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ABSTRACT

The program in this package applies the BDF algorithm[l] to solve the
piecewise-linear dynamic circuits. It is shown to possess the computational
efficiency of canonical piecewise-linear analysis, and the reliability of the BDF
algorithm.

March 26, 1986

t Research supported by the Office of Naval Research under Contract N00014-76-C-0572, and by the Na
tional Science Foundation under Grant ECS-8313278.



NOEL PACKAGE 7 : CANONICAL PIECEWISE-LINEAR
TRANSIENT ANALYSIS

1. Introduction

The BDF algorithm introduced in [l] for solving the general dynamic circuit is the most reli
able integration routine for handling the stiff algebraic-differential equation. It, however, is com
putationally inefficient since several Newton-Raphson iterations are required for computing the
solution at each timing point. Moreover, like the DC analysis in [2], it also requires an intermedi
ate step to formulate the circuit equation

f(x,x,/) = 0 (1)
to a Csource code, which then is compiled and linked to the BDF simulation routine. The compil
ing and linking processes always take extra cpu time in addition to the computation time. In this
package, we present a different approach, called PWL-BDF algorithm, which applies the BDF
algorithm to perform the canonical piecewise-linear analysis on piecewise-linear dynamic circuits.
It is shown to possess the computational efficiency of canonical piecewise-linear analysis and the
reliability of BDF algorithm.

Similar to the canonical piecewise-linear DC analysis in [3], we assume each nonlinear ele
ment in the dynamic circuit has been modeled by a canonical piecewise-linear representation
through the canonical piecewise-linear modeling process[4]; namely,

*=«+** + EI*-**/| (2)
/—i

where

L (* »y) = (» , t) (resp.; (x ,y) = (i ,v)) for a 2-terminal voltage-controlled resistor
(resp.; current-controlled resistor)

2« (* »tf) =• (» >q) for a 2-terminal capacitor
3. (x , y) = (i , 4) for a 2-terminal inductor

With each nonlinear element modeled by the representation of Eq.(2), the dynamic circuit can be
represented as the canonical piecewise-linear differential equation

f(x,x,0 = s(0 +Axi +Bxrf +CxP +Fx, + £ £dtf I«* -/?/,- |
S-u-i

/-H-l
(3)

where

s€R\ A€R**\ B€R"X\ CeRBX\ FeRB*"'
dy^R", e/t€Rtt, 0ft&}, 7/.6R1

xf€R\ x,€R\ x.€R\ x= [xirxrrx.r]reR"
and xjy ( resp.; xP/) is the j-th component of xd (resp.; xr); nd, nrt and n, are the number.of
dynamic elements (linear or nonlinear), piecewise-linear resistors, and time-varying sources,
respectively.

The canonical equation (3) can be reduced to a linear differential equation

f(x ,x , 0 = w<*) + U<*>x + V(*)x = 0 (4)
in each region R^ where each absolute function | . | and each sign function agn (.) are uniquely
defined.
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The solution trajectory in J^*) can then be easily found by using 2nd order BDF algorithm
which replaces the derivative at t = tj+1 by

x, +1 = orox, +1 + <*iX| + a2xt^ (5)

and Eq.(4) is reduced to a linear differential equation

Gx/+1=g (6)
where

G= a0V<*> +U<*> (7a)
g= _(w(*) +aiV<*>x, +aaV^*^.,) (7b)

and Xf , x/_t are the solutions at tt and ^_t respectively.

In view of Eq.(6), the solution x/+i is easily obtained by solving a linear equation only.
Compared with several Newton-Raphson iterations for solving a nonlinear algebraic equation in
the conventional BDF algorithm, the PWL-BDF approach is obviously superior in computational
efficiency. Moreover, the piecewise-linear dynamic circuit is formulated as Eq.(3) which is
represented in terms of the numerical coefficients instead ofa C source code, and hence can skip
the compiling and linking processes on the equation source code.



2. Algorithm

Step 1.

Find the generalized implicit equation

Pv + Qi + s = 0 (8)

for the linear n-port obtained by extracting each nonlinear and/or dynamic element and/or
time-varying source from the circuit such that all the linear resistors, linear controlled
sources, and independent sources are contained within the n-port.

Step 2.

Decode the element characteristic of each external port element:
(i) 2-terminal piecewise-linear resistor :

see Step 2 of Section 2 in [3]
(ii) 2-terminal linear capacitor :

i = C*v (9)

where C is the capacitance,

(iii) 2-terminal voltage-controlled piecewise-linear capacitor characterized by

{?=(*o,yo)(*i,yi) (*ffF,)(*»+i.9*+i)} (10)
is decoded into the 1-dimensional canonical piecewise-linear equation

«'=[* + E«y«ffn(« -Pj)\v (11)
y—i

(iv) 2-terminal linear inductor :

v = L*i

where L is the inductance,

(v) 2-terminal current-controlled piecewise-linear inductor characterized by
{pAi=(*o,yo)(*i,yi) (*«9*X*»+i.9*fi)} (13)

isdecoded into the 1-dimensional canonical piecewise-linear equation

•=*[* + E*f$n(i-0i)]i (14)
y-i

(vi) time-varying voltage source (resp.; current source) characterized by !f(t)} is decoded
as* =/(0(resp.;i = / (*))•

Step 3.

Combine the linear n-port equation and the external port-element characteristics to form the
canonical piecewise-linear differential equation (3).

Step 4.

Given the initial condition (capacitor voltage and inductor current), find the dc solution at
the starting time (t =t0):

(i) Replace each capacitor (resp.; inductor) by an independent voltage source (resp.;
current source) with source value equal to the given initial condition,

(ii) Replace each time-varying voltage source (resp.; current source) by a piecewise-linear
resistor characterized by {v=(0,E)(l,E)} (resp.; {t =(0,/)(l,/)}) where E=8(t0)
(resp.; J=a(*0)).

(12)
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(iii) Perform the canonical piecewise-linear dc analysis[3] to find the dc solution at t =l0,
which is represented in terms of

(a) voltage of the voltage-controlled pwl resistor
(b) current of the current-controlled pwlresistor
(c) current of the time-varying voltage source
(d) voltage of the time-varying current source

Step 5.

Find the initial differential equation

w(o) +u<°)x +V*°>x = 0 (15)
corresponding to the region R® where the initial point (found in Step 4) is located; set
k=0.

Step 6.

Use the Backward Euler Formula

xi - *o . .
x* = —— (16)

to find the solution Xj of the linear differential equation

w<*> +U(*)x +V^*)x = 0 (17)
at t = t0 + h .

Step 7.

Ifxx is not in Rlk\ then reduce h to h/10 and go to Step 6; else go toStep 8.
Step 8.

Use the second order BDF formula to approximate

x2 = aro*2 + <*iXi + a2Xo (18)

and

*2P = 76*1 + 7iXo + 72*-i (19)
such that the approximation x2 and x^ are exact if the solution trajectory is a 2nd order
polynomial curve, where x2 is the solution at t = t2 = tx + h, and x_! is the solution at
the timing point prior to t0 (use linear approximation for x2p if t0 is the starting time or a
timing point corresponding to a new region).

Step 9.

Substitute Eq.(18) into Eq.(17) to solve x2. IfXa is not in i?<*\ then go to Step 14; else go to
Step 10.

Step 10.

Estimate the truncation error and the error ratio

fc- II*-*!!*, ratio = *T. (20)
t2-t0 ' 10-3 \M)

Step 11.

If ratio>2 then reduce h to h/2 and go to Step 8 to repeat solving Eq.(l5); ebe go to Step

Step 12.

ff ratio<0.5 then increase h to 2h; else adjust h to h/ratio.
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Step 13.

Renew the solution vectors such that x^Xo are the most recent solutions at the present tim
ing point tx and the previous timing point t0; namely

Xq=Xi, Xj = x2, t0=tlt t1 = t2, t2= ti + h

If t2 exceeds the final time, then stop the transient analysb;
ebe go to Step 8.

Step 14.

Find the dbtance ratio r such that xb b located in the first boundary hit by the solution
trajectory segment between xl and x2, where

x6 =x1 + r*(x2-x1) (20)
and0<r <1.

Step 15.

Choose *0 = t j + r*h and Xq = xb .
Step 16.

Renew the linear differential equation

w(* +D +u(* +i)x +vC* +i)i = 0 (21)
corresponding to the new region R^k+l\ increment k by 1and go to Step 6.
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3. User's Instruction

Step 1.

Create a file "xx.-jcspc* which describes the piecewise-linear dynamic circuit to be analyzed
and follows the rules of the input format language defined in [5] for each class ofcircuit ele
ments, where "XX...X* b the filename of the input file with extension ".spc". All the linear
elements or 2-terminal elements with piecewise-linear characterization can be included in
wxx...x.spcB; namely

'R': 2-terminal resbtor (linear or pwl)
'C: 2-terminal capacitor (linear or pwl)
'L': 2-terminal inductor (linear or pwl)
"V": independent voltage source (time-invariant ortime-varying)
'V: independent current source (time-invariant ortime-varying)
'E': linear voltage-controlled voltage source
'F': linear current-controlled current source

' G': linear voltage-controlled current source

'H': linear current-controlled voltage source

Steps 2-4 are combined asa single batch process and are executed by typing the command
pwldsim xx...x

where "xx...x.spcB b the input filename.

Step 2.

Type the command

dctrf xx..oc

to transform the input file "xx..jc.spcn to the equivalent resbtive circuit file "dcspcspc" (see
Step 4 in Section 2). It proceeds interactively with the user as follows :
CONVERT TO DC PWL RESISTIVE CIRCUIT.....
enter the starting time

enter the starting time for transient analysb

enter the initial voltage of Cx.oc

enter the initial current of Lx..x

enter the initial.............

enter the initial condition for each dynamic element (capacitor voltage and inductor current)
END OF CONVERTING PROCESS

Step 3.

Type the command

pwldc dcspc

to find the dc operating point atstarting time (see Step 2of Section 3in [3]).
Step 4.

Type the command

pwldn xx..oc

to perform the canonical piecewbe-linear transient analysb with the following interactive
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procedures :

CANONICAL PWL TRANSIENT ANALYSIS.

See procedures of Step 5 of Section 3 in [l].
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4. Output Format

The computed result b shown in the color monitor in two different modes ofoperation:
(1) transient waveform vs time

Each of the following variables can be chosen by the user as the output variable to show its
transient waveform on the screen, with a particular designated color and scaling factor for
fitting into the graphic box.

(i) voltage of voltage-controlled piecewise-linear resistor
(ii) current of current-controlled piecewise-linear resistor
(iii) capacitor voltage (linear orpiecewbe-linear)
(iv) inductor current (linear or piecewbe-linear)
(v) current of time-varying voltage source
(vi) voltage of time-varying currentsource

(2) phase portrait

The user can choose arbitrary two variables from the list of variables in (l) to plot the
phase portrait. One variable b designated as the x variable and the other b y variable.
Either the x or y variable has its own scaling factor entered by the user for showing the
phase portrait properly within the range of graphic box.

(3) output file

In addition to the graphical output, the numerical results ofthe computed solution are writ
ten into the output file "xx...x.out* provided the -o option b specified in the command line;
namely,

pwldn -o xx...x

in Step 4, or

pwldsim -o xx...x

in the batch command.



5. Examples

Example 1: in file "exLspc"

An impasse circuit with jump behavior (Fig.l).

Example 2 : in file "ex2.spc"

A dynamic circuit with piecewbe-linear resbtor and capacitor (Fig.2).

Example S : in file wex3.spcw

The double scroll chaotic circuit (in Fig.3).
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8. Diagnosis

1. See Section 6 of [6].
2. PWLDN SPICEJTLE

Bad command line, the correct one should be

pwldn xx..oc

where "xx.-.x-spc" b the input file.
3. CAN'T OPEN THE SPICE FILE

Can't open the input spice file "xx^jcspc".
4. TOO MANY TIME-VARYING SOURCES; INCREASE NS TO mm..m

The number of time-varying sources b b beyond the limit NS which should be increased to
mm..m.

5. TOO MANYPWL RESISTORS; INCREASE DIM TO mm..m

The number of pwl resbtors exceeds the upper bound DIM which should be increased to
mm..m.

6. TOO MANY PWL DYNAMIC ELEMENTS; INCREASE DIM TO mm..m
The number of pwl dynamic elements exceeds the upper bound DIM which should be
increased to mm..m.

7. INSUFFICIENT SPACES ALLOCATED; INCREASE nn..n to mm..m.
mm..m spaces are required which exceed the upper bound nn..n.

8. UNDEFINED ELEMENT TYPE

The element type b not in the class of allowed elements lbted in Step 1 of Section 3.
9. TOO MANY DIGITS IN PWL MODEL

The numerical data mm..m in the pwl model has too many digits; it should not exceed 20
digits.

10. TOO MANY BREAKPOINTS IN PWL MODEL

The pwl model has too many breakpoints which exceeds the upper bound 10.
11. MISSING '}' EST THE PWL MODEL

The model description of apwl element b not included within apair of brackets "{ }"
12. BOUNDARY CROSSING PROBLEM AT INITIAL POINT

The solution trajectory at the starting point crosses a boundary; reduce the initial stepsize
or perturb the starting point.

13. CAN'T READ THEFILE dc.op
The file of the starting operating point b not available.

14. CAN'T READ THE STARTING TIME

Thestartingtimestored in the file "dcop" b not available.
15. INITIAL POINT IS IN UNDEFINED REGION

Can't find the initial region where the initial point b located; should check the breakpoints
in each pwl model to see whether they are in thesequential order.

16. UNABLE TO EVALUATE THE TIME-VARYING SOURCE
Improper description of the time-varying source characteristic.

17. WARNING MESSAGE : CLOSE TOA NUMERICAL IMPASSE POINT
The solution trajectory gets stuck in a boundary; the PWL-BDF routine will restart the
analysb by choosing the boundary point as the initial point.
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18. WARNING MESSAGE : CLOSE TO A SHARP TURNING POINT

The solution trajectory reaches a region where the transient time changes abruptly.
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Figure Captions

Fig.l An impasse circuit with jump behavior.
Fig.2 A dynamic circuit with piecewbe-linear resbtor and capacitor.
Fig.3 The double scroll chaotic circuit.
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* Example 1
*

* impasse circuit uith jump behavior
CI 1 0 1

L2 1 2 lu

R-3 2 0 <v=<-2f0)<-l,l>U,-l><2,0>>

.end
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CONVERT TO DC PWL RESISTIVE CIRCUIT

enter the starting time
3

enter the initial voltage of CI
9.1

enter the initial current oi L2
8.2

END OF CONVERTING PROCESS

CANONICAL ?Wi. DC ANALYSIS : FINDING DC OPERATING POINT

xE83=i<R3)

enter the initial Doint

i<R3)= 3

the solution is

i<R3>*2.888e-81

continue tracing present branch ot solution curue? y/n

try another branch o-f solution curve? y/n
n

END OF CANONICAL PWL DC ANALYSIS "OR DC OPERATING POINT

CANONICAL PWL TRANSIENT ANALYSIS

enter the initial stecsize

1e-8

enter the -final tirae

19

phase Dortrait? y/n

XL'3j=v<CI)

xl11=1sL2-

xl2>i<R3)

A__i/5riaDi e=xi?Z
y

scaiincj -factor -for v(CD = IE?

8

y_variable=xE?3
1

scaling -factor -for i<L2) = IE?
6 . "
enter xnin and xrnax

-4 4

enter ymin and ymax

-4 4

END OF CANONICAL PWL TRANSIENT ANALYSIS
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* Example 2
*

* dynamic circuit with piecewise-linear resistor and capacitor
R2 2 0 <i=(0,lXl,2X3,0X4,l)>

CI 2 0 {q=<-2,-4.5X-1.2,-0.SX1.2,0.5X2,4.5>>
LX 2 0 1

Rl 1 2 2
*

* sinusoidal driving source
Uln 1 0 <sin<t)>

.end
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CONVERT TO DC PWL RESISTIVE CIRCUIT

enter the starting time
8

enter the initial vol tacje o-f CI
1

enter the initial current o-f LX
2

END OF CONVERTING PROCESS

CANONICAL PWL DC ANALYSIS : FINDING DC OPERATING POINT

x[83=v<R2)

xii3=i<RVin)

enter the initial point

v<R2>= 3

i<RVin>= 2

the solution is

v<R2)=l.888e+66

i<RVin)=5.388e-0i

continue tracing present branch o-f solution curve? y/n
n

try another branch o-f solution curve? y/n
n

END OF CANONICAL PWL DC ANALYSIS FOR DC OPERATING POINT

CANONICAL PWL TRANSIENT ANALYSIS,

enter the initial stepsize
le-4

enter the -final time

23

phase portrait? y/n
n

draw i<LX> ? y/n

scalinq factor -for i<LX) = IE?

0

draw vCCl.) ? y/n

y

scalinq -factor -for v<Cl) = IE?

0

draw v<R2) ? y/n

n

draw i(V:n) ? y/n

n

enter xmin and xmax

8 20

enter ymin and ymax

-2 4
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* Example 3
*

* Double scroll chaotic circuit
C2 1 8 1

L4 1 9 8.143

R3 1 2 1.43

CI 2 8 8.111

R5 2 9 <i=<-3.0X-2,1.3X-l,0.8X1,-0.8X2,-1.3X3,0)}
.end
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CONVERT TO DC PWL RESISTIVE CIRCUIT,

enter the starting time

enter the initial voltage o-f C2
8.2

enter the initial current o-f L4
8.1

enter the initial voltage o-f CI
0.2

END OF CONVERTING PROCESS

CANONICAL PWL DC ANALYSIS : FINDING DC OPERATING POINT

xC0]=v<R5)

enter the initial point
v<R5)= 3

the solution is

v<R5)=2.838e-01

continue tracing present branch o-f solution curve? y/n
•i

try another branch o-f solution curve? y/n
n

SID OF CANONICAL PWL DC ANALYSIS FOR DC OPERATING POINT

CANONICAL P*JL TRANSIENT ANALYSIS
enter the initial stepsize
ie-4

enter the -final time

493

phase portrait? y/n
y

xC93=v<C2>

xC13=i<L4>

xC23=y<Cl>

xC33=V'R5>

x_variable=xi?3
1

scaling -factor -for i(L4) = IE?
0 •

y_variable=x[?3
2~
scaling -factor -for v<Cl) = IE?

enter xmin and xmax

-4 4

enter ymin and ymax

-4 4

END OF CANONICAL PWL TRANSIENT ANALYSIS
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APPENDIX

SOURCE CODE LISTINGS
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Sde-fine NODE 50

sdetme DIM 13

#de-fine NS 5

#de-fine DIMA 100

Sde-fine DIHB 288

#de-fine DIMC 48

struct INLINE

{

char name!93;
int port?

int nodel»node2,ncde3,node4,node5,node6,node?,node8
char *relation;

>5
struct B_VECT0R
{

int a,b;

>S
typede-f char *STRIN6;
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#include <stdio.h>

^include °pwld.hn

int n;
int mnj
int

int

int

int

int

int

int

ir;

ix;

is;
*r_brk j
*x_brk;
*nr;

*nx;

int *jx;

/#

/*

/*

/*

/*

/«

/*

dimension o-f canonical pwl di-f-f. eq. */
# o-f model lines in the spice input -file */
# o-f pwl resistor */
# o-f dynamic element */
# o-f time-varying source */
r_brkCi3 = # of breakpoints in the i-th pwl resistor */
x_brkCi3 = # of breakpoints in the i-th dynamic element */

/* nrCj3 =

/* nxCj3 =

/* jxEi] =

/* located

/*

r_brkC03 + r_brkC13 + ... + r_brk[j-13 */
x_brk[03 + x_brkC13 + ... + x_brk[j-13 */
k i-f and only i-f the present solution is */
in the k-th segment o-f the */

i-th pwl dynamic element i-f i<ix */
/* <i-ix)-th pwl resistor i-f i>=ix */

/* parameters o-f the canonical pwl di-f-ferential equation
/* s + src*s<t) + a*x + b*x' + c*z + sc*zs

/* + sum d_ij*!z_i - beta_ij! + sum e_ij*!x_i - gamma_ij!
doubl e *s,*a,*b,*c,*d,*e, *beta, *gamma,*sc,*src;

*/

*/

0 */

double *p,*q;

double *-f,*g;

double *u;
double *x2;
double *xl;
double *x;
double *x0;

double *xp;
double t;
double «i
double h;
double hlj
double *ft;

char *sxCNS3j

/* parameters o-f generalized hybrid equation */

/* parameters o-f the linear di-f-ferential equation */
/* s + a*x + f*x' + g*z = 0 */
/* in a certain region */

/* parameter o-f linear matrix equation u*x=v */
/* solution o-f next timing point #/
/* solution of present timing point */
/* solution o-f previous timing point */
/* solution of two timing points prior to the */
/* present timing point */
/* predicted solution for next timing point */
/* present time */
/* final time for transient analysis to terminate */

/* next time stepsize */
/* last time stepsize */
/* ft£i3 = source value of the i-th time-varying source */
/* at the next timing point */
/* sxCi] = symbolic expression of the i-th time-varying */
/* source */

/* string representations for model description or circuit variables */
char *modelC38],xr[DIM3C12],xd[DIM3E12],xs[NS3[123;

struct INLINE branchC783;
struct B_VECT0R branch_vectorC703;

int outfile=0;
FILE *op;

/* outfile changes to 1 if -o option is present */
/* pointer to the output file nxx...x.out" */

/* Canonical piecewise-linear transient analysis for dynamic circuits. */
/#*»****#***»******#***##****«*»*♦*#****«*#***###******#♦*******************/
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main<argc,argv)
int argc;
char *argvC3;
{

FILE *fp;

printf<"\nCANONICAL PWL TRANSIENT ANALYSIS \n">;

/* open the spice input file */
open_spice_file<argc,argv,&fp);

/* formulate the circuit to a canonical piecewise-linear */
/* differential equation */
pwl__form<fp);
fclose(fp);

/* solve the canonical pwl differential equation */
pwl_comp<);

if (outfile == 1)

fcloseCop);
printf<"\nEND OF CANONICAL PWL TRANSIENT ANALYSIS\n°):

}

/*****#*********#************#********#*#******^^

/* Open the spice input file "xx...x.spc". */
/**************#*********#**»»#*##**********»^^

open_spice_file<argc,argv,fp)
int argc;
char *arqvE3;
FILE **fp;
{

FILE *fopen<);
char *s,line[203;

/* check the option */
while <—argc > 8 && <*++argv)C83 == '-')

for <s = argv[83+l; *s != '\0'j s++)
switch<*s)

{

case 'o' :

outfile=lj
break;

defauIt:

printfCILLEGAL OPTION %c\n",*s>;
argc=8;
break;

}

/* incorrect command line */
if <argc!=l)

exit_message<qPWLDN SPICE_FILEa>;

sprintf <1 inej^s.spc" ,*argv);
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ca11ocd<DIMA,&c,ncn);
ca11ocd<DIMB,&d,"dB);
callocd<DIMA,&e,Be°);
callocd<DIMC,&beta,°betaB)j
callocd<DIMC,&gamma,"gamma");
callocd<DIMC,&sc,t,sc°);
callocd<DIMC,&src,usrc");

/* Allocate spaces for the parameters of the canonical pwl differential */
/* equation with exact sizes. */
/*#**#******»**####****#*#»»#**#***##*###***#####^##>###########<<#########/

post_al
{

ra

ra

ra

ra

ra

ra

ra

ra

ra

ca

ca

ca

ca

ca

ca

ca

ca

cal

cat

}

lxO

ocd<&a,n*ix,DIMA);
ocd<&b,n*ix,DIMA);
ocd<&c,n*ir,DIMA);
ocd<&d,n*nrCir3,DIMB);
ocd<&e,n*nxEix3,DIMA);
ocd<&beta,nrEir3,DIMC);
ocd<&gamma,nxCix3,DIMC);
ocd<&sc,n*is,DIMC);
ocd<&src,n*is,DIMC);
ocd(n»ix,&g,"gn);
ocd<n*ir,&f,nfn);
ocd<n*nl&u,Bu,,>;
ocd<n,&x,"xn);
ocd<n,&x8,ux0n>;
ocd<n,&xl,uxr);
ocd<n,&x2,Mx2n>;otusn ,«xz, xz .' j

ocd<n,&xp,"xpn);
ocd<is,&ft,"fta);
oci(ir+ix,&jx,Bjx >J

/***#********#***********«***#**#«*#»»###***###*******#**####*****#********«/
/* Check whether enough spaces have been allocated in pre_allx<). */
/###********************#****#**»***#***^^

check_dim<>
{

if <is >= NS)

{

printf<"T00 MANY TIME-VARYING SOURCES; INCREASE NS TO Xd\n",is);
exitO ;

}

if <ir >= DIM)

{

printfCTOO MANY PWL RESISTORS; INCREASE DIM TO ^d\n",ir);
exit<);

}

if <ix >= DIM)

{

printf<uT00 MANY DYNAMIC ELEMENTS; INCREASE DIM TO */.d\n",ix);
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if <<*fp=fopen<line,"r"))=NULL)
{

printf<BCAN'T OPEN THE SPICE FILE '/s\n" ,1 ine);
exitO ;

}

if <outfile == 1)

{

sprintf(line,uY.s.out" ,*argv);
op=fopen<l ine^w");

}

/********♦»**♦*#*******#*********♦**#**»**»#♦#*#*##*##*##*#*###*♦»**#*##*#*#/

/* Formulate the dynamic circuit into a canonical pwl differential equation*/
/* s + src*s<t) + a*x + b*x' + c*z + sc*zs */
/* + sum d_ij*iz_i - beta_ij + sum e_ij*ix_i - gamma_iji = 8 */
/s*************************************^***^^

pwl_form(fp)
FILE *fp;
<

/* find the generalized hybrid equation for the linear n-port */
n=78;
mn=38;

n__port<fp,model ,branch,branch_vector ,&p,&q,&s,&n,&mn);

/* allocate spaces for equation parameters with rough size */
pre_alx<);

/* decode the element characteristics for the nonlinear */
/* and/or dynamic elements #/
ir=8;
ix=0;
is=8;
decode_port<);

/* check whether enough spaces have been allocated */
check_dim<);

/* allocate equation parameters with exact dimensions */
post_allx<);

>

/**********#*******»**#****»***##^

/* Allocate spaces for the parameters of the.canonical pwl differential */
/* equation before the exact sizes are available. #/
/************************#***#*##*************^^

pre_alx<)
{

calloci(n,&r_brk,nr_brkn);
calloci<n,&xJ^rk,',x_brkl,);
calloci(n+l,&nr,°nr°);
calloci<n+l,&nx,Mnx");
callocd<DIMA,&a,aa");
callocd<DIMAf&b,nb");
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exitO;
}

if (n*ix )= DIMA)

{

printf("INSUFFICIENT SPACE ALLOCATED; INCREASE DIMA TO /.d\nB ,n*ix);
exitO;

}

if (n*ir >= DIMA)

{

printf("INSUFFICIENT SPACE ALLOCATED; INCREASE DIMA TO Y.d\na ,n*ir);
exit();

}

if (n*nxEix3 >= DIMA)

{

printfC* INSUFFICIENT SPACE ALLOCATED; INCREASE DIMA TO %d\nu,
n*nxEix3);

exitO;
>

if (n*nrEir3 >= DIMA)

{

printf("INSUFFICIENT SPACE ALLOCATED; INCREASE DIMB TO %d\nn,
n*nrEir3);

exitO ;
}

if (nrEir3 >= DIMC)

printf("INSUFFICIENT SPACE ALLOCATED; INCREASE DIMC TO /.d\n" ,nrEir3);
exitO;

}

if (nxEix3 >= DIMC)

<

printf("INSUFFICIENT SPACE ALLOCATED; INCREASE DIMC TO /.d\nu ,nxEix3);
exit();

\

if (n*is >= DIMC)

{

printf("INSUFFICIENT SPACE ALLOCATED; INCREASE DIMC TO %d\n",
n*is);

exitO;
}
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^include <stdio.h>

^include "nport.h0

extern char xr[][123,xdC3C123,xsE3E123,*sx£3;
extern int n,ir,ix,is,*nr,*nx,*r_brk,*x_brk;
extern double *a,»b,*c,*d,*e,*beta,*gamma,*sc,*src;
extern double *p,*q,*s;
extern struct INLINE branchE3;
extern struct B_VECT0R branch_vectorE3;

/**************#*********«********hh****^^

/* Decode the model of each nonlinear and/or dynamic element. */
/***************#************#**********^^

decode_port()
{

int i,j ;

for (i=8;i<n:i++)
i

j=(branch_vector+i)->a;
switch((branch*j)->nameE83)
i

case 'R'

case 'C

case 'L'

case 'V

case 'I'

default

pwl_r(i,j); break;

d_element(i,j)j break;

source(i,j); break;
{

printf("UNDEFINED ELEMENT TYPE %s\n",
(branch+j)-)name);

exitO;
}

/* pwl resistor */

/* dynamic element */

/* time-varying source */

/***************************************^

/* Decode the model of a pwl resistor into the canonical pwl function. */
/******************#***#***********«*****^^

pw1_r(i,j)
int i,j ;
{

int m,k;
double *zx,*zy,yE183;

/* decode the pwl model */
decode_l ((branch*j)->relation,r_brk+ir,y);
callocd(n,&zx,nzxn);
callocd(n,&zy,Mzy");

ii (find_index(n{i=" ,(branch+j)->relation)=8)
{

/* voltage-controlled pwl resistor */
for (k=0;k<n;k++)
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}

zxEk3=pCk*n*i3;
zyEk3=qCk*n+i3;

}

sprintf(xrEir3,"v(/<s)n,(branch+j)->name)5
}

else

{

if (find_index(n(v=" ,(branch+j)-)relation)=8)
{

/* current-controlledpwl resistor */
for (k=6;k<n;k++)
{

zxEk3=qEk*n+i3;
zyEk3=pEk*n+i3;

>

sprintf(xrEir3,"i(%s)",(branch*j)->name);
>

else

exit_message(°INCORRECT FORMAT IN PWL RESISTOR MODEL"):
}

/* nr[j3 = r_brkE83 + r_brkE13 + ... + r_brktj-13 */
nrEir+13=nrEir3+r_brkEir3;

for (k=8;k<n;k++)
{

sCk3+=zyEk3*yE83;
cEir*n+k3=zxEl<3+zyEk3*yE13;

}

for (m=8;m<r_brkEir3 ;m++)
<

for (k=8;k<n;k++)
dE(nrEir3+m)*n+k3=yE2+2*m3#zyEk3;

betaEnrEir3+m3=yE3+2»m3;
}

ir++;
cfree(zx);
cfree(zy);

/*******************»»****#******#****^^

/* Decode the model of the dynamic element. */
/*******#*****#*##***#»***»***##*^

d_element(i,j)
int i,j ;
<

int k;
double *zx,*zy,value,stof();

callocd(n,&zx,"zx");
callocd(n,&zy,"zy");

/* capacitor */
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if ((branch+j)->nameC03=/Cy)
{

for (k=0;k<n;k++)
{

zxEk3=pEk*n+i];
zyEk3=qEk*n+i3;

}

sprintf(xdEix3 ,"v<Ms>" ,(branch+j)->name);
>

/* inductor */

else
t
V

for (k=8;k<n;k++)
{

zxEk3=qEk*n+i3;
zyEk3=pEk*n+i3;

>

sprintf(xd£ix3,"i(%s)",(branch+j)->name);
}

/* pwl dynamic element */
if (find^indexCC" ,(branch+j)->relation)=8)

pwl_x(i,j,zx,zy);

/* linear dynamic element */
else

<

/* get the capacitance or inductance */
value=stof((branch*j)->relat ion);
for (k=8;k<n;k++)
{

aEix*n+k3=zxEk3;
bE ix*n+k3=zy[k3*value;

>

x_brkEix3=8; /* no breakpoint */
nxCix+13=nxEix3;

}

ix++;
cfree(zx);
cfree(zy);

}

/*******#**#*#»***##****##*»******##****^

/* Decode the pwl dynamic element. */
/*»*****************************************^

pwl_x(i,j,zx,zy)
int i,j;
double *zx,*zy;
{

int m,k;
double yE103;

/* decode the pwl model */
decode_l((branch*j)->relation,x_brk+ix,y);
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/* nxEj3 = x_brkE83 + x_brkE13 + ... + x_brkEj-13 */
nxEix+13=nxEix3+x__brkCix3;

for (k=8;k<n;k++)
{

aEix*n+k3=zxEk3;
bEix*n+k3=zyEk3*y£13;

}

for (m=8;m<x_brkEix3;m++)
{

for (k=8;k<n;k++)
eE(nxEix3+m)*n+k3=yE2+2*m3*zyEk3;

gammaEnxEix3+m3=yE3+2*m3;
}

/*##*****»*»»**##**##**»#**#*»»######*#*»##**##<<*##<<<<*<<#####<#<<#^<<^</

/* Decode the time-varying source characteristic. */
/*****#*#***#****#******»*****####**#*#*###^^

source(i,j)
int i,j;
{

char *calloc();
int k;

/* extract the characteristic of the time-varying source */
sxEis3=calloc(strlen((branch+j)->relation)+l,sizeof(char));
strcpy(sxEis3,(branch+j)->relation+l);
sxEis3Estrlen(sxEis3)-13='\8';

if ((branch+j)->nameE83='V)

/* time-varying voltage source */
for (k=8;k<n;k++)
<

scEis*n+k3=qEk*n+i3;
srcEis*n+k3=pEk*n+i3;

}

sprintf(xsEis3,8i(Xs)u,(branch*j)-)name);
}

else
r

\

/* time-varying current source */
for (k=3;k<n;k++)
{

scEis*n+k3=pEk*n+i3;
srcEis*n+k3=qEk*n+i3;

}

sprintf(xsEis3,"v(Xs)",(branch*j)->name);
}

is++;
>
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/* Decode the 1-port element model #/
/* (i (or v)=(xx.x,yy.y)(xx.x,yy.y)..,(xx.x,yy.y)} */
/* to the canonical pwl representation */
/* y = a + b*x + sum c_i*!x - beta_ii */
/***#***************HHt#*«***HH******************«*#^

decode_l(model,m,aa)
char *model; /* model string */
int *m; /* tt of breakpoints */
double aaE3; /* numerical information in the model */
{

char xzE213,yzC213;
int nn=8,i,k,l;
double xwE183,ywE183;
double atof();

l=strlen(model)+l;
k=find_index("='*,model);
model=model+k+l;
while (*model! = '}' && k++<l)

{

if (*model=' ') model++;
if (*model==/(/)

<

/* get the x-component of the breakpoint */
i=8;
while (*model!=',' && i<21)

xzEi++3 = *(++model);
if (i)=21)

exit_message("TOO MANY DIGITS IN PWL MODEL");
xzEi-13='\8';
model++;
if (nn>=18)

exit_message("TOO MANY BREAKPOINTS IN PWL MODEL");
xwEnn3=atof(xz);

/* get the y-component of the breakpoint */
i=8;
while (*model!=')' && i<28)

yzEi++3 = *(rnodel++) j
if (i>=28)

exit_message(BTOO MANY DIGITS IN PWL MODEL");
yzEi3=,\8/;
model++;
yw£nn++3=atof(yz);

/* incorrect model description */
if (k>=l)

exit_message("MISSING '}' IN THE PWL MODEL");

*m=nn-2; /* tt of breakpoints */

/* construct the canonical pwl representation */
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canonical_pwl(*m,xw,yw,aa);
}

/***«****##***»***#*«»*#*##»#***###»###**^^

/* Given the x and y coordinates of each breakpoint and two arbitrary */
/* points in the ending segments, construct the 1-dimensional canonical */
/* pwl representation #/
/* y = a + b*x + sum c_i*!x - beta_i! */
/*#*****#*****#*******##*********»******#**#*^

canonical_pwl(m,xw,yw,aa)

int m; /# # of breakpoints */
double xwE3,ywE3; /* breakpoins */
double aa£3; /# parameters for canonical pwl representation */

{

int i;
double *s1ope;
double fabsO ;

callocd(m+l,&slope,"slope");

/* calculate the slope of each segment */
for (i=8;i<=m;i++)

5lopeEi3=(ywEi+13-ywEi3)/(xwCi+13-xwEi3);

/* construct the parameters in the canonical pwl representation */
aa£13=(slopeEm3+slopeE83)/2;
for (i=8;i<m;i++)
{

aaE2+2*i3=(slopeEi+13-slopeEi3)/2;
aaE3+2*i3=xwEi+13;

}

aaE83=yw£83-aaE13*xwE83;
for (i=8;i<m;i++)

aaE8 3=aaE8 3-aaC2+2*i3*fabs(aaE3+2*i3-xwE83);
cfree(slope);
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ttinclude (stdio.h)

^include "/usr/include/local/sym.h"
#include B/usr/include/local/graf.h"

extern int n,ir,ix,is,*nr,*nx,*r_brk,*x_brk,*jx;
extern double *x,*s,*a,*b,*c,*d,*e,*g,*f,*u,*beta,*gamma;
extern double *sc,*src,h,hl,t,tf,*ft,*xl,*x2,*xp;
extern char xrE3E123,xdE3E123,xsE3E123,*sxE3;
extern int outfile;
int lx=l;
double tstart,hy,*sa;
GRAF *gp;
FILE *hp;

/* Canonical pwl transient analysis. • #/
/***************#*#******#»#******#*##*#**^

pwl_comp()
{

int i,mx,kx;
double r;

/* save the s vector */

callocd(n,&sa,"sa");
for (i=8ji<n;i++)

saEi3=sEi3;

/* read the initial condition */

ini_pt();
fclose(hp);

/* determine the initial region */
location_index();

/* find the initial differential equation */
ini_eq();

t=tstart;

/* draw the graphic axises, labels, and the title name */
draw_graf(&gp);

/* compute the solution of the next timing point */
start(h);
if (boundary(&mx,&kx,&r,x,xl) = -1)

exit_message("BOUNDARY CROSSING PROBLEM AT INITIAL POINT");
t+=h;

/* use bdf formula to perform the transient analysis */
while (t<tf)

\

if (tr_analysis() = -1)
re_start();
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/********##******##»#***********^

/* Restart the analysis with the previous exit point as the starting point */
/* when a numerical impasse point or very sharp turning point is reached. */
/**************#***###**###*#############################<#####<#######^#^/

re_start()
{

location_index();
tstart=t;
ini_eq();
h=le-8;
start(h);
t+=h;

}

/********************************************^^

/* Read the starting time, final time, initial stepsize, and the initial */
/* condition. #/
/******************************************^^

ini_pt()
{

int i;

get_ini_t();
printf("enter the initial stepsize\n");
scanf(',%lfn,&h);
if (outfile = 1)

{

printfC'enter the printing stepsize for the output file\n");
5canf(aXlf",&hy);

•\

/* get the starting dc operating point */
get_ini_dp();

}

printfC'enter the final time\n");
scanf("^lf",&tf);

/*****************«*******«*HHt*******#****^^

/* Get the starting time from the file "dc.p" which is created in the */
/* pre-process for finding the starting point. */
/**************#*#»*****»*#*#**«*#**********#*»*»**#*####***##*##**##*######/

get_ini_t()
{

FILE *fopen();
char lineE883,wlE883;
double stof();

hp=fopen("dc.op","r");
if (fgets(line,80,hp) = NULL)

exit_message("CAN'T READ THE FILE dc.p");
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if (find_index(nt_8=u,line) != 8)
exitjnessageC"CAN'T READ THE STARTING TIME");

strdel(line,8,4);
strdel(linefstrlen<line)-l,l);
tstart=stof(line);

}

/* Get the initial dc operating point from the file "dc.p". */
/*#*#******#**»*#»*»#**»**#***##*######*####*<<#*#<<#*####^#^##^###<#<<##^

get_ini_dp()
{

char lineE1883;
int i;
double extractO;

while (fgets(line,88,hp) != NULL)
/

if (lineE83==/v/ !! HneC83='i')
{

for (i=8;i<ix;i++)
if (find_index(xdEi3,1ine) = 8)

xEi3=extract(line);
for (i=8;i<ir;i++)

if (find_index(xrEi3,line) = 8)
xEi+ix3=extract(line);

if (strlen(line)>6)

strdeld ine,2,l);
for (i=8;i<is;i++)

if (find__index(xsEi3 ,line) = 8)
xEi+ir+ix3=extract(line);

/********#*******#*#****#****##*##*#**»**#***^

/* Extract the numerical data of starting dc operating point from the */
/* ASCII code. */
/********************#**#»»*#**#*###*#**»****##***#*##***#****»*#*********/

double extract(line)

char lineE3;
{

int k ;

double zz,stof();

k=find_index("=",1ine);
strdel(!ine,8,k+l);
strdeld ine, striend ine)-l ,1);
zz=stof(1ine);
return(zz);

/##*********#«#*#*********»****»#**#***##*#**#***#**#######»*♦♦**♦#*###**###/

/* Determine the initial region */
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/* jxEi3 = k if and only if the initial point is located in the k-th */
/* segment of the i-th dynamic element if i<ix; or the (i-ix)-th pwl */
/* resistor if i>=ix. */
/***#****#*********##*»******#*#*********^^

location_index()
{

int i, k;

/* dynamic element */

for (i=8;i<ix;i++)
{

if (xEi3<=gammaEnxEi33) /* leftmost segment */
jxEi3=8;

else

{

if (xCi3>gammaEnxEi+13-13) /* rightmost segment */
jxEi3=x_brkEi3;

else

{

for (k=l;k<x_brkEi3;k++)
if ((xEi3-gammaEnxEi3+k-13)*(xEi3-gammaEnxEi3+k3)<=8)
<

jxEi3=k;
break;

}

if (k=x_brkEi3)
exitjnessageC INITIAL POINT IS IN UNDEFINED REGION");

/*' resistive element */

for (i=8;i<ir;i++)
{

if <xEi+ix3<=betaEnrEi33) /* leftmost element */
jxEi+ix3=8;

else

{

if (xEi+ix3)betaEnrEi+13-13) /* rightmost segment */
jxEi+ix3=r_brkEi3;

else

for (k=l;k<r_brkEi3;k++)
if ((xEi+ix3-betaEnrEi3+k-13)*(xEi+ix3-betaEnrEi3+k3)<=8)
{

jxEi+ix3=k;
break;

}

if (k==r_brkEi3)
exit_message("INITIAL POINT IS IN UNDEFINED REGION");
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/******************************************m^

/* Reduce the canonical pwl differential equation to a linear differential */
/* equation #/
/* s + a*x + f*x' + g*z = 8 */
/* corresponding to the initial region. */
/**»*«*************»*********###***###*####*****#############><<####<##<#^##/

ini_eq()

int i,j,k;

for (i=8;i<n;i++)
sEi3=saEi3;

for (j=8;j<ix;j++)
for (i=8ji<n;i++)
<

gEi*ix*j3=bEj*n+i3;
for (k=8;k<x_brkEj3;k++)
{

if (jxEj3<=k)

gEi*ix+j3-=eE(nxEj3+k)*n+i3;
else

gEi*ix+j3+=eE(nxEj3+k)*n+i3;
\
j

}

for (j=8;j<ir;j++)
for (i=8;i<nji++)
<

fEi*ir+j3=cEj*n+i3;
for (k=8;k<r_brkEj3;k++)
<

if (jxEj+ix3<=k)
<

sEi3+=betatnrEj3+k3*dE(nrEj3+k)*n+i3;
fEi*ir+j3-=dE(nrEj3+k)*n+i3;

}

else

{

sti3-=betaCnrEj3+k3*dE(nrEj3+k)*n+i3;
fEi*ir+j3+=dE(nrEj3+k)*n+i3;

}

)

/***********#***#*********Ht*********#*********^^

/* Use the Backward Euler Formula */
/* xl' = (xl - x8)/hx */

/* to compute the solution of the differential equation in the initial */
/* region. */
/******»***#**#**#*##***#****#************#*«*###*****#**#**#********♦******/

start(hx)

double hx;
{
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char *calloc();
int i,j,*ipvt;
double fst(),*zq,rcond;

ipvt=(int *)calloc(n,sizeof(int));
zq=(double #)cal1oc(n,sizeof(double));

/* estimate the value of each time-varying source */
for (j=8;j<is;j++)

ftEj3=fst(sxEj3,t+hx);

/* replace xl" by (xl-x8)/hx and reduce the diff. eq. to */
/* a linear equation */
for (i=8;i<n;i++)
{

xlEi3 = -l*sEi3;
for (j=8;j<ix;j++)
{

uEi*n+j3=aEj*n+i3+gEi*ix+j3/hx;
xlEi3+=gEi*ix+j3*xEj3/hx;

}

for (j=8;j<ir;j++)
uEi*n+j+ix3=fEi*ir+j3;

for (j=8;j<is;j++)
{

uEi*n+j+ix+ir3=scEj*n+i3;
x1E i3-=srcEj *n+i3*ftEj3;

}

>

sgeco(u,n,ipvt,&rcond,zq);
sgesl(u,n,ipvt,xl,8);
hl=hx;

/* approximate the predicted value of next timing point */
/* by the present solution */
for (i=8;i<n ;i++)

xpEi3=xlEi3;

cfree(ipvt);
cfree(zq);

}

/**********#*#**»#**#**»#»*###♦****#***#*«**##»*##»###**«»#*###********##**«/

/* Evaluate the value of f(x) at x=t where f(x) is represented by s_exp. */
/********»**************###**#**#*»**»*#*#**##*##»#*#***##*###****#*»**##**«/

double fst(s_exp,tt)
char *s_exp;
double tt;
<

double syro_eval() ,z ;
SYMJTREE *encode(),*tree;

tree=encode(s_exp)j
sym_set(Bt" ,tt);
z=sym_eval (tree);
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if (sym_stat != 8)
exit_message("UNABLE TO EVALUATE THE TIME-VARYING SOURCE");

free_eqn(tree);
return(z);

}

/**«**#»****#*#*#*»***#*******»*«*****»*#*#*#*##****»#***##**#**####*«*##**v
/* Compute z to the power of i. */
/****************************#****#****^^

double ipow(z,i)
int i;
double z;
{

int j=8;
double w=l;

while (j<=i)
r

\

w=w*z;

j++;
}

return(w);
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Minclude <stdio.h>

sine1, ude Vusr/include/local/graf .h"

extern char *sxE3;
extern in: n,ir,ix,is,*nr,*nx,*r_brk,*x_brk,*jx;
extern double *=<3,*x,*xl,*x2,*xp,*s,*a,*b,*c,*d,*e,*f,*g;
extern double *u,*beta,*gamma,*sc,*src,h,hl,t,*ft,tstart;
extern GRAF *gp;
extern int owfoutfile;
extern douo'e hy{

dcuDie rew_H,h3,xe«bd:

/*********************************************^^

/* Perform the transient analysis for a pwl dynamic circuit; return -1 if */
/* a numerical impasse point or ^ery sharp turning point is reached. */

tr_ana? ysi z<')
{

int i,m,k,kx,mx,j=8,bx;
dosjbl e r;

/* compute the next solution */
new_m*(>;

/* repeat with a smaller stepsize in case of sharp turning point */
wni'is (angle* )~-l && j++<2)

h=h/25
if <h8<le-18>

h3=hl;

prsd-value(x8,x,xl ,h3,hl ,h);
new mx<"; ;

bx=DO'jnaary(&m,&k ,&r,xl ,x2);

/* if cross a boundary #/

if (bx == 1)

{

J=8;

/* renew the linear diff. eq. for the new region */
cross_bdry(m,k,r);

/* start with a very small stepsize in the new region */
h=h/58;
start(h);

/* reduce the stepsize if the solution returns to the */
/* previous region */
while ((bd-xe)*(bd-xlEk3)>8 && ++j<7)

r

h=h/18;
start(h);

}
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/* if the stepsize is reduced to a tiny size (le-7 of */
/* the original size), then it is a numerical impasse */
/* point */
if (j==7)

{

printf("WARNING MESSAGE: CLOSE TO A NUMERICAL IMPASSE P0INT\n">;
if (xEk3>bd>

xEk3=bd - le-8;
else

xEl<3=bd + le-8;
return(-l):

}

j=0;
while (bouncary<&mx,&kx,&r,x,xl)==l)
i

if (mx==m && kx=k)

break;

if (j++ > 3)

printf("WARNING MESSAGE: CLOSE TO A SHARP TURNING P0INT\n">;
return(-l);

h=h/10;
start(h);

/* graphic plotting */
if <pw=!)

draw_phase(op,x,x 1);
el se

draw_waveform(gp,x,x1);

}

el se

if <bx == -1)

ex it_message(M BOUNDARY CROSSING PROBLEM");

/* accept the new computed solution */
if (det_h()=8)
{

if >'pw==l)

draw_phase(gp,xl,x2);
else

draw_waveform(gp ,x1, x2);

/* predict the next solution */
pred_value(x,xl,x2,hl ,h,new_h>;

/* renew the solution vector */
new_sol();
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el se

/* reject and repeat with a smaller stepsize */
pred_va1ue(x8,x,xl,h6,hl,h);

}

return

/*********************************************^^

/* Renew the solution vectors x8, x, xl such that they are solutions at */
/* three most recent timing points; x and xl Are required to approximate */
/« the derivative and predict the next solution, x3 is required in case #/
/* the computed solution is rejected and should repeat with a smaller */
/* stepsize. */
/******«»***************«**»*«****#«*«*#*«***»**««««««*%*ft««««*^x«««ft4««ff*^

new_sol()
r

\

int i;

h3=hlj

hl=h;
h=new_h{ /'* new stepsize */
for (i=8;i<n;i++)
{

x8Ei]=x£ i3;
xCi3=xlEi3;
xlCi3=x2Ci3;

}

t+=hl;

/* Reduce the linear differential equation */
/* s + a*x_n+l + g*<x_n*i)' + f*z_n+l = 9 */
/* to a linear equation */
/* u*x_n+! = s */
/* by replacing (x_n+l)' with the approximation */
/* a3*x_n+i * al*x_n + a2*x_n-l */
/*****«*tHt*»****************tt********************ft***^

new_mx<)
{

char *calloc<);
int i, j,*ipvt;
double r,a8,al ,a2,*zq,rcond,fstO ;

ipvt=(int *)calloc(n,sizeof(int));
zq=(double *)cal1oc(n,sizeof(double));

/* coefficients a8, al, a2 are chosen such that the approximation */
/* (x_n+l)' = a8*x_n+l + al*x_n + a2*x_n-l */
/* is exact if the solution trajectory is a 2nd order polynomial */
r=hl/h;
al = -l*(1.8+r)/(h*r>;
a2=l.8/(r*(l+r>*h);
a8 = -(al+a2);
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/* estimate the value of the time-varying source */
for (j=8;j<is;j++)

ft:j]=fst(sxEj3,t+h);

•for (i=3;i<n;i++)
(.

x2Ei3 = -i*sEi3;
for (j=9;j<ix;j++)

u£i*n+j3=aEj*n*i3+a8*gEi*ix+j3;
x2Ei3-=gii*ix+j3*(al*xiEj3+a2*xEj3>;

>

for (j=8;j<ir;j++)
uEi*n+j+ix3=fEi*ir+j3;

for (j=8;j<is;j++)

uCi*n+j+ix+ir3=scEj*n+i3;
x2Ei3-=srcEj*n+i3*ftEj3;

}

}

sgecoCu,n,ipvt,&rcond,zq>;
sgesl(u,n,ipvt,x2,8):
cfree(ipvt);
cfree(zo);

/* Determine whether the solution trajectory crosses a boundary. Return 1 */
/* i-f it crosses the boundary and enters the m-th segment of the kx-th */
/* element witn a ratio rx, where rx is the ratio of the distance -rem */
/* the present solution to the boundary over the distance from the present */
/'* solution to the next solution which is out of the present region. */
/*************************************#***#********^^

Doundary(m,kx ,rx,zp,zn>
;nt *ra,*kx;

double *rx,*z?,*zn;

ch&r *ca':1oc<)j
int i,*index,k= -1;
double rin=l,8e8,r,fabs();

index=(int *)calloc(n,sizeof(int));
for <i=8;i<ix;i++)

• <

/* pwl dynamic element */
if (x_brkEi3>6) .
r

\

r=18.8;

/* cross the right boundary from the leftmost region */
if (jxEi3==8 && znEi3>gammaEnxEi33)
{

r=(gammaEnxEi3 3-zpEi3)/(znEi3-zpCi3);
if (fabs(r)<1.8e-12)
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>

}

return(-l);
if (rin>r && r>8)

{

k=i;
bd=gammaEnxEi33;
rin=r;

indexE i3=l;
'i

/* cross the left boundary -from the rightmost region */
if <jxEi3==x_brkii3 && znCi3<gammaCnxEi3+x_brkEi3-13)

r
i

r=(gammaC nx Ei3+x__brk Ei3-13-zp Ei3>/< zn Ei3-zp Ei3>;
if (fabs(r)<l.8e-12)

return(-l);

if (rin>r 6& r<l && r>3)
r

\

k=i;

bd=gammaEnxEi3+x_brkEi3-13;
indexEi3=jxEi3-l;
rin=r;

/* in the bounded region #/
if ((j:ui3 != 8) && CjxEi3 != x_brkLi3))
e
\.

r=<gammaEnxE i3*jxCi3-13-zp Ei3)/(zn Ei3-zp Ei3);
if (fabs(r)<1.3e-l2)

return(-l)j

/* cross the left boundary */
if <r<l bk r>8 && rin>r)

{

i<=i ;

bd=cammaE nx Ei3+jxEi3-13;
ri n=r;

irtdexCi2=jxEi 3-1 ;

r=(gammaEnxE i3+jxC i33-zpC i3)/(znE i3-zpIi 3)j
if (fabs(r)<1.8e-12)

return(-l);
/* cross the right boundary */
if <r<l && r>8 && rin>r)-

k=i ;

bd=gammaEnxEi3+jxEi 33;
rin=r;

indexEi3=jxEi3+lj
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/* check whether crosses a boundary of pwl resistors */
if (r_bdry(&k,&rin,index,zp,zn) == -1)

return(-l);
if (k>=8)

*m=indexEk3;
cfree(index);
if <rin<l)

>rx=rin:

*i<x=i< j

return(1);
}

else

return(8);

/*******************#******#*»*#¥S*##**<##^#<####<^###<##^<###^#^###^<##^#/

/* Determine whether the solution trajectory crosses a boundary of the */
/* resistive element. */
/***************#***********#***********#*****^^

r_bdry(k.rin ,index ,zp ,zn)
mt *k,*index;
double *rin,*zp,*zn;
{

int i;

dcubi e r,fabs();

for <i=3;i<ir;i++)
{

/* pwl resistor */

i-f (r_brkEi3>8)

r=18.8 ;

/* cross the right boundary from the leftmost re^i-zr, */
if ••'. jxEi-Mxl==8 && zn[i +ix3>betaEnrE:33)

r-(betainrE i13-zp Ei+ix3)/< znE i+ix3-zp Ei+ix3);
if (fabs(r)<l,8e-12)

return(-l);
if (*rin>r && r>8)

{

*k=i+ix;
bd=betaEnrEi33;
*rin=r;

indexEi+ix3=l;
}

/* cross the left boundary -from the rightmost boundary */
if (JxEi +ix3=r_brkEi3 && znEi +ix3 <betaEnrEi3+r_brUCi3-l 3)
{

r=(betaEnrEi3 +r_brkEi3-13-zoEi +ix3)/(znEi +ix3-zpEi+ix3);
if (fabs(r)<1.8e-12)



\
J

Suaiqnop
i>\'uj;ui

(J*>J'UJ)Xjpq~SSGJ3

/***************************************************************************/

/'*•uot5ajMsuaq;ui*/
/*8=2*0+,x#j.+x*p+s*/
'/*uot;pnbeiPt;uaja^ipjeeuiieq;Mauay*/
/****************************#*********************************j;***S*S#^^S*#/

ir+r;••t+1]xf=[xi+1]xepu:
iXT+I=;i*

•CLx?+?3xfT[?3Ju3^*aq=pq
iJ=UIJ*

>

/*Xjppunoq;q5rjeq;ssojd*/

t(;-)Ujn;ej

(21-38*IXJ)sq*±>+t
i<Cx?+Mdz-[xt+nu2)/(Exr+T3*'z-[[>-r+t3xf+[t]ju]p;aq)=•_'

}

es\e

i
•f-EXt+ijxf-srxi+tjxaput

jJ=UtJ*

•Ci-Ex?fi2*f+-E?3JU3*}aq=pq
Jx;+i=>t*

}
(J<U!J*>??*g<-JXJ?£t)J*4.1

/*Xjppunoq4^3;aq;ssojo*/

:(;-)ujniej
(cT-50'i>(j)sqpf;±1

'(E*F+M02-:xtr1]uz>/(rxtri]dz-[y-px1+13xf+r11ju3*;aq>=j

((E?I>1Jq~^=i[xi+t]xf)W<8=icxi+tjxf>>4,':
/*uoi5ajpepunoqaq;ui*/

iJ=UlJ*

•I-E*?+I3Xf=Ex?+nxaput
•EJ-EF3>!Jq~J+EnJU3^aq=pq

txi+t=>i»

>
(8<J9*J>JWJ<utj*>ft

{(I->ujn;ej

IaSPd3-t?PLMC98616S'8I£1J*W
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h=r*h;
•for (i=8;i'n;i ++)

xEi3=xlEi3+r*(x2Ei3-xlEi3);
if (m>jxEk3)

xEi<3-r=le-8;
el se

xE!<]-=le-3;

if \pw==l)
draw_p hase(gp,x1,x);

el se

drawj\?avef orm< gp , x 1 , x);
t^h\

/* cross a boundary of dynamic element */
if (k<ix)

ii <m>jxEk3)

for (i=8;i<n;i++)
gEi*ix+k3+=2*eE(nxEk3+jxEk3)*n+i3;

el se

for <i=8;i<n;i++)
gE i *i x+k 3-=2*eE(nxE k 3+jx Ek3-1)*n+i 3;

/* cross a boundary of pwl resistor */
el se

if (m>jxEl<3)

for <i=B:i<n:i++)
r

v

sii3-=2*betaEnrEk-ix3+jxEk3 3*dE<nrEk-ix3+jxLk3>*n*ij;

fEi*ir+i<-ix3+=2*dE(nrEk-ix3+jxEk3)*n+i3;
}

else

for <i=8;i<n;;++)
•.

fEi*ir+k-:x3-=2*dE(nrEk-ix3+jxEk3-i)*n+i3;
sEi]+=2*betaEnrEk-ix3+jxEk3-13*dE(nrEk-ix3+jxEk3-l)*n+i3;

}
i
•J

xe=xlEk3j /* boundary value */

jxEk]=m;

/******s************************************s^^

/* Calculate the truncation error and determine the new stepsize. */
/^*#s**************************#»*»»#*#*************************************/

det_h()

int i;
double err,ratio,trunc=l.8e5,fabs();

/* choose uniform stepsize for the initial 3 points */
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if (t<(tstart+4*h>)

new_h=h;
return(8);

j

/* calculate the truncation error */

for (i=8;i<n;i++)
{

err=tabs((x2E i3-xpCi3))/(fabs(x2E i3) +1.8e-4);
if (err(trunc)

trunc=err;

j

rat io=trunc*h/((h1+h)*1E-4);

/* reduce stepsize by a half it excessive truncation error */
if (ratio>2>

h=h/2:

return(-l);
}

/* double the stepsize if tiny truncation er~zr */
i + \ r a •. i z \ $ . o)

new_h=2*h;
else

r.ew_h=h/ratio;

/* the stepsize should rot e-^zeec the printing stepsize */
if (outfile = 1 i<& new_h > hy)

~e:,<i_T~hYi
reti=rn(8>:

}

/***************************************************************************/

/* Predict the solution at next timing point by the previous solutions. */
/***************************************************************************/

pres_value(xa,xb,xc,ha,hb,hc)
double *xa,*xb,*xc,ha,hb,hc;

int i;

double at,bt,cl,c2,c3;

/* find coefficients cl, c2, c3 such that the predicted value is */
/* exact if the solution trajectory is a 2nd order polynomial */
at=l*hb/hcj

• bt=atfha/hc;
c3=at/<(bt-i)*(bt-at));
c2=((i-bt)*c3-i)/!'at-i>;

c!=l-c2-c3j

•for (i=8 ;i<n;i++)
x?C i3=c1*xcli3+c2*xb£ i3+c3*xaE i3 ,•
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/*********************************************************************#*****/

/* Find cos(theda) to determine the changing rate of the solution */
/* trajectory, where theda is the angle between two consecutive solution */
/* vectors vl=(xl-x), v2=(x2-xl). */
/**************************#***********#***********

ang
t.

int i;

double rl=3,r2=8,r3=8,r4,sqrt<);

for (i=8;i<n;it+)

r1+=<x1Ei3-xEi3)*(x2Ei3-x1Ei3);
r2-=<xiEi3-xCi3)*(xlEi3-xEi3);

r-3+=<x2:i3-xlEi3J>*(x2Ei3-x!Ci3>;

r4=rl/sqrt(r2*r3);
if <r4<8.3)

return(-l):

else return(8);
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^include <stdio.h>

#inc1uce Vusr/inc1ude/1ocal/graf.h"
^include "pwid.h"

extern int n,ir,ix,is;
extern char xrE31123,xdi3E123,xsE3E123;
extern double t,tstart,h,hy,*xl,*x2;
extern FILE *od;

extern int outf iie,•x;
char var__nameED!M3 E123;
double v,ux,vx;
doub1e xmi n,xraax,ymi n,ymax;
int *di,*scale,pw,xv,yv;
double *sca_x;

/***********************************************************$*s»**a£#*3s**33/

/* Draw graphic axises, labels, coordinate titles, and scaling factor of */
/* each variable for either phase portrait or waveform plotting. */
/***********************************************#^#*#*#^###>####^####^#<##^^y/

draw_qraf(gp)
3RAF **gp;

int i;
char chE23,x_nameL38 3,y_nameE38 3,titleE383;
double pcw<);
GRAF *graf_open<);

ca1 ;oci<:n,&di ,;:di":>;
ca11oci <n,&sca1e,"sea1e");
ca11ocd<n,&sca_x ,"sca_x")j
for <i=8;i<n;i++)
{

if (i<ix)

strcpy(var_nameEi3,xdEi3);
if <i>=ix && i<ir+ix)

strcpy<!-'ar_nameEi3 ,xrEi-ix3);
if (i>=ir+:x)

strcpy(var_nameEi3,xsEi-ir-ix3);

rrigiasngp<3,8);
mgip!n(3i);
*gp=qraf_open();

/* phase portrait or waveform plotting */
printf("phase portrait? y/n\n:');

if <chE83—'y')

phase_.pl ot(x_name,y_name);
el se

waveform(x_name,y__name);

/* input the graphic parameters */
read_graf();
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strcpy-;title,"PWL-BDF response"); /* graphic title */
for <i=8ji<n;i++) /* scaling factor */

sca__xE i3=pow( 18.8,(doubl e)seal eE i3);

/* draw the graphic boxes */
setuo_graf(xmi n,xmax, ymi n, ymax, x__name,y_name, ti 11 e,*gp);

/* if plotting the waveform, draw the scaling factor */
/* for each variable */

draw_x <);
j

/************************************#**^^

/* Determine the variables for phase portrait and craw the graphic axises */
/* and titles. */
/********************************#*********^^

phase_p 1ot(x__name, y_name)
char x_nameE3,y_nameE3;
{

char 1ine1233;
int i;

pw=l ;

for (i=8ji<n;i++)
printf ("xE'<d3='/.s\n" ,i ,var_nameEi3);

printf("x_variable=xE?3\n");
scan-fC'/id" ,4xv); /* xv : variable index for x axis */
printf("scaling factor for 'As = lE?\n" ,var_nameExv3);
scanfC'/.d" ,scale+xv); /# plot x_value = x*10AscaleExv3 */
printf <"y_variabl e=xE?3\n");
scanf("7.d",&yv); /* yv : variable index for y axis */
printf("scaling factor for '/.s = lE?\n" ,var_nameEyv3);
scanf("'<d" ,scal e+yv); /* plot y_value = y*18*scaleLyv3 */
sprintfd me, "KsxlEI/.6" ,var_nameExv3 ,scaleExv3);
strcDy«.'x__nane, 1ine);

sprintf<; ine, "XsxlE.Vid" ,var_nameEyv3 ,scaleEyv3);
strcpy<y_r.ame,l ine);

/* print the headings in the output file */
i-f (outfile = 1)

fprintf(op,"**Col(l)=time** **Col (2)=#s** **Col(3)=%s**\nn,
var_nameExv3 ,var__nameEyv3);

}

/********************************#************#********************#***#****/

/* Determine the variables whose transient responses are to be plotted. */
/***********************************************♦**************************#/

waveform(x_name,y__name)
char x_nameE 3, y_nameE 3;
{

char chE23;
int i,j=2;
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\

pw = -1;

strcpy(x_name,^Time,,);
strcpy(y_name,,,X variables");

/* diEij = 1 if the xEi3 "waveform is to be plotted */
/* with scaling factor 18AscaleEi3 *./
for (i=8ji<n;i++)
{

printf("draw 'As ? y/n\n" ,var_nameEi 3);
scanfC'Xls" ,ch);
if (chE83=='y')
r

v

diEi3=l;

printf("scaling factor for 'As = lE^\n",var_nameEi3);
scanf("^du,scale+i);

•»

j

/* print the headings in the output file */
if (outfile == 1)

fprintf(op,"**Col<l)=time** ");
for (i=8;i<n;i++)

if (diEi3 == 1)

fprintf (op,"**Col('<d)=Xs** ", j++,var_nameEi3);
fDrintf(op,"\n");

/* Read the graphic ranges for x-axis and y-axis variables. */
/***************************************************************************/

read_graf O

printfC'enter xmin and xmax\n");
scanf("^lfXlf",&xmin,&xmax);
printf("enter ymin and ymax\nu);
scanf<'•"/.) fr/.l f" ,&ymin ,&ymax);

/*************##***##***#****#**************#**********************»##*^s#*^/

/* Draw the graphic color definition for each variable whose transient */
/* response is to appear in waveform plotting. */
/****.***************#***»*******************^**********************#********/

draw_x ()
/

char xiE283;
int i,j=8;

for (i=8;i<n;i++)
{

if (diEi3==l)

{

sprintf(xi ,"^sxlE%d" ,var__nameEi 3,scaleEi3);



Mar 15 11:82 1986 pwld5.c Page 4

mgihue(i+2);
mgigfs(88+(j++)*88,588,8,xi);

}

}

>

/****************************#***#******#******»<#*#*»*#>##########^s^^#*##</

/* Draw the phase portrait in x-y plane. */
/*****************************»##*^#^#######<##»###^^#s##^#^#^##^<#^^^###^if^//

draw__phaseC gp,xt, yt)
GRAF *gp;
double *xt,*yt;

double ratx;

mgihue(3);

graf_move(sca__xExv3*xtExv3,sca_xEyv3*xtEyv3,gp);
graf_draw(sca_xExv3*ytExv3 ,sca__xEyv3*ytEyv3 ,gc);
if (outfile ==1)

/* the Ix-th printing point is reached */
if <(t+h-tstart-1x*hy)*(t-tstart-lx*hy)<8)
{

ratx=(tstart+1x*hy-t)/h;
fprintf(op, "X.3e\t\f/.3e\t\t>:.3e\n",tstart+lx*hy,

(l-ratx)*xtExv3+ratx*ytExv3,
(l-ratx)*xtEyv3+ratx*ytEyv3);

lx++;

/*****************************************************#****^<##*#^*^.s^^s*#^#/

/* Draw the transient waveform. */
/***************************************##*******************##*#*#**i(t^#*s#</

draw_wavef orm (gp, x t, y t >
GRAF *sp?
double *xt,*ytj

int i#j=8;
double ratx,youtj

if (outfile = 1)

/* the Ix-th printing point is reached */
if ((t-tstart-lx*hy)*(t*h-tstart-lx*hyX8)
<

ratx=(tstart+1x*hy-t)/h;
if (tstart+1x*hy >= 3)

fprintf(op,"'/.3e ",tstart+1x*hy);
el se

fprintf(op,"'/.Se ',tstart+1 x*hy);

j=i;
lx++;

}

for (i=8;i<n;i++)
r
\
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it* (diEi3==l)

{

mgihue(i+2);
graf_move(t,sca_xEi3*xtEi3,gp);
qraf_draw(t+h,sca_xEi3*ytEi3 ,go);
if (j == 1)

yout=(l-ratx)*xtEi3+ratx*ytEi3;
if (yout >= 8)

fprintf(op, '"X.3e ",yout)j
el se

fprintf(op, ":x.3e ",yout);

if (j == 1)

fprintf(op,"\nt!);
}
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^include <stdio.h>

^include Vusr/include/local/graf .h,,
#include "gf.h"

/***************#****#******#*##*****<<##<##^<##<^#^#<#<^#^####^^##########/
/'* Draw the graphic box, axises, titles, and assign the colors. #/
/**************************************#^#s#^#####^^###<s####s#^###s^#^#jl#^//

setup__graf(xmi n,xmax ,ymin ,ymax ,x_name,y__name, ti 11 e, gp)
double xmin,xmax.ymin.ymax;
char x_nameE 3,y_nameE 3,t i11eE 3;
GRAF *gp;
{

if (gp==NULL)
r

printf("gp=NULL\n");
exit();

•\

J

define__col ors();
mgihue(l);
set_screen<33,633.128,528,gp);
set_rea!(xmin,xmax,ymin,ymax,gp);
set_x_axis(N_,LBLS,N_T3CKS,TICK_.LENGTH,SIG_.FIGS,LABEL_SIDE,LABEL_SHIFT,
x_name,NAME_SHIFT,gp);

set__y_axis(N_LBL3,N_TICKS,TICK_LENGTH,SIG_FIGS,LABEL_SIDE,LABEL_SHIFT,
y_name ,NAME__SHIFT,gp):
set_titie(title,SIZE,OFFSET,gp);
TI=1;

draw_Dcu r.dsC BOX, LABELS,TICKS, AXES,TI ,gp);

/**************************************************************************/

/* define various types of colors. */
/**************************************************************************/

define_colcrs<)

ntgipln(31):
moid earoln(8 ,-1,8);
mgicmd ,8xf8f9f8L);
rr!gicm''2.3x88f8a8L);
rncicm(3,3xf8f888L);
mgicm(4,3xf888fBL) ;
mgicm(5,3xf88888L);
mgicm(6,3xa8b885L);
mgicm(7,8x38f388L);
mgicrr!(3,8x8888f3L);
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