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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.
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NOEL PACKAGE 7 : CANONICAL PIECEWISE-LINEAR
TRANSIENT ANALYSIS

1. Introduction

The BDF algorithm introduced in [1] 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

fix,x,t)=0 (1)

to a C source 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,

[ 4
y=ga+bz+ ) |z-5;| (2)
Jm=1
where

L (z,y)=(v,¢) (resp,; (z,y)=(¢{,v)) for a 2-terminal voltage-controlled resistor
(resp.; current-controlled resistor)

2. (z,y)=(v,q)fora2-terminal capacitor
3. (z,y)=(i,¢)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

n, o
f(x,i,l)=8(t)+AX4 +B3.(4 + Cx, + Fx, + szﬁ Iz,,--ﬂ‘,-,-l

Pt

u‘ T,

+ 3 Yejogn (245 =75 Jxe; =0 (3)
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where
seR"®, AGR' xu‘, BER” Xa" CGRaxn,, FeRu xn,
d;;€R®, e; ER", Bji €R!, Vi €R!
x,€RY, x,eR™, x,€ER", x= [xs7 %, T x, 7|7 eR®

and xg4; ( resp.; x,;) is the j-th component of x, (resp.; x, ); #4, n,, 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
fix,x,t)=whk) L Ut L V()x =0 (4)

in each region R(*) where each absolute function | . | and each sign function sgn (.) are uniquely
defined.
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The solution trajectory in R*) can then be easily found by using 2nd order BDF algorithm
which replaces the derivative at ¢t = ¢, by

Xi41 = agXp4 + apX; + aoX; (5)
and Eq.(4) is reduced to a linear differential equation
Gxj4y1 =8 (6)
where
G = qpV¥) + U) (7a)
g8 = ~(w*) + o, Vlitlx, + aVitlx, ) (b) -

and x; , x;_; are the solutions at # and ¢,_; respectively.

In view of Eq.(6), the solution x,., 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 of a 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+8=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]
(i) 2-terminal linear capacitor :
{ = C¥% (9)

where C is the capacitance.
(iii) 2-terminal voltage-controlled piecewise-linear capacitor characterized by

{q =(= 0:1’0)(3 1Y 1) °°°°° (= arya)(zﬁ'l’y a-l-l)} (10)
is decoded into the 1-dimensional canonical piecewise-linear equation
[-4
f=[b+ Ycjogn(v-8;)o (11)
. =1

(iv) 2-terminal linear inductor :
v =L*% (12)
where L is the inductance.
(v)  2-terminal current-controlled piecewise-linear inductor characterized by

{phi =(z0,90)(2 1,91)-- (201 N2 641, 041)} (13)
is decoded into the 1-dimensional canonical piecewise-linear equation
[-4 .
v=[b+ Y cjegn(i - 5;))s (14)
J =1

(vi) time-varying voltage source (resp.; current source) characterized by {f(t)} is decoded
asv = [ (t) (resp.; { = f (¢)).

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 de solution at

the starting time (t =t¢) : '

() 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)(1,E)} (resp.; {s=(0,I)(L,] )}) where E =s(t,)
(vesp.; I=s (t,)).
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(iii) Perform the canonical piecewise-linear dc analysis(3] to find the dec solution at ¢ =¢,,
which is represented in terms of

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

Step 5.
Find the initial differential equation
w® 4+ UOx 4+ VO =0 (15)
;orrespondi.ng to the region R© where the initial point (found in Step 4) is located; set
=0.
Step 6.
Use the Backward Euler Formula _
% = 222 (16)
to find the solution x, of the linear differential equation
wit) 4+ Ul + Vit =0 (17)
att =to+ h.
Step 7.
If x, is not in R *), then reduce h to h/10 and go to Step 6; else go to Step 8.
Step 8.
Use the second order BDF formula to approximate
X = agX; + ajX; + aXg (18)
and
X2? = Yo%y + MXo + X (19)

such that the approximation x, and x,? are exact if the solution trajectory is a 2nd order
polynomial curve, where x; is the solution at ¢t = ¢, = t;+ k, and x_, is the solution at
the timing point prior to ¢, (use linear approximation for xoP if t is the starting time or a
timing point corresponding to a new region).

Step 9.
Substitute Eq.(18) into Eq.(17) to solve x,. If x, is not in R("), then go to Step 14; else go to
Step 10.
Step 10.
Estimate the truncation error and the error ratio
[xg-%° | | *A . E
| Err = I - tol I , ratio = IOZ (20)
Step 11.
If ratio>2 then reduce h to h/2 and go to Step 8 to repeat solving Eq.(15); else go to Step
12,
Step 12.

If ratio<0.5 then increase h to 2h; else adjust h to h/ratio.



Step 13.
Renew the solution vectors such that x,,x, are the most recent solutions at the present tim-
ing point ¢, and the previous timing point ¢o; namely
Xo=2X;, X1=2Xg, lg=18;, t) =1ty to=1¢,+h
If ¢; exceeds the final time, then stop the transient analysis;
else go to Step 8.
Step 14.

Find the distance ratio r such that x, is located in the first boundary hit by the solution
trajectory segment between x; and x,, where

Xy =% + r¥ (X~ %) (20)
and 0<r <1.
Step 15.
Choose ty=t, + r*k and xp = x, .
Step 16.
Renew the linear differential equation
wlit+) L Ul +y 4 yi+y — o (21)

corresponding to the new region R {**1); increment k by 1 and go to Step 6.



8. User’s Instruction
Step 1.

Create a file "xx..x.spc” 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 of circuit ele-
ments, where "xx...x” is 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
?xx...X.spc”; namely

‘R’: 2-terminal resistor (linear or pwl)

*C’: 2-terminal capacitor (linear or pwl)

°L’: 2-terminal inductor (linear or pwl)

“V’: independent voltage source (time-invariant or time-varying)
‘I”: independent current source (time-invariant or time-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 as a single batch process and are executed by typing the command
pwldsim xx...x

where "xx...x.spc” is the input filename.

Step 2.
Type the command

detrf xx...x

to transform the input file "xx...x.spc” to the equivalent resistive circuit file "despe.spe” (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 analysis

enter the initial voltage of Cx..x
enter the initial current of Lx..x
enter the initial 0000000000000

enter the initial condition for each dynamic element (capacitor voltage and inductor current)
END OF CONVERTING PROCESS
Step 3.
Type the command
pwlde despe

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

Type the command
pwldn xx...x

to perform the canonical piecewise-linear transient analysis with the following interactive



procedures :
CANONICAL PWL TRANSIENT ANALYSIS.....

See procedures of Step 5 of Section 38 in [1].



4. Output Format

(1)

(2)

(3)

The computed result is shown in the color monitor in two different modes of operation:
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 or piecewise-linear)

(iv) inductor current (linear or piecewise-linear)

(v) current of time-varying voltage source

(vi) voltage of time-varying current source

phase portrait

The user can choose arbitrary two variables from the list of variables in (1) to plot the
phase portrait. One variable is designated as the x variable and the other is 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.

output file

In addition to the graphical output, the numerical results of the computed solution are writ~
ten into the output file "xx...x.out” provided the —o option is specified in the command line;
namely, ‘

pwldn -0 xx..x
in Step 4, or
pwldsim -0 xx..x
in the batch command.



5. Examples
Ezample 1 : in file "exl.spc”
An impasse circuit with jump behavior (Fig.1).

Ezample 2 : in file "ex2.spc”
A dynamic circuit with piecewise-linear resistor and capacitor (Fig.2).

Ezample 8 : in file "ex3.spc”
The double scroll chaotic circuit (in Fig.3).
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8. Diagnosis

1.
2.

10.

11,

12.

13.

14.

15.

186.

17.

See Section 6 of [6].
PWLDN SPICE_FILE
Bad command line, the correct one should be

pwldn xx..x

where "xx...x.spc” is the input file.

CAN’T OPEN THE SPICE FILE

Can’t open the input spice file "xx...x.spe”.

TOO MANY TIME-VARYING SOURCES; INCREASE NS TO mm..m

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

TOO MANY PWL RESISTORS; INCREASE DIM TO mm..m

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

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.

INSUFFICIENT SPACES ALLOCATED; INCREASE nn..n to mm..m.

mm..m spaces are required which exceed the upper bound nn..n.

UNDEFINED ELEMENT TYPE

The element type is not in the class of allowed elements listed in Step 1 of Section 3.
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.

TOO MANY BREAKPOINTS IN PWL MODEL

The pwl model has too many breakpoints which exceeds the upper bound 10.

MISSING ’}’ IN THE PWL MODEL

The model description of a pwl element is not included within a pair of brackets *{......}"
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.

CAN’T READ THE FILE dc.op

The file of the starting operating point is not available.
CAN’T READ THE STARTING TIME

The starting time stored in the file dc.op” is not available.
INITIAL POINT IS IN UNDEFINED REGION

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

UNABLE TO EVALUATE THE TIME-VARYING SOURCE
Improper description of the time-varying source characteristic.
WARNING MESSAGE : CLOSE TO A NUMERICAL IMPASSE POINT

The solution trajectory gets stuck in a boundary; the PWL-BDF routine will restart the
analysis by choosing the boundary point as the initial point.



-11-

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 piecewise-linear resistor and capacitor.
Fig3  The double scroll chaotic circuit.
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+ Example 1

*

* impasse circuit with jump behav;or
Cl.101

L2 1 2 {u

R3 2 @ {v=(-2,0)(-1,1)(1,-1)(2,0)}
.end
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* Example 2

*

* dynamic circuit with piecewise-linear resistor and capacitor
R2 2 @ {i=(0,1)(1,2)(3,0)(4,1)}

Cl12 @ {q=(-2,-4.5)(~1.2,-0.5)(1.2,0.5)(2,4,5)}
LX 2 01

R1122

.

* sinusoidal driving source

Vin 1 0@ {sin{t)}

.end :
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CONVERT 7O DC PWL RESISTIVE CIRCUIT.....

enter the starting time

@

enter the initial voltage of C!
1

-+

nter the initial current of LX

o

END GF CONVERTING PROCESS

CANONICAL PWL DC ANALYSIS @ FINDING DC OPERATING POINT

EXFEEREERRE AR EA LR RN RS SR RR XS AR RSB RRA SRR AR CX AR E R RN R ERE AR S S
x[8l=v(R2Z)

«Ii3=1{RVin:

FARERREE IR E SRR R AR AR AR R UL A AR RSO B RS E R TR CCRRERE
enter the initial point

y{R2)= 2

1{RVini= 2

the sciution is

w(R2)=1,830e+00

i{RVin)=5.3088e-01

continue tracing present branch of solution curve? y/n

e+

ry another branch of solution curwe? y/n

b |

END OF CANONICAL PWL DC ANALYSIS FOR DC OPERATING -POINT

CANCNICZAL PWL TRANSIENT ANALYSIS.....
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* Exampie 3

* .

*# Double scroll chaotic circuit

cz2181

L4 1 8 8.143

R31 2 1.43

Ci 28 8.111

RS 2 8 {i=(-3,8)¢(-2,1.3)¢-1,8.8)¢(1,-8.8)¢(2,-1.3)(3,8)?
.end
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CONVERT 70 DC PWL RESISTIVE CIRCUIT.....

enter the starting time -

8 .

enter the initial voltage of C2
8.2

enter the initial current of L4
8.1

enter the initial voltage of Ci
8.2

END OF CONVERTING PROCESS

CANONICAL PUL DC ANALYSIS : FINDING DC OPERATING POINT
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CANONICAL PWL TRANSIENT ANALYSIS.....
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eND OF CANONICAL PWL TRANSIENT ANALYSIS
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APPENDIX
SOURCE CODE LISTINGS



#define NODE 39

gdefine DIM {3

#define NS 3

#define DIMA 100

#detine DIMB 288

#define DIMC 4@

struct INLINE

{
char namei?];
int port; v
int nodei,nodeZ,node3,noded,node3,noded,node?,nodel;
char #relation;

H
truct B_VECTOR

Lo T 1) SR W)

int a,b;
3
typedef char *STRING;
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#include {(stdio.h>
#include "pwld.h"

int nj

int mnj;
int ir;
int ix;
int is;

int *r_brk;

/%
/%
PL
/%
/%
%

pwid.c Page |

dimension of canonical pwl diff. eq. %/

# of model lines in the spice input file %/

# of pwl resistor %/

# of dynamic element */

# of time-varying source */

r_brklil = # of breakpoints in the i-th pwl resistor %/

x_brkli) = # of breakpeoints in the i-th dynamic element */

int *x_brk; /%

int *np; /% nrljl) = p_brkl8] + r_brkl1) + ... + r_brklj-1] %/

int *nxi /% nxlj) = x_brkl8] + x_brk[11 + .., + x_brk[j-11 */

int *jx; /% jx[il = k if and only if the present solution is */
/% located in the k-th segment of the */
F* i-th pw! dynamic element if i<ix */
/% (i-ix)-th pwl resistor if i)=ix */

/% parameters of the canonical pwl differential equation x/

/% s + src*s({t) + a¥x + b¥x’ + c*z + sc¥zs ' %/

/¥ + sum d_ij*iz_i - beta_iji + sum e_ij*ix_i - gamma_iji = 08 #/

double %*s,%*a,%*b,%*c,*d,*e,*bets,*gamma,*sc,*src

double *p,*q; /% parameters of generalized hybrid equation %/

double *{,%qg; /% parameters of the linear differential equation %/
/% S + a¥x + f¥x’ + g¥2 = 0 *®/
/% in a certain region A */

double *u; /% parameter of linear matrix equation u%x=v %/

double #x2; /% solution of next timing point %/

double #*x1; /% solution of present timing point */

double *x; /% solution of previous timing point %/

double *x0; /% solution of two timing points prior to the */
/% present timing point */

double #*xp; /% predicted solution for next timing point %/

double t; /% present time %/

double tf; /% final time for transient analysis to terminate */

double hj /% next time stepsize */

double hl; /% last time stepsize %/

double *£t; /7% $t{i]l = source value of the i-th time-varying source

char *sx[NS1;

/%
/*
V4 ]

at the next timing point
sx[i]l = symbolic expression of the i-th time-varying
source

- /% string representations for model descriptien or circuit variables %/
char *model(381,xrIDIMIL12],xdIDIMI[12],xs5INSI[12]}

struct INLINE branch(781;
struct B_VECTOR branch_vector(?78];

int outfile=0;

FILE #=op;

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

*/
®/
*®/
*/

®/

/EEREFREXFEREER N R K633 33636 I 363636 36 96 96 96 9 36 3 36363636 6 36 36 36 36 3 6 36 9636 36 96 96 36 36 36 36 36 36 36 36 3636 36 36 I 6 36 2636 36 % % %/

/% Canonical piecewise-linear transient analysis 4nr dynamic circuits.
/EERRRERREF AR RERFERRERRERERERRRRRRRRRERERLRRRERREXERRRRRRENRREERERRERRRRNR/

*/
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maincargc,argv)
int argc;
char *argull;
{
FILE #=4p;

printf("\nCANONICAL PWL TRANSIENT ANALYSIS.....\n");

/% open the spice input file %/
open_spice_file(arqc,argy,&fp);

/% formulate the circuit to a canon1ca1 piecewise- 1inear */
/% differential equation %/
pwi_form(fp);

fclose(fp);

/% solve the canonical pwl differential equation */
pwl_comp();

if (outfile == 1)
fclosefop);

printf{"\nEND OF CANONICAL PWL TRANSIENT ANALYSIS\n");
} .

/*********************************§**********************4******************/
/% Open the spice input file “xx...x.spc". */
SEEEEREERRRAREERRRERR AR ERRNRERRRE IR RERRE RN RR R AR RRERR RS EERERRRE RSN R RN/

open_spice_fiiefargc,argv,fp)
int argcy
char #arqull;
FILE #xfp;
{
FILE =fopen(};
char #s,linel201;

/% check the option %/ -
while (--argc > 8 && (*++argu)[8] == ’-*)
for (s = argviBl+l; *s != “\B/; s++)
switch(xg)
{
case ‘0’ :
outfile=1;
breaks
default :
printf("ILLEGAL OPTION /c\n",*s)'
argc=0;
break
b

/% incorrect command line %/
if C(argc!=1)
exit_message("PWLDN SPICE_FILE");

sprintf(line,"s.spc”,%argv);
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callocd(DIMA,&c,"c");
callocd{DIMB,&d,"d");
callocd(DIMA,&e,"e");
callocd{DIMC,&beta,"beta");
callocd(DIMC,,&gamma, “gamma®) ;
callocd{DIMC,&sc,"sc");
callocd(DIMC,&src,"src");

)

SEEREAERRERRE R R R RE R AL RN R R RERRELRARRE R BRI RRERER R AR NRERREFRARRREENRRNR)
/% Allocate spaces for the parameters of the canonical pwl differential L 74
/% equation with exact sizes, x/

/*****************************************§*********************************/

post_alix()

{
rallocd(&a,n*ix,DIMA);
rallocd(&b,n*ix ,DIMA);
rallocd(&c,n*ir,DIMA);
rallocd(&d,n#nrlirl,DIMB);
rallocd(&e,n*nx[ix],DIMA);
rallocd{&beta,nr[ir],DIMC);
rallocd(&gamma,nx[ix],DIMC);
rallocd(&sc,n*is,DIMC);
rallocd(&src,n*is,DIMC);
callocd{n#*ix,&q,"q");
callocd(n*ir,&f,"f");
callocdin#*n,&u,%u");
callocdin,&x,"x");
callocd(n,&x8,"x8");
callocd(n,&x1,"x1");
caliocd(n,&x2,"x2");
callocd(n,&xp,"xp");
callocdlis, &ft,"Ft");
callociCir+ix,&ix,"jx");

}

/**********i****************************************************************/

/% Check whether enough spaces have been allocated in pre_allx(). %/
SEEEEEREEEEEERRRRREE R ERRERREERRERSFER R AL EREERERRERERRREREERERREERRELRRNER/

check_dim¢)

{

if (is >= NS)

{ : ) )
printf(°"TO0 MANY TIME-VARYING SOURCES; INCREASE NS TO Yd\n®,is);
exit();

3

if (ir >= DIM)

{
printf<(“TO0 MANY PWL RESISTORS; INCREASE DIM TO Xd\n",ir);
exit();

)

if C(ix >= DIM)

{

printf(“TO0 MANY DYNAMIC ELEMENTS; INCREASE DIM TO “d\n",ix);



Mar 23 18:23 1986 pwld.c Page 3

if ((*fp=fopen(line,"r"))==NULL)

{
printf(°"CAN’T OPEN THE SPICE FILE ¥“s\n",line);
exit();

}

if (outfile == 1)

{

sprintf(line,"%s.out",*arguv);

op=fopen(line,“"w")}

3

3

FEEEEEREREREEREREERXEEERREEERERERERRRRRREELRRRERERRXEEREREERRREREERRRRERRBRE/
/% Formulate the dynamic circuit into a canonical pwl differential equation®/
/% s + src*s(t) + a%x + b¥x/ + c%2 + sc#zs */
/% + sum d_ij*iz_i - beta_ij + sum e_ij*ix_i - gamma_iji = 8 %/
JEEEEEERREE R AR RERA AR EXR RN REERAERBERRRERRRRRR R R R AR RN ERRERREEREEERERRRERRR)/

pwl_form(fp)

FILE =4p;

{
/% 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 szze */
pre_alx{);

/% decode the element characteristics for the nonlinear %/
/% and/or dynamic elements */
ir=8;

ix=8;

is=8;

decode_port{);

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

/% allocate equation parameters with exact dimensions */
post_alix();

}
SEERFEREEREXERERERRRRE AR REREREERRERREFRRRRELERLLXRRERRERAARAREXEX AR ERXRRERRR/
/% Allocate spaces for the parameters of the.canonical pwl differential */
/% equation before the exact sizes are available. ) */

SEEEERERXERERREREEXEERERRERRERRERRREREERFEAEERERREEREXRRLRBRRREEXEXRE XX XXX %S/

pre_alx)

{
calloci(n,&r_brk,"r_brk®);
callocid(n,&x_brk,"x_brk");
callociin+l,&nr,"nr");
callociln+l,&nx,"nx");
callocd(DIMA,&a,%a");
callocd(DIMA,&b,"b")}
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exit();
(n%ix >= DIMA)

printf("INSUFFICIENT
exit();

(n#ir >= DIMA)

printf("INSUFFICIENT
exit{);

(n*nx[ix3 >= DIMA)

printf{"INSUFFICIENT
n¥nxlix1);

exit();

(n¥arlirl] >= DIMAD

printf("INSUFFICIENT
n*nplirld;

exit();

(nrlirl >= DIMC)

printf( " INSUFFICIENT
exit();

{(nx[ix] >= DIMC)

printf{"INSUFFICIENT
exit{);

tn¥is >= DIMO)
printf("INSUFFICIENT

n*is);
exit{);

SPACE ALLOCATED;

SPACE ALLOCATED;

SPACE ALLOCATED;

SPACE ALLOCATED;

SPACE ALLOCATED;

SPACE ALLOCATED;

SPACE ALLOCATED;

INCREASE

INCREASE

INCREASE

INCREASE

INCREASE

INCREASE

INCREASE

DIMA TO

DIMA TO

DIMA TO

DIMB TO

DIMC TO

DIMC TO

DIMC TO

Zd\n" ,n*¥ix);

Za\n" ,n*ir);

Ad\n”,

Zd\n®,nrflirl);

Ad\n? ,nxlixd);

“d\n"



Mar 23 18:25 1986 pwid2.c Page !

#include <{stdio.h>
ginclude "nport.h®

extern char xr[J0121,xd0I012],xs01012],%sx(]);
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 branchl];

extern struct B_VECTOR branch_vector[l;

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

/% Decode the model of each nonlinear and/or dynamic element. */
FEREEEREREERERRRERRE LR R RRLR R IR R IR AR R RRRRRER R R R R AN ERRRREERRRERRRERFRRR N2/

decode_port()
{
int i,j3

for (i=8;i{nii++)

{
j=(branch_vector+i)->a;
switch{(branch+j)->namel@1)
{
case ‘R’ : pwl_r(i,j); break; /% pwl resistor %/
case ‘C’ :
case ‘L’ : d_element(i,j); break; /% dynamic element */
case ‘V’/ : .
case ‘I’ : source(i,j); break; /% time-varying source */
default : {
printf("UNDEFINED ELEMENT TYPE X%s\n",
(branch+j)->name);
exit();-
3
3
3

2

/%********%*******i*********************************************************/

/% Decode the model of a pwl resistor into the canonical pwl function. */
FEREERFEERRERRERRERERERREEREEREE SRR EE LR R ERRRERRAERERLRERE R RR AR R LR R R R/

pwl_r¢i,j)
int i,J;

{
- int mykg .
double #z2x,%*zy,y[181;

/% decode the pwl model */
decode_i((branch+j)->relation,r_brk+ir,y);
callocd{n,&zx,"zx");

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

if (find_index("{i=",(branch+j)->relation)==0)
{

/% voltage-controlied pw! resistor %/

for (k=83;k<{njk++)
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2xlkl=plk*n+il;
Zylkl=qlk*n+il;

sprintfixrlirl,"v(%s)®,(branch+j)=->name);

else
{
if (find_index(®{v=",(branch+j)=->relation)==0)
{
/% current-controliedpwl resistor %/
for (k=03k<njk++)
{
zxl{kl=qlk*n+il;
ZyLkl=plk*n+il;
) .
sprintf(xrlirl),"i(¥%s)" ,(branch+j)=>name);
3
else

exit_message("INCORRECT FORMAT IN PWL RESISTOR MODEL"):
3

7% arljl = r_brk(0] + r_brk[1] + ... + r_brklj-1] %/
nrlir+ld=nrlirl+r_brklirl;

for (k=0;k<{njk++d

{
slkl+=zylklxy[8];
clir*n+kl=zx[kl+zy[kl*y[1];

3

for (m=0;m<r_brkiirl;m++)

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

di<nrlirl+m)*¥n+kI=y[2+2%m)%2y[k];

betalnrlirl+ml=y[3+2%m];

3

irtt;

cfree(zx);
cfree(zy);
2

SEERERERRAAERERRRRRREERERRRRE R R R R CE R R R SRR R REARERRRERRXERR XN XXX XN XRRR/

/% Decode the model of the dynamic element. . */
FERREEEEERERERRRER R R R R R RN IR ERRERERRE AR RRRERRERRER SR RRRRERRRERRERRRERERRR/

d_element(i,j)
int i,J;
{
int kg
double ¥*zx,¥zy,value,stof();

callocd(n,&zx,"zx");
callocd(n, &zy,"2y")};

/% capacitor %/
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if ({branch+j)->namelB8l==‘C’)

{
for (k=8;k<{njk++)
{
zx[kl=plk#*n+il;
zvlkI=qlk*n+il;
3
sprintfixdlix],"viXs)",(branch+j)->name);
)
/% inductor %=/
else
{
for (k=8i;k<{njk++)
{
Zxlkl=qlk*n+il;
zylkl=plk*n+il;
3

sprintfixdlix],"i{%s)",(branch+j)->name);
3

7% pwl dynamic element %/
if (find_index("{",(branch+j)->relation)==0)
pwl_x{i,j,zx,2y);

/% linear dynamic element */
else
{
/% get the capacitance or inductance */
value=stof((branch+j)->relation);
for (k=8;k<{nj;k++)
{
alix*n+kl=zxlkl;
blix*n+kI=zylkl*value;
}
x_brklixl=0; /% no breakpoint %/
nxlix+1l=nxlix1;
2
ix++;
cfreefzx);
cfree(zy);
3

/***************************************************************************/
/% Decode the pwl dynamic element. *®/
/%**¥***********************************************************************/

pwl_x(i,j,2x,2y)
int i,J;
double *zx,%zy;
{
int myk;
double y[181;

/% decode the pwl model x/
decode_l((branch+j)->relation,x_brk+ix,y);
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3

/% nx[jl = x_brk(8] + x_brk[1] + .,. + x_brk{j-1]1 %/
nxlix+ii=nxlixJ+x_brklix]l;

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

{
alix*n+kl=2x[k];
blix¥n+kl=zylklxy{1]1;

b

for (m=8;m<{x_brklix];m++)

{
for (k=8;ik<{nik++)

el(nxlixl+m)*n+kI=y[2+2xmI%zylkl;

gammalnx{ixJ+ml=y[3+2%m];

3

/*************i************************i************************************/

/% Decode the time-varying source characteristic. *®/
SEEERER AR R R R AR AR R R AR AR R REEERERRRREEF LR E AR R R R L LR SRR R R RS ERRERRERRERE XX/

source{i,j)
int 1,j3

4

}

char %*calloc();
int k3

/% extract the characteristic of the time-varying source */
sxlisl=callocisirlen({(branch+j)-drelation)+1i,sizeof(char));
strcpy(sxlisl,{(branch+j)->relation+tl);
sxlisilstrlen{sxlis])-1]="\08";

if ((branch+j)=>nameldl==‘V*)

{

/% time-varying voltage source #/
for (k=@31k<{n;k++)

{
sclis*n+kl=qlk*n+il;
srclis*n+kI=plk*n+il;

3

sprintf(xslisl,"i(X%s)*,(branch+j)->name);

3 .
else
{

/% time-varying current source */

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

{ .
sclis*ntkl=plk*n+il;
srclis*n+kl=qlk*n+il;

3

sprintfixslisl,"v(¥%s)",(branch+j)->name)}

} .
i+t

/**************************************************************************/
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/% Decode the {-port element model */
/* {i (OF UIS(XX XYY ¥ IXX XYY YD) u e o XXX,y ¥Yy)d */
/% to the canonical pwl representation */
/% y = a + b¥x + sum c_i*ix - beta_i! */

/***************************************************************i**********/

decode_1{(model ,m,aa)

char *model; /% model string */

int =m; /% § of breakpoints %/

double aall; /% numerical information in the model */
{

char x20211,y20211;
int nn=8,1i,k,1;
double xwl10],ywl10];
double atof();

I=strien(model)+{;
k=find_index("=" ,model);
model=modei+k+1;
while (*model!="}’ && k++<{1)
{
if {(*model==' ‘) model++;
if (*¥model=="(")

{
/% get the x-component of the breakpoint %/
i=0;
while {(*model!=’,’ && i<21)
xzl{i++] = #(++model);
if (i)=21)
exit_message{"TOO MANY DIGITS IN PWL MODEL");
xz[i=11=/\8";
model+43
if (pn>=16>
exit_message{"TO0 MANY BREAKPOINTS IN PWL MODEL");
xwinnl=atof(xz);
/% get the y-component of the breakpoint %/
i=8;
while (*model!=‘)’ && i<28)
yzli++] = *(model++);
if (i>=28)
exit_message("TOO MANY DIGITS IN PWL MODEL");
vz[il='\0";
model ++3
ywlnn++l=atof(yz);
2

}
/% incorrect model description %/
if (kd>=1
exit_message("MISSING 7}/ IN THE PWL MODEL");

*m=nn-23; /% # of breakpoints %/

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

3

SEEREREERRERERRERRIERRRERRRAEERREERRE R RS RRER IR AL R ERAEARRR AR RRERRREERRRRE SR/
/% 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¥ix - beta_i! */

,/***************************************************************************/

canonical_pwl{m,xw,yw,aa)

int m; /% #§ of breakpoints %/
double xwll,ywil; /% breakpoins %/
double aallj; /% parameters for canonical pw] representation %/
{
int i

double *slope;
double fabs();

callocd(m+1,&slope,"sliope”);

/% calculate the slope of.each segment %/
for (i=B;i{=m;i++)
slopelil=C(ywli+1l-ywlil)/(xwli+1)=xwlil);

/% construct the parameters in the canonical pwl representation */

aalij=(slopelmi+siopel8])/2;

for (i=B;i{m;i++)

{
aal2+2*%i)=(sliopeli+il-slopelil)/2;
aal3+2#%iJ=xwli+1]; .

b)

aalBl=ywl0l-aalll*xwig);

for (i=B;id{mji++)
aal8l=aalBl-aai2+2*i)%fabs(aal3+2%i)~-xwl81);

cfree(slope);
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#include <{(stdio.h?
#include "/usr/include/local/sym.h"
#inciude "/usr/include/local/graf.h"®

extern int n,ir,ix,is,*nr,%nx,%r_brk,*x_brk,%jx;

extern double *X %5, %3 . %b, %C , xd, *e,%g,*f,*u, *beta,*¥gamma
extern double #¥sc,*src,h,hl,t,tf,%ft,%x1,%x2,%xp;

extern char xr[10123,xdl3012],x501012],%sx[];

extern int outfile;

int Ix=1;

double tstart,hy,*sa;

GRAF #qp;

FILE #hp;

/*********i*******************************************&*********************/

/% Canonical pwl transient analysis. . */
JREEERRERRREERERL R AR R R RN E R AR AR RERE R R ERERER AR R AR RRRSFREFRRRRRERRER R N2/

pwl_comp()

{
int i.mx,kx;
double r;

/% save the s vector %/
callocd(n,&sa,"sa"’;
for (i=8;idnji++)

salil=slil;
/% read the initial condition */
ini_ptQ)g
fciosechp);

/% determine the initial region %/
iocation_index();

/% find the initial! differential equation %/
ini_eq();

t=tstart;

/% draw the graphic axises, labels, and the title name */
draw_grafi&gp);

/% compute the solution of the next timing point %/
startih); '

if (boundary(&mx,&kx,&r,x,x1) == =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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/**********%************************************i***************************/
/% 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=1e-8;
start(h);
t+=n;

e e LT L L L L Tr Ty
/% Read the starting time, final time, initial stepsize, and the initial */
/% condition, */
AEEREEEFRRREERRRE AR RS ER R RN R AR ERRRERRRE IR R EEER R R AR RN F R R ERER R EEERERERR

ini_ptQ)
{
int i

get_ini_t();

printf{“enter the initial stepsize\n");

scanf{"%1+" ,&h);

if {outfile == 1)

{
printf{"enter the printing stepsize for the output file\n");
scanf("A1$" ,&hy);

)

/% get the starting dc operating point %/
get_ini_dp{);

srintf("enter the final time\n")
scanfl"A1 4" &tf);
b)

JERAEREREREERERERRRRRRRRRRRSREEERR RIS RRRRERERRRRERERRRR AR RREH R ARSI AR RRERRRS
/% Get the starting time from the file "dc.p” which is created in the */
/% pre_process for finding the starting point., - o

SEAERERERRERRFEERERERERERRERREREERERRRRRERERLEEREERRRERRRE R RS R REFER R ARRRRRR )/

get_ini_t{()

{
FILE *fopen();
char 1inei{B88]1,w1[801;
double stof();

hp=fopen{"dc.op”,"r");
if (fgets(line,B88,hp) == NULL)
exit_message{"CAN’T READ THE FILE dc.p™);

*/
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if (find_index("t_0=",1ine) !'= @)
exit_message{"CAN‘T READ THE STARTING TIME");
strdel(line,8,4);
strdel{(line,strlen{line)-1,1);
tstart=stof(line);
3

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

/% Get the initial dc operating point from the file “dc.p”. */
FEEERERRERRREERERREEREERERREREEERREERREERRERREREEERRERRRRREREERRRARRRRRERRER/

get_ini_dp()
{ .

char linel108];
int i
double extract();

while (fgets(line,88,hp) '= NULL)
{
if (linelBl=="v’ |! linelBl=="i")
{
for (i=B;i{ixji++)
if (find_index{xdlil,iine) == )
x[iJ=extract(line);
for (i=@3iir;i++
it (find_index(xrl[il,line) == @)
xli+tixl=extract(line);
if (strlen(linel)>é)
- strdel{line,2,1);
for (i=0;iis;i++)
if (find_index{xs[il,line) == 8)
x[itir+ixi=extract(line);

3

/************************************************************§************/

/% Extract the numerical data of starting dc operating point from the */
/% ASCII code. ®/
SERREREERSEEFRRRRRRREERRREEARRRRERREERERRREEERRRRERRRREEREEXRRERRRREREREH %/

gouble extract(line)
char linell;

{ .
int k;
double zz,st0f(}}
k=find_index("=",1ine);
strdel(iine,8,k+1);
strdel(line,strien({line)-1,1);
zz=stof{line);
return{(zz);

3

JEERREREFRERERRRERERRRRRARERERRRR SRR CLREERRRRRRRRRR RS RRE AR R ERRRRERERRRRRRR R/
/% Determine the initial region */
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/% Jx[iJ = k if and only if the initial point is Jocated in the k-th %/
/% segment of the i-th dynamic element if i<ix; or the (i-ix)-th pw! t 74
/% resistor if id=ix. */

,/*********i‘.*****************************************************************/

Tocation_index{)
{
int i,k;

/% dynamic element %/
for (i=@;ilix;i++)
A
if (x(il<{=gammalnx[ill) /% leftmost segment %/
ix{il=0;
gise
{ .
if (x[il>gammalnx[i+11-13) /% rightmost segment %/
JxLil=x_brklil; :
else
{ i
for (k=1 ;k<{x_brklil;k++)
if ((x[i)-gammalnx[{il+k-11)%{x[il-gammalnx[il+k]){=8)
{
JxLil=k;
breaks
3
if (k==x_brklil)
exit_message("INITIAL POINT 1S IN UNDEFINED REGION®);

L

3

/¥ resistive element %/
for (i=@;idir;i++)

{

i¥ (x[i+tixI{=betalnrlill) /% leftmost element %/
Jxli+ixl=8;
else
{
it (x{i+ixldbetalnrli+1l-11) /% rightmost segment #/
JxCi+ixl=r_brklil;
else
{

for (k=1;3;k<{r_brklil;k++) .
if ((xli+tixl-betalnrlil+k-11)%(xlitixI-betalnrlil+k3I<=0)
{
Jxli+ix1=k;
break;
)
if (k==r_brklil)
exit_message("INITIAL POINT 15 IN UNDEFINED REGION");
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SEERERRREERERRRRRERIRNRRRRERRE LR R R R L AR E AL ERRRRRRERERRRRREEEEER R N%/
/% Reduce the canonical pwl differential equation to a linear differential %/

/% equation ®/
/% S + a*x + f%x’ + g¥z = 0 */
/% corresponding to the initial region, */

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

ini_eq()
{

int i,j,k;

for (i=B;id{nji++)
slil=salil;

Cfor (j=0;j<ixj++)
for (i=@3i{nji++)

{
gli*ix+jl=blj*n+il;
for (k=0;k<{x_brk[jl;k++)
{
it (ix[ji<=k)
gli*ix+jl-=el(nx[jl+k)*n+il;
else
glixix+jl+=el(nxLjl+kI*n+il;
N
3

for (j=B;j<ir;j++)
for (i=B;i{n;i++)

-

{
flixir+jl=clj*n+il;
for {k=0:k<{r_brkljljk++)
{
if (xlj+ixd<=k>
{
slil+=betalnr{jl+kI*di(nr[jl+k)%n+il;
flixir+jl-=dl{nr{jl+k)%n+il;
3
else
{
slil-=betalnrljl+kIxdlC(nrljl+k)*n+il;
flixir+jle=dl<{nrljI+k)*n+il;
3
3
3
FEERERREEERRERERER R R R R R R ARSI REERFR R RN R T XA R RAARRXARERRRRRRRENRRRRSS
/% Use the Backward Euler Formula */
/¥ x1/ = (x1 - x8)/hx */
/% to compute the solution of the differential equation in the initial *x/
/% region, */

SEREEEERLERERERRELRLEERELE R LR FREREREERREERRR R ERR R LR AR ARE R AR ERERRFEERERRRR/

staprt(hx)
double hx;
{
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char *calloc();
int i,j,*ipvt;
double fst(),*z2q,rcond;

ipvt=(int ¥)calloc(n,sizeof(int));
zg=(double *)calloc{n,sizeof{double));

/% estimate the value of each time-varying source %/
for (j=8;j{is}j++)
ftljl=fstisxljl,t+hx);

/% replace x1° by (xi-x8)/hx and reduce the diff. eq. to %/

/% a linear equation */
for (i=@;i{n;i++)
{

x1[i) = -1%g[i];

for (j=B;ji{ix;j++)

{
uli*n+jl=alj=*n+il+gli®ix+jl/hu;
x10il+=gli*xix+jl*x[j)/hx}

for (j=8;j<irjj++)
uli*n+j+ix]=fli*ir+jl;
for (j=B;j{isijt++)

yli¥n+j+ixtirl=sclj*n+il;
x1Lil-=srcli*n+il%ftijl;
3
}
sgeco{u,n,ipvt,&rcond,zq);
sgesif{u,n,ipvt,x1,8);
hil=hx;

/% approximate the predicted value of next timing point %/
/% by the present solution */
for (i=B;idnji++d

xplil=x1lil;

cfree(ipvt)
cfreelzg);
b

S EEREREREREFERRRRARRERERRELERRERERRE R IR RRRE R LA FREFERRERRR AR SRR RN RER R RN/

/% Evaluate the value of f(x) at x=t where f(x) is represented by s_exp. %/
LS EREEEREREEEERERERREREE SRR R R AR R AR AR A RRERRRAEF LT RRRRRERRRRRRREIRERRLRREN 2R/

double fst{s_exp,ti)

char *s_exp;

double tt;

{
double sym_eval(),z;
SYM_TREE #*encode{) ,#*tree;

tree=encode(s_exp);
sym_set("{",tt);
z=sym_eval(tree);
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if (sym_stat != 8)
exit_message("UNABLE TO EVALUATE THE TIME-VARYING SOURCE");
tree_eqn{tree);
returnfz);
3

SRR RRRRRR RN AR R RN R R R R RN RN R R R R RN RRRERERR AR RN AR R AR LR R SRR SRR AR RRRERREERE/
/% Compute z to the power of i. */
SEREEEREEREERRRERCERRREREERRRRRRRRERRERERSER R ERARRERRRERRLERERRER NN HXEF N2/

double ipow{z,i)

int iy
double 2z
{

int j=0;

double w=1;

while (j<=1i)
{
WSW*Z ;
J++g
3
returni{w);
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#inciude ‘ztdio.h
#include "/usr/include/local/graf.h"

m

xtern char #3x[];
Cextern int on,ir,ix,is,*nr,%nx,%r_brk,*x_brk,*jx;

extern double #x@,%x,€x!,¥x2,%xp,*s, ,%a,*b,%c,%d,%e,#f,%q}
extern double ¥u,*beta,*gamma,#*sc,#src,h,hl, t,*ft,tstart;
axtern GRA&F wap;
gxtern int ow,outfile;
exterrn doudle hry
doubie new_i hd,x2,bd;

/¥-‘$-‘t*-!-"'-'"'4-*“?-‘Q’-#*-‘é*#(%****-’é*************3**-"**************3**’6****4*4***-’6’6*&&*/
/% Perform the transient analysis for a pwl dyvramic circuit; return -1 if %/
A% a rumerical impasse point or very sharp turning point is reached. ®/
SEFEERERR AR IR SRR R R R RE AR SRR R F R R R AP LR R AN ER N AR R RS R X R SRR R RS R R SRR RS/

ooanalveisi}

int iymyk ik ,mx,j=8,5x,

doubis &

S% compute the next solution %/
new_mxid;

with a smalier stepsize in case of sharp turning point %/
eli==-1 &k j++K2)

ored_ualuelxd, x,x1,n8,hi,hl;
new_mx{l}

D)

Dr=coundaryism, &k e %l ,x2)
7% 1% cross a boundary »/

if fox == 13

{

/% renew the linear diff. eq. for thE new region */
i
=rass_bdry{m,k r),

A¥ start with a very small stepsize in the new region */
h=h/58;
startind;

#% reduce the stepsize if the solution returns to the %/
/% previous region */
while {((bd-xe)*¥{bd-x1{k1)>»® && ++j{7)
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/% i+ the stepsize is reduced to a tiny size {(le=7 of #/
/% the original size), then it is a numerical impasse */
/% point . */
if ()==7)

{

printf{"WARNING MESSAGE: CLOSE TO A NUMERICAL IMPASSE PRINT\n");
if (xI[kl>bd>
x[kl=bd - 1e-8;
else
x[kI=bd + 1e-8;
return<-1)

=4
hiite (boundary(&mx ,&kx ,&r,x,xir==1)

o G

if (mx==m && kx==k)
break;
if (j+t > D

printf("WARNING MESSABE: TLOSE TO A SHARP TURNING POINT\n"};:
return{-13;

L L)

n/i2g
arti{h);

=
-
A

[0
~ Qo

A% graapic plotting
if dpwe=1)
Sraw_phase{gp,x,x1)

e

w
(1]

draw_waveform{gp,x,xi);

T+=n3

it fox == 1)
zxit_message(“BOUNDARY CROSSING PROBLEM™);

/% accept the new computed solution %/
it (det_h()==0)
{
i {pw==1>
draw_phase(gp,x1,x2);
else
draw_waveform(gp,x!,x2);

/% predict the next solution */
pred_value{x,x1,x2,hi,h,new_hJ;

/% renew the soiution vector %/
new_solt);
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else
7% reject and repeat with a smaller stepsize %/
pred_value(x8,x,x1,h@,h!,h);
3
returni{@n;

/***********&ii**************!****!****&*****************ﬁ*******i******#***[

/% Renew the solution vectors xB, x, x1 such that they are solutions at */
/% three most recent timing points; x and x! are reguired to approximate %/
<% the derivative and predict the next soluticn, %8 is recuired in cace */
7% e computzd sclution 1s rejected and should repeat with 2 zmaller #/
/% stepsize, x/
i e e i R R L Y Py P e N Yy
new_sol()
{
int i;
hé=h1;
hi=hg
h=new_h: F% new stepsize #/
for (i=@;idln;i++)
¢
KB0ii=x{idy
x[il=x1lil;
xiD13=x20i3
?
t+=hl;

L]

tﬁ*****"***:’i-‘-ﬁ‘*-‘***‘*“‘u‘“*{*f(*“"44'&**44’0-&-“‘*-"'4****4*******4**‘4(’**‘?*/

;o
i
.

L *

£#

keduce the iinear differential equation
S ¢+ a®y_n+l + g¥ix_n+l)’ + f¥z_n+l = 2
to a iinesr eguation
ytx_n+l = =
oy replacing fx_n+i)” with the approximation
&3#x_n+i ¢+ al¥x_n + a2«x_n-1i

%/
*/
%/
E ¥4
*/
®/

P et T E L P R T Y e T L L I Y I Y Y Y PR YT X

new

{

M)

char *catloc()
int i,j,#ipvty
double r,aB,al,a2,%zq,rcond,fst();

vt=Cint #)calloctin,sizeoflint));
=(double #)callocin,sizecf{doubial);

ip
2q

/% coefficients a6, al, a2 are chosen such that the approximation #/

/* (x_n+1)’ = aB*x_n+1 + al*x_n + a2#%x_n-1

A% ig exact if the solution trajectory is 2 2nd order polynomial
r=nis/h}

al = =1%{1,0+p)/(h¥*r);

32=1.8/(r%(1+prd%n);

a8 = -{af+a2);

*/
*/
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/% eztimate the value of the time-varying source %/
for (j=Biicisyj+d)
filii=fst(sxljl,t+h);

x20i] = -i#gli]
for (j=83i<ix;j++)

L)

u[i*n+j3=a[j*n+iJ*aG*g[i*ix+J],
x2Li)=-=glisix+jI*Cali®#xiljl+a2#xjd);

for (j=9;3jdirgj++)
uli*n+j+ini=flixir+jl;

for (j=8;j{igyj++)

;

uli¥ptjtix+irl=sclj*n+il;
x2[il-=crcli*n+ilxftljl;

wm e

gecoiu,n,ipvt, &rcond,zqg);
saesifu,n,ipyt,n2,8);
cfraekxput)'

cireelzgl;

/“i(‘ﬁé*’é‘i**%**%*"****************************,******-‘é*****‘k:’é"x’*§§§*§¥§§*€6***§*§**1’

£ %

Determine whether

e S i 1]
=

jauwdary(m,kx,rx,zp,zn)

iax

.

=M, ¥UX

doubie *rx,%2o,%2n;

-

X

Char #calloci)y
int i,#index,k= -1
coudle rin=1.8e8,r,fabs();

index=¢int *)calloc(n,sizeof(int));
for (i=0ji{ix;i+d)

{

/% pwl dynamic element %/
if (x_brk{il>8)
{

r=18.,8;

the sclution trajectory crosses a beoundary. Return i
ses the boundary and enters the m-th secm

a ratio rx, where rx is the ratio of the distance <rom
501 tien io ;he boundary over the distance from ithe
to the next solution which is ocut of the present region.
*****¥x§¢+¥444&*§b4‘§***§&****¥*¥*§**¥¥o4**4$;414&«4¥4**¥¢*4¥*¢¥¥’

/7% cross the right boundary from the leftmost regicn */

if (JxlilJ==8 && znlil>gammalnx[il

{ .
r={gammalnx{ill-zplily/{znlil-2zpl11)}
if (fabsip)<{l.8e-12)

went of the ux-th

present

®/
t 74

. *.l"

*./
*/
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return{-12;
if (rin2r && r>8)

(
k=1i;
bd=gammalnx[il];
rin=pr;
index[il={;

3

/% tross the left boundary from the rightmost region #/
if (ix[il==x_brkiil &% znlil{gammainx[il+x_brklil-11)

{
r=lgammalnxlil+x_brklil-13-zplild (znlil-2plil);
if dfabsi{pr2{!l.fe-12)
return{-1);
if (rindr &% r<l && ro@®)
{
K=i4
bo=gammalnxlil+x_brklil-1];
index[il=jx{il-1;
Tin=rg
3
3
A% in tne Sounded region %/
id {julal = 8y k& (jxIil !'= x_brkiil))
{
r={gammalnxlil+ixlil-1]-2plildx/(2nlil-zplil);
i+ {+fabs(r{l.2e-12)
returni=1);
/% crocs the left boundary %/
1t 4pdl &% P28 && rindr)
{
K=13
pd=cammalnxlil+jx(il-11;
rin=ry
indexlil=jxlil-1;
3
gisa
{
r=C(gammalnx{il+ixlili-zplilo/dznlil-zplidy;
if (fabs(r){1.0e~12)
return{-1>;
/% cross *he right boundary %/
if {rd! &% r20 &% rinde)
{
A=i;
bo=gammalnaxlil+ix(i]];
rin=r;
index[il=jx[il+1;
}
H
3
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/% check whether crosses a boundary of pwl resistors */
if (r_bdry(&k,&rin,index,zp,zn? == -1)
return(-13;
17 (k=8
*m=index[kl;
reef{index);
r

*rx=rin:
#L A=K g

return(ll;

et

L1
"
]

return{é);
g

,"**-:é****i‘.*-Zt--l‘.****-’.(»*****i(--'('************************************;‘.************i**/
S% Detarmine whather the solution trajectory crosses a boundary of the ¥4

/% rezistive element, */
SRR AR R R IR LA RS R R R R R AR F AR REF R ERRE R RRER AR R SRR AR SRR RN ERER R ER

r_bodry(k.rin,index,.zp,zn?
int #k,*index;
doubi2 #rin,*zp,*zn;

int i3

nt iy
- b T L e
couule r,fabsi)}
Tor Li=dpidingites
{

/% oyl resistor ¥/
if ir_brklilra)

i
.
r=19.9;
/% cross the right boundary from the leftmost regisn #/
i Tixli+ind==8 &% znli+ixlirbetalnrliil)
{

c=lzetalneliZ)-2plitixdd/iznlisinl=zpiitind);
if {(fabs{r){l.Be-12)

return{-1);
if (*rindr && r>0)

{
*k=i+ix;
bd=betalnr{ill;
¥rin=pr;
indexli+ix]=1;
3

[

<% cross the left boundary from the rightmost boundary #/
i (ixli+ixd==pr_Ork[il && znli+ixI<{betalnrlil+r_brk[il-1D

e

r=(betalnrlil+r_brklil-{J-zpli+ix1)/(znli+ixi-zpli+ix]);
if (fabs(r)<i.fBe-12)
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returni-1);
if {*rindr && rdl && ro@®)

«
®h=i+ix;
bd=betalnrlil+r_brklil-1];
index[i+ixl=jx[i+ix]~-1;
*rin=r;
7
)
/% in the bounded region #/
i C0ixDi+ixd = 8) && (Jx[i+ix] '= p_brkiidd)
Y
r=fbetalnriil+ixli*ixi=il-zplitind»/{znli+ixi-zoli+ixds;
if (fabs{r2{l.02-122
returni{-13:

/% cross the lef? bouncary %/
il A& o8 L& ¥pinded

s
alnrlid+ixli+ixd~-11;

ot

> M
(0]
i

-

T e a{rP£1]+JALJ*A‘ J=zplitsxdyslznli+ixd-zplisixlys
if {(fabs(r){i.8e-127
returnf{-1Y,

/% cross the right boundary #/
i$ {rdl && r>8 L& *pinop)

=

"

D)

3
}
/¥+4¥*‘****%44¥4*****¥¥¥§§¥¥§¥¥4**¥‘¥4***¥§¥3§**¥4¥¥*¥*3§44*¥4¥4***¥i*¥**f**/.
/% Renew the Tinear differential equation ' */
L% ‘ S + a%x + f¥x’ + g¥z = 3 %/
/% in the new region, */

SEELEREFEREEFRRRRU ST AL RN R R F AR AL CF AR AR E AR SRR LR R RRR SRS EERXEXLT RS

&

iv M

cross bdry(m,k,r)
i b
ousSie r;

i
d
¢
AS

Pad
Ry RO
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=03ilnyi+d)
il—xlt:]+r*(x2[i]-x1[i]);
*xLkd)

s

x{ki-=12-9;

i+ {pw==1)
graw_phaseigp,xl,x)
else
draw_wavefarmigp,x1,x2;
t+=h}

&3S A boundary of dynamic element %/

if amdixlkdd
for (i=83i<n;i++)
ali*ix+kl+=2Zxel{nxlkl+jxlklI*n+il;
eise
for £i=R;i4{n;i++)
glixix+kl-=2#%elinxIkI+jxlkl-1)*n+il;

/% cross a boundary of pwl resistor %/
sise
{
if (mdixikd
for {isBiidnmii+d)
ke
A

s{il-=2%petalnrik-1x2+ixikIdIsclinrik-ix]+ixikld#n+il;
Flisip+k—ixl+=2%alinrlk=-ixI+jxlkid*n+id;

m
n
n

+ik-ix3-=2#d[{nr{k-ixi+jxlkl-1)%n+il;
Tebetainrlk-ixl+ixlkl=11#8l(nrlk-ix)+jxlkiI-10%n+il;

}

Jxlikli=m;

xe=x1lkl; /% boundary value %/
2
/**i*4*****¥i****4********4***%******4***********************%é**4***4*¥*¥¥¥/

'/¥ falculate the truncation error and determine the new stepsize. ®/
FEEREBRREREERE R R A SRR CR AR LA X EF R REREFRFFCE XA AFEARRRRR RS ERA AR RS SRS n e/

det_h>

i}
doubie err,ratio,trunc=1,8e3,fabs();

/% choose uniform stepsize for the initial 3 points %/
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-

s

/% zalzulate the truncation error ¥/
for (i=8;i{nji++)

il-xplildi/($absix2li])+i.0e-4)
b}

/% reduce siepsize2 by a half if excessive truncation error */
if {ratiod2)

{
h=h/2; )
return(-12;
3
4% doubie the stepsize if tiny truncaticn srrop #/
if {raticid.B
naw_ns2#hy

A% the sizesize shouid nol exceed the printing stepsize 7/
i (oputtite = ! && new_h ¥ hy)

nas_F=hvy
returniBag

*4¥§44¥*¥*§i*§**§§§*§*ﬁ*&i****é**i*&*******ii***i*****!&*******i#i******/
redizt the solut:on at next timing point by the previous solutisns, #/

SEELRRE SRR U RRE AL B L SRS L L LA BA TS SRS E LRI REEX RSB LSRR FF R FRBR R ERRNS R/

g
cJ
U

5

ﬂ.ﬂ'!

valuelsa,xb, xc.h.,hb,hc}
ie ¥xa,.#xb,#xc,ha,hd,hey

int i
i

goubie at,bt,cl,c2,c3;

A%+ nd coefficients ¢l, ¢c2, ©3 such that the predicizd value iz %/

/% exact if the solution trajeciory is a 2nd order polirnomial */

-t—*‘hu'dc,
at=gt+hashey

c3=at/iDi-10%0t-at))

cZ={ni-btr*c3-i3/{at-11;

ci=1-c2-c3;

for 1i=8;i{n; 1++)
xolil=clexclil+c2%xblil4+c3¥xalily
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SEEBERRFRER LR LR R SR CR LR SRR LR R R R R RS AR EN LR R AR F AR IR F RS L RFRERRR RS

/% Find cos(theda) to determine the changing rate of the solution #/
/% trajectory, where theda is the angle between two consecutive solution %/
/% vectors ul=(x1-x), v2=(x2-x1). */

L Y P Y T Y I T T YTII T IS T Yy

angiei’
{
int i,
doubie ri=8,r2=0,r3=8,ré,sqrti2;

i
13)#(x1ii]-x0i3);
Cil)%(x20iJ-x1Li33;

K
rd=pri/eqrtir2¥r3d);

it {rd4{@g.2)

return{-1);
else r=aturniB);

et



Mar 15 11:82 19686 pwidS.c Page |

#include <(stdio.h>
#include "/usr/include/local/graf.h”
#inciude "pwld.h"

extern int n,ir,ix,is;
extern char xrlI012],%xdl0123,xs03(12];
n double t,tstart,h,hy,*xl,%x2;
n FILE #op;
noint outfite,lyu;
rovar _namelDIMII{12];
18 U, UX,Ux;
& YMin,xmax,ymin,¥max;
#d1 *scdie,bw Xy, U

CL ro oo
Ut

[ et s §

[
C o+ Co
o =

LL0]

E

w

N

1o

<

SEAEEERE R R A SRR RN AR AR AR R AR AR ARSI R I A FANA R RSN SRA RIS CH NN/
/% Traw graphic axises, jabels, coordinate titles, and scaling factor of */
‘# each variable for either phase gordrait or waveform plotting. */
/f*t*f?*t****44*****‘*¥**4**‘*****‘******i***¥¥¥+*****4*************i*******/

draw_grafigp)
SRAF %egpy
{
int i
cnar cnl2lyx_namei38l,y_namel38],%it12{301;
goubie powil;g
SFAF *gra+_openi);

coziftn, &dl,f2i%0;

.

0

cailociin,kscale,"scaie”);
:&};acd‘n(MSCﬁ _ytsca_x"1;
far (is@;i{ngi++) .
{
i$ iz
strepylvar_namelil xd(id);
1f (id=ix && i{ir+ix)
strepyivar_namelil,xpli-ix1);
if Cid=ip+iv)
sircpyivar_namelil,xsli-ir-ix1);

mgiasngpi9,8);
.'n:,a.pl’]"-:u);
*ap=grat_open();

{
hase plnt(x_name,y~name);
waveformix_name,¥_name);

4% input the graphic parameters */
read_grati);
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strcovititlie,"PWL-BDF response®); /% graphic title %/
for {i=@;idnji++) /% scaling factor */
sca_x[il=pow(10.8,(double)scalelil);

/% draw the graphic boxes %/
setup_graf(xmin,xmax,ymin,ymax,x_name,y_name,title,*ap);

/% if plotting the waveform, draw the scaiing factor #*/
/#% for =zach variable */
if {pw==-1>

graw_x{3;

P L Ty L L L T L L L P D R R PP TP DD DR TP A R
/% Determine the variables for phase portrait and craw the graphic axises %/
/% and titles, */
/*4*****4*4*%*¥**¥****¥*****¥¥4****************************¥***R*&**********/

phase_plot(x_name,y_name)

char

{

x_namell,y_namell;

insi28);

.
- s

for ¢ =g3i{nji+4
pr1ntf("x[ sdl=¥s\n",i,var_namelil};
crintfd{"x_variabie=x[?I\n");

"y

scant{"Kd® kxv) /% xv 1 variable index for x axis #/
printfi"scaling factor for ¥%s = 1E?\n",var_namelxvi);

scant{"%d" ,scale+nvly /% nlot x_value = x#18"scalelxv] #/
printfl"y_variable=xI[?I\n"J;

scanff“”d",&yv); /% yuv 3 variable index for y axis %/
printf{"scaling factor for ¥%s = 1E”\n",var_namelyvl);

scanti"%d" ,scale+yv) /% piot v_vaiue = y¥ld8°scaleivy]l %7
sorintfiiine, "Msx184d" ,var_namelxvl,scalelxvl);

sircoyix_name, Ixne),

sprintf&s:.:, SR LENCGY var_pameiyvl,scalelyvl);

strepyiv_rname,iine);

/% print the headings in the output file %/
it {outfile == 1)
fprintf(op,"**Col(1)=time*x #*xCol(2)=Mcxx %xCol1{(3)=Ys*¥\n",
var_namelxvi,var_namelyvl);

g L e L I e Iy I I I I T TR TR TR PL PO

/% Determine the variables whose transient responses are to be plotted. */
fﬁ**********§§***§*§***********************************************i********/

wavefarm({x_name,y_name)
char x_namell,y_namell;

{

char chi2]l;
int 1,j=2;
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strcpyix _nhame,"Time");
strepyiy_name,”X variables®);

'.)

u

/% dilil =1 if the x[i) waveform is to be plotted »/
/% with scaling factor {8°scalelil */
for (i=8;i{n;i++)
{

printfi{"draw Xs ? y/n\n",var_namelil);

scanf(" ls“,ch),

if (chlgl=="y

-~

dilil=1;
printf("scaling factor for ¥s = 1E?\n",var_namelil);
scanf("’d",scale+i)}

o

)

7% print the headings in the output file %/
it {outfile == 12
{ .

fprintflop,"*#Col{i)=time*x% ");

for (i=083i{n;i++)

if (difil == 1)
fprintflop,"#xCol (Xd)=Vs¥* " j++ var_namelil);
forintflop,"\n")}

()

R R L L I I LTI I I P TIPS T O Y Y s
/% Read the graphic ranges for x-zxis and y-axis variables. */
SRR E R RSN A R RS R RRAN AR AR R S ER SRS SER RS AB R RS LF S A AN AN SRR ER R R RN E NN/
read_gratid

{

intf{"enter xmin and xmax\n");

anf AT FATE" J&xmin &xmax) ;

intd{"enter ymin and ymax\n");

=

DO B T) Bt <}
) ’J [ Biler |

gLy

nELTATEL 4T Jevmin  &vmax)

1,

T e Tttt I
/% Draw the graphic color definition for each variable whose iransient */

/% response is to appear in waveform plotting. */
SEERRERAESCRRI RS ERRRRERRR AR RRRERRERL IR ERRERREFRRRRERLR RS RER R RN R R R RRRRR/

draw_x()

£
.

char xi[28];
int 1,j=0;

for (i=B8;i{nji++)
{
it (difil==1)
{
sprintf(xi,"%Asx1E%d",var_namelil,scalelil);



Mar 15 11:82 {984 pwldS.c Page 4

mgihue(i+2);
mgigfs(BO+(j++)%88,500,8,xi);

/***********i***!************************************************i*******%**/
/% Draw the phase portrait in x-y plane. %/
P LIy Ty P P P P PP PP T T LT T T T TT PP TP OID PP DP Py

graw_phaseigp,.xt,vit>
GRAF #gp;
double #xt,#vt;
{
double ratx;
mgihue(3);
graf_moveisca_xIxvi*xtixvl,sca_xiyvl*xtlyvl,gn);
graf_drawl(sca_x{xvi#vtixvl,sca_xIyvlxyilyvl,gp);
if {outfile == 1)
/% the ix-th zrinting point is reached */
if {{t+h-tstart-1x*hy)®{t-tstart-1xxhy){0)
{
ratx=(tstart+lx*hy-t)/h;
fprintfiop,"%.3eNt\ti,.3eNt\t¥.3e\n" , tstart+1x*hy,
Cl=ratxdextixvl+ratx®vtixvl,

(l-ratxdextiyyl+ratxxytlyvl);
Tu++;

"

f¥*§§§*¥*§§***§**§***§§§§******%*********&**********************i***ﬁ*******f
/% Draw the transient waveform. #/

4

/i&&*******iﬁ*%§§**4*****§§§******%**********i**%***********§**i*i**********/

draw_waveform{gp,xt,vt)
o

SRAF #5314
doubie *xt,*vi;

L)

i=8

int i, H
le ratx,yout;

doub
if foutfile == 1)

/% the Ix-th printing point is reached %/
Jif ({t-tstart-l1xxhyl*#(teh-tstart-ix*hy) <@

{
ratx={(tstart+lxshy-t)/h;
if {tstari+ixshy >= @)
forintflop,"%.3e ", tstart+lix*hy);
else
fprintfop,"%.3e ",tstart+lxxhy);
Cd=l
1x+43
3

for (i=Bjidnji++)
£
LY
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it (difil==1)

{
mgihue(i+2);
graf_move{t,sca_x[il*xtlil,gp’;
araf_draw(t+h,sca_x[il*ytlil,gp);
if {(j == 1
vout=(l-pratx)*xtlil+ratuxytiil;
if (yout = @)
fprintfi{op,"¥.3e “,vout);
else
fprintflop,"¥.3e ",voutd;
3
¥
if {j =1

fprintf{op,"™n");
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#include {stdic.n>
#include "’usr/:nclude/local/graf h"
Rinclude "gf.h"

f******i**%***************************i****************&i******************/

A% Draw the graphic box, axises, titles, and assign the colors. */
/****i%**i*****i*f#§*§§4§*§§§*§********************&*i*&*******************/

m

tup_grafixmir,xmax,ymin,vmax,x_rame,vy_rame,*itie,cp)
uble xmin,xmax. /min, max;

ar x_namell,y_namell,titlell;

*Gp;

r o

G T (L
o et
pES
T

f {gp==NULL)

= ko

printf{"gp=hULLN\n");
exitdl,
define_colors();
mgihual{l);
et_screeni3,4630,120,328.gp);
t_real{xmin,xmax,ymin,¥max,gp);
_X_axis{N_LBLS, h _7T1CKS,TICK_LENGTH,S816_rIGS,LABEL_SIDE,LABEL_SHIFT,
me,NAME _SHIFT,gp);
axxs(N _LBLS ,\N_TICKS,TICK_LENGTH,SIG_FIGS,LABEL_SIDE,LABEL_SHIFT,
AME SHI-T gp)'
‘1+,e 1t1- SIZE +OFFSET,qgp);

e AT >= [T Y]
ml L O T T O
- 2D ﬁ': d'r

wl
%

-
I
- l

draw_uoundszBX,LABELS,TICKS,AXES,TI,gp);

fﬁi%*i*%%%*i§§**§******iﬁﬁ**%ii*****%&******ﬁ*********i********************/

+% define various types of colors. */
SRR LR LLEER B LSRR TEE AR F R XX R RS R XU RE RS R X RS ECE SRS C LA CN AR ETRR S/

(<]
1]
-}
-
ot
]
3]
o
—
()
S
(1]
s
-

e

mgipin{3il;

mgiciearpin(@,-1,87;
moicmeil AxTeFaT 3L>'
mgicm{2,3x00848a8L) ;
mcicmi3,axf0BF088L);
mgicm{4,3xf088fBL);
moicm(3,28x£08000L);
mgicm({4,8xaBba85L)
mQicm(7,8x236+98aL);
mgic7<3,3x29294@L)'
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