f the state 

equations and uses the Auxj.liary Tree method o f  eliminating the degenerate 

v-v.riables from the main system o f equations. I’rocedures TILJd, TIFShT MITRIX, 

SUBcYSTh'P, &FPIV0T and RliDUCH lAVTRIX were used to formulate and process the 

degenerate system of equations u n til they become the state eiiuations, Tlhlb and 

TIhSFT Mii'iTlIX use search methods to compute the trees and th e ir  associated 

tieset m atrices, SUBSYSTEM uses these trees and tie se t m.atrices to form.ulate 

the subsystems o f  equations o f constraint, G-FPIVOT uses Gaussian Elimination 

v/ith fu l l  pivoting follow ed by back substitution to solve these in teractive  

subsystems o f equations one by one along v/ith REDUCE IlA'rRIX v/hich substitutes 

for  the dependent variables in  the main system and other subsystem ivhich have 

yet to be solved. The re s is to r  variables are dealt with simultaneously using 

the same procedures. The state equations are solved using Certaine's method 

o f numerical integration  with varia.ble step s ize  and lo ca l error checking 

routines, Tlie program terminates a run i f  any o f the follovsing conditions 

occur:-
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( i )  the solution process is  moving too s]o\vly a!id cannot be speeded up 

without in tolerable  lo ca l error aecuinulc:tion,

( i i )  a steady-state response has been produced and there are no more 

excitations to be applied to tiie netv/ork,

( i i i )  a prescribed maximum number o f  points to be plotted has been attained,

( iv )  the prescribed time in terval over v/hich the network is  being 

investigated has been exceeded.

The output state-variab le data is  put onto magnetic tape and becomes the 

input fo r  a p lottin g  program CVI.PLT which eventually produces graphs o f  the 

required transient responses on an o f f - l in e  device. The state equations can be 

formulated fo r  general networks containing capacitors, re s is to rs , inductors, 

independent sources, which may be constant or piecew ise-continuous-linear 

functions o f  time, dependent sources which may bo lin ea r ly  or exponentially 

controlled, and sources wnich vary sinusoidally  with time, Tlie state equations 

can bo solved i f  no widely separated time constants are present and i f  a step 

sise can be chosen within the in terval o f  re la tive  s ta b il ity  fo r  the method o f 

numerical integration  being used,

F0FoVIu6 uses mati’i «  methods to  simultaneously'- compute the trees and their 

associated cutset matrices using a modified form, o f  procedure GFilEVOT, which 

takes over the tasks previously executed by TRjih and TIkSkT I.TiTFlIX, Otherwise 

the progra.m. uses the same techniques as F0F3Vk5, but has not been brought to 

the same stage o f development.

I t  is  hoped that in the future program .FOFSV!'.!̂  can be used to investigate 

integrated c ir cu its . Any active  components are to be replaced by c ir cu it  models 

containing capacitors, re s is to rs , inductors and controlled  sources. This 

active c ir cu it  modelling has been le f t  to the user to maJee the program more 

versatile  in  that i t  can be made more applicable to the kind o f c ir cu it  

behaviour under analysis. The program is  already o f considerable length and
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has been segmented to create more run-space. The tldrd segment, v/hich at
2present implements Ceidaine's Method o f solving the state ejuations needs to 

be replaced by a powerful method o f solution  which iv ill be able to deal v/ith 

S t if f  equations when they occur and which has a larger in terva l o f  re la tive  

s ta b ility . Gear's Method should, replace the present method o f  solu tion , ym 

extension o f the program using charge or flu x  controlled  models, could 

formulate the state equations o f time-varying netv/orks, but solution  methods 

for  sp e c ific  cases only could be produced.
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P r o c ^ d u r ç  T R E E  sh(?(?t 3



p ;= 0

NO

P ; = p

C o n n e c t s  n o d e  

b r a n c h e s  a n d  P t

1
s by a l l  t r e e  

h l i n k  b r a n c h

'

C O  U 1
t a k e s  o u t  a n y  

b r a n c h  e s

B E T A F

S T E R : 
d a n  g 1 i n g

[ P , G ]  : - 0 ;

' '

L o c a t e s  T 1 E S E T  l o o p  and c h e c k s  
d i r e c t i o n  of  b r a n c h .

B E T A F [ P , G  ) : =  1 or  - 1  
a n d  t a k e s  out  c o r r e s p o n d i n g  b r a n c h e s

I
D o e s  P e q u a l  t h e  n u m b e r  of  li  nk  branchesi  

_________________________ ^ '___________________
Y E S

’

a l l  r o \

T I E S E T  M A 

h a v e  b e e r

v s  of  1  

T R I X  B E T A F  I  
c o m p u t e d  1

'

P R I N T S  B E T A F  |

Procedure. T I E S E T  MATR I X



P r o c e d u r e  T I E S E T  MATRIX s he e t  1





C h e c k s  a p p r o p r i a t e
K I R C H H O F F  C UR R EN T  ( VO L T A G E  ) E Q U A T  I O N S  

f o r  c o n  s t  r a  i n t s

T r a n s f o r r n s  a n y  c u r r e n t  ( v o l t a g e )  const ra int  

e q u a t i o n s  in to  v o U a g e (  c u r r e n t )  e q u a t i o n s  

a n d  a s s i g n s  to a r o w  of s u b s y s t e m  

m a t r i x  V A X  { J A X  )

Is i t  a  s u b s y s t e m

of  r e s i s t o r  c o n s t r a i n t s  
')

YES C o m p u t e s

s o u r c  e c o  l u m n s  | 
of V AR  ( J A R )

NO

E x p r e s s e s  a n y  l i n k  vo  11 age s ( t ree branch 
c u r r e n t s )  in t e r m s  of  t r e e  b r a n c h  v o l t a g e s  

( l i n k  cu  r r e n t s ) ,  u p d  a t i  ng  V A X  ( J A X )

P R I N T S  

S U B  S Y S T E M

m a t r i x  Y A X

P r o c e d u r e  S U B S Y S T E M



Procedure S U B S Y S T E M  sheeM



Procedure S U B S Y S T E M  sheot 2



P r o c o d u r p  S U B S Y S T E M  sheet 3



Procedure»  S U B S Y S T E M  sheet 4



P r ocedur e  SU  B S YS TE M sheet 5



P r o c e d u r e  S U B S Y S T E M  sheet 6



P r o c p d u r ?  S U B S Y S T E M  s h e e t ?



A r r a y s  ROW a n d  

o r d e r  of r o w s  an  

s u b s y s t e m  M A T R

COL a s s i g n e d  i n i t i a l  

d c o l u m n s  of  

I X  Y A X

E l e m e n t s  of a r r a y  
t h a t  c o l u m n s  r e p r  
v a r i a b l e s  c o m e

COL r e a r r a n g e d  so  
e s e n  t i n g  c o n s t r a i n t  
f i r s t

G a u s s i a n  e l i m i n a  

p i v o t i n g  a p p l i e d  

Y A X  ( R O W ,  C O L )  re

COL w h i c h  a r e  updat  
c o m p u t a t i o n  p r o g

t i o n  w i t h  ful l  

to s u b s y s t e m  m a t r i x  

l a t i  v e  to ROW and

ed a s  t h e  
r e s s e s

1’

[ s  i t  a  r e s i s t o r  s u b s y s t e m  ? j .

1 NO

Y A X
is now in u p p e r  

a n d  b a c k  s u b s t i t l 

to e x p r e s s  d e p e n d  
t e r m s  of  t h e  i n d e p

R O W ,  COL ) 
t r i a n g  u l a r  f o r m  

t i o n  i s a p p l i e d  

e n t  v a r i a  b l e s  i n  
e n d e n t  ones

I s  Y A X  a  r e s i s t o r  s u b s y s t e m
7

N O

Y E S

Y E S

C o m p u t e s  c o l u m n s  
r e p r e s e n t i n g  

s o u r c e  v a  r i a b 1 es

C 0 m p u t G 
r p p ro s p 
s o u r c p  V

s c o l u m n s  

1 t i n g  
a r i a  b l e  s

P r i n t s  Y A X  ( R O W , C O L  ) ,  C O L

P r o c e d u r e  GFP I VOT



P r o c e d u r e  G F P I V O T  sheet 1



P r o c i í d u r i ?  G F P I V O T  shect2



p r oc e du r i ?  G F P I V O T  sheets



P r o c o d U r ff G F P I V O T  sheet i



Procedure GFP I VOT sheets



P r o c ç d u r e  G F P I V O T  sh(?pt6



H ; =  1

H c o n s t r a i n t  v a r i a b l e  of  

s u b s y s t e r n  to be e l i m i n a t e d  
f rom MATRIX A

u p d a t e s  i n d e p e n d e n t  v a r i a b l e  
r ows  and c o l u m n s  of A

NO

]s Y AX  a  r e s i s t o r  s u b s y s t e m  
M A T R I X  ?

Y ES Updates 
s o u r c e  c o l u m n s  
o f  A

NO

Is  A the m a i n  s y s t e m  M A T R I X9

Y E S

U p d a t e s  
c o l u m n s  
of  A

i n de pe nde n t v a  r ia b le 
o f  o u t p u t  s t a t e  r o w s

NO

YAX a r e s i s t o r  subsyst emMATRI Xl
Y E S

NO

H a v e  a l l  c o n s t r a i n t v a r i a b l e s
of s u b s y s t e m  b e e n el i mi  n a t e d
f ro m A ?

Y E So

Updates 
s o u r c e  c o l u m n s  
o f  A

Procedure REDUCE  MATRI X
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P r o c e d u r e  R E D U C E  M A T R I X  (sheet2)





C o m p u t e s  T R E E  
s i m u l t a n e o u s l y  v i (

a n d  C U T S E T  M A TR I X  
1 I N C I D E N T  M A T R I X

T r a n s f o r m s  C U T S E T  M A T R I X  i n t o  

T I E 5 E T  m a t r i x

1

R e o r d e r s  BRANCHES into TREES and LI NKS

F o r m  s p a r t i  t ione  

STATE M A T R I X  A

d d e g e n e r a t e

'

F o r m u l a t e s  e q u a t i o n s  of  c o n s t r a i n t  
u s i n g  M A T R I X  M E T H O D S

'

T h e  P R O G R A M  the n,  is t h e n  the s a m e  
as F O F S V M 5

P r o g r a m  F O F S V M 6



P r o c e d u r e  C O S O R T



A L P H A  ( F , G ) : =  ^

F; = 1

s : =  M N 1 l F  ) 

T : =  M N 2 ( F  ) 
A L P H A  { S , F )  :=1

/ X  < N  + 1 A L P H A  { T , F  ) ; =  -1

\
, > N ' ’

f : = F t  1

Procedure  I N C I D E N T  MATRIX



k» =:^;A'L£iil:i:

8.L  I ST ; _______
E5^f^--:.,SVMPLli_

" B t G I N "

aUNLIST;

SLIST;

(* i

\ " m S G E R "  "ARRAVTUaCO : 500 ] »CHARCO : 9 ] ;  
•'R:AL"VH!N.  VDELTA. IMIN,  I DEL T A , T 0 . YO , H , P , F ACT :

--T'. 1 >J] -EGSR 'TNRUN. NP T.S7N Y . M, K , M, F , G Z i--------------
READER (6 ) ;
SAMFLINE;
M : = 0 ;

’ f a c t : =1.5;
MTSCURCE(6, ' FOFSVn OUTPUT' ) :

~ b ;  p  i : 0 T 5 ( T l i P . 5 0 n . 3 ) : 
NYTHUN;

i<S "HEAD "F ! L E ( 6 )  ..MRUN.NPTS.NY;
"PR INT'L' . 'L )HRUN= ' , UIGI  TS( 4 ) . NRU)  ̂ NPTS= ' , NPT S . '  NY=' ,NY:  ,
" e = G I M "

Z :." INTFGFR" "ARRAY"YCOMPri  :NY]
" ,R 'AY"YC0:NPTS + 2] .TC0;NPTS  + 2 ] ;

vdrfc( a) ;
"F3i)"f^: =1"STEP" 1"U'\IT IL"NY"DO"
"RFG I >)'■ ■■ :- - - ................Z  ' . ' I ' . : •  ‘
'‘HE AD"F I LE ( 6 )  , YCOHPCF];

S gZ-.C ■■ ^  f? ÍÑ ii 'lli; c ' Y C 0 M P = ' .PRFF I x rz .s3  ' 'Y ,  DIG,! TS ( 4 ) . YCOMPCF ]
" E- Nj 1)":

H ~ ==~r=^“ ÍF"iR ¿G .5 = i"^SJEP 'Ú "UNT n."NY"'DO"" : ~~
‘3  "BEGEM"OR :‘.F = 0 IS IE P" 1" U N T II." N P T S + 2 " D O":'-; ;; :Z ,:__T. ,



"B r .GrM"FINnRE;C(6)  
^_READ"nLE(6) ,11;
•' I F " F  = 1"THE!'J"

" I F "H<.o-2"  AND"H>.o-6"THEM"N : =3"ELSE"  
^ ! E ^ ^ I F “ H<i=-5‘‘ AND“ H>.= - 9 " T H E N " N :  =ó"ELSE".J 

" I f  o- 8 "T H E M "N := 9 ;
L0J:=10tN*Tt03;

________" : ____ ____  _____

" I F "TCF ]<0"THEN"
= ^ = ^ í ^ “ B E G I M " " R E A n " F i L E ( 6 )  ,NPTS;..,

" P R I N T " ' ' L 'NPTS = ' , D I G I T S ( A ) . NPTS;
Z Z E IüGOT O^NEXTG ; ........./
_____ ;; E N [i" : _______  ^  _ _______
e EZ^JIFSR  •!]<; =1" STEP'"TÍÚNT iD ’j'iY" DO."

'■BEGIN"
:"_..'.'READ"F1LE(6) ,Hi 

" l f "G=K"THEN"  
;;:.:j'DECIN" Y C F ] : =H;' 

"GOTO"NEXTF;
- C M P " " E N D . E ; . . •____

KI 'XTF: "E' J l l "  :
C^'.B:iÉnGr

FACTOR(FACT) ;
.ISCA' E(TV10,NPTS,1) 

T (j : - (1;
SCALE (Y ,10 ,NPT5 ,1 )  ; ...... .
Y0:=2;

i r " N  = n” THEN"PUT5VH( ' TIME ( SECS)  ' ,CHAH) 
" I f  "N = 3"THF.N"PUTSYM( ' TIME ( H R L I S E G S )  ' ,CHaFO 

^ ^ ^ ^ L - 'R '. I f  "N = 6' 'THEN"PUTSYM( ' TIME (MICHOSFCS) ' ,CHAk) 
PUTSYM( 'TIME ( MANOSECS ) ' , CHAR ) ;

.V~.- AX I S (  n , YO , CHAR, -16,10.0 , 0 . 0 , TTNPTS] ,T[NPTS + 1 
" I F"  YCOMP[K]=0"THr.N"PiJTSYM( ' CURRENT ' , CHAR ) ;

Y'"__" I f "YCOMP[K]  = l  "THEN" pl)TSYM( ' VOLTAGE CHAR )
AX I S (TO , 2,CHAR , 7 ,1 0 . 0 , 90 . 0  , Y [ Np T S ] , Y C NPTS +1 ] )' 

==^-.i.^:.pl 0T( TO , YO , -3 ) ; L I NE ( T , Y , NPTS , 1 ,0 ,0  ) : .
___  PLDT(-T0,-Y0 ,-3)  ;

P . . 3 ' ( 2 0 , 0 , - 3 )  ;

" F L S E " 
" E LSE "  
"ELSE”.

3 ) ;

___ENDriLOCK i 6 ) :
EiLHJ..RfcVUNU(6) ;

KTSOURCECó, 'FOFSVM OUTPUT' ) :
FOR " K : = 1" STEP " 1" ÍJNT I L " M + 2 •' Í)Ü" 

FIMDRFCCó) :II :i u Q u ;
" E NC OF  BLOCK 2:

^= ¿7.=  R-“ ..I F ".N RIJ N > n " T H E N "



"DEG I N" ■
j^D^OCKjö): _____

M T R t W I N D Y ‘6 )  ;
MTS0U^'CE(6, 'FOFSVM OUTPUT^ ) J  __

"fi: =M^'jpTS + 3; . , _ .........  ‘ ” .Y
"F3R"F  : = i - ' STEP" l "UNT I L "M + l "DO" 

Zf'SinREQ ( 6 )■'; " -
"bO'i 0"NXTRUN;
E N D y  v 

PLOT(-TO.-YO,999) ;
l “ ENC:‘FOf;_SVMPLT;,

y;nfAG;;yi;

yàÇUN;

Ci





YjinMP̂
..2r3::NPTS= .30 0

1
NY = . . 2  ._

N P T S  = 5 0 1
g E . : a e , T S = 2 2 ;  

NRU;\' =
- 5 0 1  ’ r- • • . - ' ■ ■ ■  . • .....

7 N P T S  = 3 0 0 NY = 2
ü c ¿ . Y r g H P  = 

Y T O H P  =
-1 ■ 
1

,.7

S : " ' N P T S  = 3  0 1  : : : , ■; ...........................
r , - ’ T S  = 3 0 1

^ I N P U N =  : ____ 4_ .. N P T S - 5 0 0 W Y =  ■ 1 ■■■ .. 7' .  7 " :  7..■
Y C O M P = 0

^ ■ ^ N P T S r ..... ? 6 1 .................... . —
......... .........................  ■■ : ...........

N P U - J - 6 M P T S  = 5 0 0 NY = 1
^ Y P p r i P  = 1 0 .................. .... ; __________

N P T 6  = 9R
^ : N P ‘ i 9 = ; ^ - 3  . :  ■ YP T s = ■ 5 0 0 . N Y = : ■ 3  _ 7 :

Y C Or i P  = 1
Ë i Z Æ C O M P r . . __ 1 . 7 . 7 , .  ■ ..

y í : o m p  = 1
= r - - . W P T 3 =  _ 2  4 ?  '  ; .......... ' .. .. ................ . ■ ■

N' PTS = 2 4 ?

^NPJii= .
NRÜi-J = 

^ ^ 'Y n Ó H P  = 
_  Y C OM P  = 
E ' 3 ; N P T 3  = 
_____ N P T 3  =

__ YCOiÍP =
É^' YnOMP = 

NPTä = 
^ÑPT3= : 

r.)PU3' =
E!í:ygo!íp =
____YC:OMP =
2̂;Drc(ji-iP= 

____ N P T S ^

.:24.2..
3

104 
104 
' 6

139
;i39

-1

3 6 6  
■'61"

NPTS = 
i  .
1

1
"l -

'■JPTS = 

1 __

500 .NY =

300 NY=

500 NY=
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