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NOEL PACKAGE 8 : PHASE PORTRAIT OF
SECOND ORDER NONLINEAR CIRCUITS

1. Introduction

The phase portrait of a second order circuit is an important problem in nonlinear circuit
analysis. To find the phase portrait, the user has to provide the symbolic representation of the
state equation of the circuit to be analyzed, and this circuit formulation step usually causes some
inconveniencies. Moreover, if each voltage-controlled (resp.; current-controlled) nonlinear resistor
is not connected in parallel (resp.; in series) with a capacitor (resp.; an inductor), the symbolic
representation of the explicit state equation x = f{x , ¢) may not exist, or can be obtained only
after solving a nonlinear equation.

To make the phase portrait program more user-friendly, we apply the circuit formulation
utility program(1] to formulate the second order dynamic circuit to an implicit state equation

fix,x,t)=0

where the dimension of x is no less than two. Similar to the nonlinear transient analysis program
in package 4 (2], this equation is written in the form of a C source code, which also includes the
symbolic expression of the Jacobian matrix

of
Jo= —
7 ax
This equation is then solved by the BDF (Backward Differentiation Formula) integration routine
which finds the forward and backward transient trajectories for each initial condition; namely, the
transient responses for ¢ > ty and t < ¢, respectively, where ¢, is the starting time. The initial
conditions are chosen from the grid points of the phase plane; namely,

Z = Zyip + (% max — Zmin) * /(m +1)
Y = Ymio + (Ymax = Ymio) *7 /(m +1)

fort =12,.,m, 5 =1.2,..,m, where z 5, (resp.; ) is the lower bound (resp.; upper bound)
of the x-coordinate, and yp, (resp.; Ymax) is the lower bound (resp.; upper bound) of the y-
coordinate in the phase plane, and m? initial conditions are chosen in the phase portrait. The
computed forward and backward transient trajectories are shown in the phase plane and emanate
from each initial condition with distinct colors.



2. Algorithm
Step 1.

Find the circuit equation and the corresponding Jacobian matrix for the dynamic circuit to
be analyzed.

Step 2.

Find the circuit equation and the corresponding Jacobian matrix for the modified circuit at
starting time.

Step 3.
.. Read the parameters for BDF transient analysis :

(1) starting time ¢q
(2) final time t;
(3) initial stepsize h
(4) phase plane boundaries : Zpin, Z maxs ¥ mins ¥ max
(5) number of grid points in each axis : m

Step 4.

Perform the dc analysis to find the dc operating point x, at starting time ty; namely,
f(xo , Xo , to) = 0.
Step 5.

For each initial condition located in the grid position of the phase plane, follow the BDF
procedures (Step 8 of Section 2 in package 4 [2]) to perform the forward transient analysis
to find the phase trajectory for ¢ >tq until ¢ >¢; , or until the trajectory goes out of the
phase plane defined by z ;) <z <Zmax 30d Y in <Y <Y max-

Step 6.

Find the backward phase trajectory for ¢ <ty until ¢ <-t; . This backward transient
analysis follows the same procedures in Step 5 except using negative stepsize h <O0.



3. User’s Instruction
Step 1.

Create a file "xx...x.spc” which describes the second order dynamic circuit to be analyzed
and follows the rules of the input format language defined in (3] for each class of circuit ele-
ments, where ”xx...x” is the filename for the input file with extension ”.spc”. All the circuit
elements defined in [3] can be included in "xx...x.spc” except those described by pwl charac-
teristics with numerical expression; namely

‘R’ : 2-terminal resistor (linear or general nonlinear char.)

*C’ : 2-terminal capacitor (linear or general nonlinear char.)

‘L’ : 2-terminal inductor (linear or general nonlinear char.)

‘V’ : independent voltage source (time-invariant or time-varying)
‘1’ : 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

“K’ : nonlinear controlled source (at most 2 controlling variables)
"N’ : 2-port or 3-terminal resistor (linear or general nonlinear char.)

The circuit should contain ezactly two dynamic elements (capacitor or inductor) for second
order phase portrait. For elements with pwl characteristics to appear in ”"xx...x.spc”, they
should be described by the absolute function fabs().

Steps 2-5 are combined as a batch process and are executed by typing the command

phase2 xx...x

where "xx...x.spc” is the input file.

Step 2.
Type the command

form xx...x

to produce the C source code "xx...x.c” for the circuit equation and the corresponding Jaco-
bian matrix.

Step 3.
Type the command

formi xx...x

to append the C source code for the circuit equation and the corresponding Jacobian matrix
of the inmitial circuit to the file "xx...x.¢c”.

Step 4.

Compile the file *xx...x.c” to get the object code and link it with the BDF simulation rou-
tine.

Step 5. -
Type the command
phap xx...x

to perform the transient analysis which proceeds interactively with user in the following way



(a)
(b)

()

- (d)

(¢)

(e)

enter the initial time
Enter the starting time ¢ for BDF phase portrait.
enter the final time

Enter the final time {; to terminate the transient analysis, which should be greater
than the starting time ¢,.

enter the initial stepsize

Enter the initial stepsize used in starting stage, which should be small enough not to
cause large truncation error.

enter the number of grid points in x and y axis

enter the integer m such that m?2 grid points of the phase plane are chosen as the ini-
tial conditions.

Choose the indices for x and y variables from the table of the variable definitions :
x[0] = i(R1)

x[1] = i(R2)

x[2] = v(Cx)

x[3] = i(Ly)

x_variable = x|?]

Enter the index for x variable; e.g., 2 for v(Cx)

y_variable = x[?]

Similar to the x variable.

enter xmin and xmax

Enter the lower bound xmin and the upper bound xmax for the x coordinate in the
phase plane.

enter ymin and ymax

Enter the lower bound ymin and the upper bound ymax for the y coordinate in the
phase plane.



4. Examples
Ezample 1 : in file "ex1.spc”
Second order non-autonomous circuit with a nonlinear inductor (Fig.1).

Ezample 2: in file "ex2.spc”
Second order circuit with two nonlinear resistors (Fig.2).

Ezample 8 : in file "ex3.spc”
Second order Van der Pol circuit (Fig.3).

5. Diagnosis
See Section 6 of [2].
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Figure Captions )
Fig.1 A second order non-autonomous circuit with a nonlinear inductor.
Fig.2 A second order circuit with two nonlinear resistors.

Fig.3 A second order circuit with Van der Pol equation.

-
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# Example !
*

¥ 2nd order ncn-autoncmous circuit with nonlinear inductor
Vin 1 & {sin{t)>

Ri 2

£2
L3 2
R4 3864

.include "math.h"
.end :

l\)r—h
W

i
i
{phi=ipow(i, 372
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snter the initial time

8 .

enter the final time

18

enter the initial stepsize

le-4

enter the number of grid points in x and y axis
4 .
x{8i=iVin)
¥£13=1(L3)
xi2i=v(C2)
x_varlabie=x[?]
1

vy variable=x[?]

o

"
o
+

S o and Xxmax

1
er vmia and ymax
i
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# Example 2

E

Znd order circuit with 2 nonlinear resistors

[0 I % B o }

VO ®
N e o

1 i
1 1
a {v=3*%i+2)

R3 1 2 -1 ' )

Rnon 1 8 {i=ipow{v,3)+2%v}
.include "math.h"

.end
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epter the initial time

8

anter the final time

ie

enter the initial stepsize
i -Tl)

enter the number of grid points in x and v axis
4 K
x[BI=i(L1)
x[13=v{C1)
xI23=i(Ra)
x032=vi{Bnen?
x_varia

iable=x(?]

eniter xmin and xmax
-tis -i'q

F 4 PR
enter wvmin and ymax
-1& 1€
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# Example 3

¥

# 2nd order Van der Pol circuit
Ci 161

L2121

R3 2 0 {v=—i+ipow(i,3))
.inciude-"math.h"
.end
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nter the initial time

enter the initia! stepsize

enter the number of grid points in x and v axis
x181=v(C1),

x{11=i(L2)

x{21=1(RD)

x_variable=x[?]

?1

e

Yy _variabie=x
i
er xmin and xmax

ymin and ymax
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Source Code Listings
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§inciude {stdio.h>

mainf{argc,argy)

int arge;
char *argvll;
£ .

bdftargc,argvl;
3

JREEXCEFERRXRRRNFXXRR/

doubie ipowix,i)
int i

double x}

{

if (i »= 8
for (j=i;id=itj+ed
T=2#X
return{z);
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#include <(stdio.h>
#include */usr/include/local/graf.h”

int n,k=3,ngric,reverse;

double h,hi,*x,%t,t8,%c, %z, ,%y,ft;
doubie #r,%s5,%rx,%¥sx,*d,*e}
double Xmin,xmax,ymin,ymax,*wi;
int #iz,xv,yv;

extern double u,v,ux,vx;

/*****************-‘ki&*****i‘.**********%****i******************i‘.*‘}.éﬁ***i‘:i*&*?‘:-’ﬁ?**/
/% Apply the BDF aigorithm to perform the transient analysis of a dyvramic ¥/
/% circuit. */
,’***.{-*i‘.******************************i********%*****************************,/

char #calloc(),tinel208];
int i,j,k,ii,JJ;

FILE *fopeni) *fp;

GRAF #Qgp}

double *xij

/% open the table file */
.open_tbl_opftargc,arqu,&fpl;

/% get the circuit dimension %/
get_nl&xil;

/%*3llocate spaces for arrays of variables */
pre_alloc);

/% read the bdf parameters %/
read_bd+t(l;

/% choose the phase portrait parameters %/
get_tbl(+fp2; '
graw_grati&gpl;

/# the xv-th and yv-th components of x-vector are dynamic elements */
izlxvl=1;
izfyvi=1;

for (i1i=13ii{ngrid;jii++)
for (ji=i;ij{narid;ij++) ~
{
/% chocse a grid point as the initial condition */
wilxvi=xmin+ii*(xmax-xmin)/ngrid;
wilyvI=ymin+jj*(ymax-ymin)/ngrid;

/% find the starting point */
ini_ptlargc,argv,gp’;

/% save the starting point %/
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for (i=Bji{njit++)
xiflil=xiil;

/% phase portrait */
for (1=08;i42;i++)

{
/% forward {(resp.; backward) transient analysis */
/% if i=8 (resp.j i=1) */
. if (i =@
reverse = 1}
else
reverse = -1}
/% recet the initial stepsize and starting condition */
h=hi;
tiegl=te;
for (k=2i1ki{njk++)
x{ki=xilkl;
/% §ind solutions of the first k¢l points #/
startid;g
/% fallow boF fermule to 4ind the irarnsisnt response #/
bd¥_compigp?;
3
¥
grat_closeige)
mgicsacnildy
A EA SRR ERAE AR ARRARAPE R COOAFFERRRRCRRRCR AR RRR AR RCRR AR RN SRR/
F* 3zt the circuit dimension n. ®/
RA RSN AR RER SR ERRARRRCRARERRFAAF AR AR AR SRR AR SRS ARV R OR R0/
gei_nixi)
coubie *%#x13
{
/4% dummy variables required in calling var_alloc() #/
doubie #22,%z3,%z4,#25;
/% cail var_alloc in equation file to get the circuit dimension %/
var_alloc{&n,xi &z2,422,&24,%23); ’
ctree(z2);
cfree(z3d);
cfree(zd);
cfree(zd);
3

,’****-ﬁé**-l‘:-‘.i-**§-§2&-‘.‘.*******-I-***-Zé-}*****!ﬁ****&*********%*i&*********&********i***,"
/% Read the 30F paramstersz : order, final time, anc the initial stepsize. */
,"‘k*%*.‘:i‘-i‘.**:‘:f*i‘:%iﬁ(:‘&**i*****&-}****ﬁ*i‘.***i%***?&k***&{ﬁ!****%i***i**!i******.%***/

reac_bgf(?
'
L

printf({"enter the injtial time\n");
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scanf("A1+" ,&18);
callocd{n®{k+2),&x,"%x")

rintf("enter the final time\n"); /% read ft %/
scanf("%147 ,&f1)}
printf("enter the initial stepsize\n"); /% read h %/

scanf("A14" ,&hi);

printf(“enter the number of grid points in x and y axish\n");
scanf(°/d" ,&ngrid);

ngrid++;

)

/§**********§*******i***%************§§********§***&***********&************/
/% &'locate spaces for array of variables after knowing the dimencsion n */
Z% and the order k. */

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

callocc(&,&t,"t"2;
ca*lecdin, &g, "c");
caitocdin, &z2,2");
callocdfin,&y,"¥y");
callocdik+2,&r,"r");
callocdik+2,&rx,"ru")

callocdik+2,&s,"8")}
callocd{k+2,&sx,"sx" )}
callocd{ik+2)%(k+2),&d,"d");
callocd(k+Z,&e,"e");

3

/i*%i*********t*i%*****t%%i**%**%*****%**k***i*********§****§***§******§***i/
/% Evaluate the initial guess z and parameters ¢ and ha such that the */
/% gerivative x_dot is approximated by x_dot = ha%¥z + c */

/*%*§*******§**§**§*§§**i&*******************%**************%***************/

appx_d_ig¢ha)
double *haj
{
int i,m;
for (i=B8;idnji++)
{
clil=0;
for (m=1jm{=k;m++)
clil=clil+siml#xli+(k+i-mI*nl;
clil = -reverse*clil/h;
zlil=8;
for (m=1; ;m<=k+ijm++)
zlil+riml#x{i+(k+i-m)*nl;
yiil=zlil;
3
#ha = -reversex*s{81/h;
3

/****************i*!*************************************************§******/
/% Evaluate the local truncation error. ®/
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/**i*ﬁi***i***f#ff%ii**i*i*i***%**i**i*i}****%*******ﬁ*#*%*%**&i***&i****%**/

trunca_err(ratio)
double *ratio;

5
L

int i3
double trunca=f,fabs() ¥xx;

callocd{n,&xx,"xx");

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

{ .
xx(il=fabs(zlil-ylil)/{fabsfz[il)+1E-3);
if (truncalxxl{il) :

trunca=xx[il;

verse*trunca*h/(tlk+11-t[8]1);
runcasie-2; :

/ﬁ%?f*%é§*i&*‘**ﬁi%**********%**********%******§§*§9%i*i&**§§§§**§*******§§*[
/% Reduce the stepsize h in case of excessive truncaticn error. 4 . 4
fk***ék*%i%i****#i**%%%i******i*****i****i***&*****#*%%*%************i**%§**/

/% the ij-th eniry of the matrix ¢ is expressed as dli®(k+2)+j]1 %/

recuce_hicg,ratio)

int cg;
double ratio}
{
int 1,3}
/% restore to tne original set of parameters r,s,u and v in </
/% grder to evaluate the new x_goi and initial guess when a */
/% smalier stepsize is chosen *./
tor (i=1j;idk+2;i+4)
{
rlil=rxlil;
sl1-11=exli-11;
3
U=yx;
V=VX §
if C(cg==-1) /% reduce to a quarter h when nonconvergent %/
h=h/4; © /% Newton-Raphson iteration .74
else
if (ratio>2) /% reduce to a half h if ratio)2 and h/ratioc *#/
h=h/2; /% if {ratiolh : B 74
else
h=h/ratio;

/% rerew d for a new stepsize h ®/
clii=reversexh;
for (j=Z3ji=k+lij++)d

dljl=dlil+elj-11;
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for (j=13j4=k+1;j++)
dlj*{k+23]1 = -d[j1;
3

JEEFERREFEREERELENS AR R EF AR R R FRFERREAFRARER NSRS RA XU R ERA R A RERERRR RN/

/% Renew the BDF formula for computing the solution of the next point. *®/
FARERRERARLEL AR ACCRX AR RS AR C SRR E R EENF IR RRANFRAARNRRAARR AR A RN RN

.

/% the ij~-th entry of the matrix d is expresced as dli®(k+2)+j] */
next_ptQ)
{ .

int i,j,m;

/% cave the previous r,s,u,v,and e:first of d, in case x_dot anc #/

/% the initial quess of x have to be re-evaluated for a new */
/% reduced stepsize . *®/
Tor tm=iimi=k+ijm++)
{
rximi=riml;
sxim=-11==lm-1];
3
UX=U}
UN=V )
/% saye e and renew d ¥/
for (j=k+13i2633-=)
£
A

oljl=dljl;
for (i=k+13i»B;i-=)
dii*(k+2)+jl=dl(i-12%(k+2)+j-1];
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)

clude {stdie.h>

-
r'az

.tern int n,Kj
ewtﬁrn doubie *1,%x;
xiern couble ¥C,%Z,U,u Ui,UX,*r ,%s ¥rPX %SX,%*d;

|'l’l

A EREFERR AR RFRER SRR ER R AR RNRRRAX AR R IR A RIE RS REFRAFRCR XL RRF SRR RN RS
/% Newton-Raphson iteration for solving the noniinear aigebraic equation */
/¥ f(x) = ¢ */
,.’*-26-‘.0:*i*****'*ii****-.’Q*‘.‘.*I(**-Z‘.-Ié*&*i*i***§*§§§**§*§*¥!Zﬁ*i&‘k*zﬂ.-}**&ﬁ&*%****i**:’ﬁ****/

nrfini,ha,tx?

int 1ni;

gouble ha,txg

<
int i,1=2,1x,%ipviy ,
doubie maxsi,rcond,xf,%x_dot,sdx_dot,*zq,%jf;
couble fabeid;

% paces for the variables used in Newton iteraticns */
~_ailoci&ipvt,&f k2 bx_dot,kdx_dot, &)

/% itorate 28 times for the starting (k+!) points #/
J* anc 5 times for cther points L 74
i+ {ani==1)
Ix=208;
eise
1x=3;
/% foiiow the itsration formula */
/¥ x_k+1l = x_k = inv{jfr*fix_k’ ®/
/% tg $ind the sciution of f(x)=0; iteration converges if %/
ki < 1.8e-3 anc k < Ix */

S .x_k+1 - X
while {(1++{Ix &% max>1.Le-5)

/% approximate x_dot and dx_dot by the scluticns at =/
/% the previous k« txmlng points and the projected */
/% solution at pre sent time #/
approx_d{x_det,dx_dot,ha);

/% evaluate f(x_k) */
equation{f,z,x_dot,tx);

/% evaluate jfix_l) »/
jacob{z,x_dot,dx_dot,jf,tx);

/% LU decomposition of jfix_k) %/
sgecol{jf,n,ipvt,&rcond,zq);

/% singular Jacebian matrix : changs the initial guess L 74

/% for starting period: otherwise return ncn_convergenvce ¥/
/% to reduce the stepsize *®/
1f (fabsirconci{l.ée-28)

{

i$ {ini==@)
return{=1);
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singulardini,ha,tx);
break}

else
A

/% find inv{jfi*f =/
sgesi(jf,n,ipvt,$,8);

/% find x_k+! = x_k - inv(jf)*f and evaluate ®/
/% max = max | x_k+1[1] - x_k{il */
max=¢.0;

for (i=G;idnji++)

~

/% free the spaces cccupied by the variables in thies routine #/
nr_freelipvt,f,zq,x_cot,dx_dct,jf);

if (12=1x && max»>!.5e-3)
return(-1}

elise
returnl{dl;

2

SEEEFERCRERRRARER AR EREERRRECA SR CF ARSI RFREEIRAA AR AR AR RE R R LAREXRER RN R %
/* Atlozate spaces for the variablee used in Newton-Raphsen iteration */
/% routine, */

,/*"i****i*******§***§****‘k****i***f‘:****%********-}***?’:i***********************/

nr_aiioc(ipvt,f,zq,x_dot,dx_dot,jf)
int **iputy

i
doubie #af,»#xg,%ex_dot,**dx_dot,*xjf;

cailoci{n,ipvt,"ipvt");
cailecdin,zq,"2g");
caiiocdin,f," ")
catlocd{n,x_dot,"x_dot");
callocdin,dx_dot,"dx_dat");
caliocdin*n,jf,"Jj+");

)

/i*i**************%*********************************§**i*i***§i*§*****i****§/
/% Free the spaces occupied by the variabies in Newton-Raphson iteration */
/% routine, which no lenger required after exit from that routine. */
f%**i**************f*t*%*************ii*************************************/

nr_+reelipvt,f,z2q,x_dot,dx_dot,jf)
int *®ipvt;

double *f,*zq,*x_dot,*dx_dot,*jf;
{

ctreelipvtd;
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cfree(fd;
cfresizq);
ctreei{x_dotd;

cwree’dx _gat);
cfreeljfly
3

’*%%**i*************43***%4****%***‘***3¥¥*§*3***%***%****i*******ﬁ*********/

/% Eavluate the approximation of x_cot and dx _dot., */
f******3§**§****#***§**§*f*4‘*%*%*ﬁﬁ¥<‘4********4t*¥¥¥¥*§**444*iif‘*)é**i***,

approx_c{x_dot,dx_det,ha)
douhle x_dotll,dx_dotll,ha;

f**q+~**<+*b**4s*%44*<&*i444*4*4*:44444*444¥¥*¥4*¥f¢xx&44%#%*;*4***********4/

/% Choose a2 new initial gquess in case of singuiar Jacobian matrix. ®/
/%+*#k***f*i4¥44%3*§*§***4‘4*¥<*44Q*§*§**#¥*f**i**t**¥*¥************i*****é*!

ginguiar{ini,ha,tx)
int inij

double ha,tx;

{

int i}

printfCMARNING MESSQ:E : JACDRIAN MATRIC
printf(".... TRYING ANOTHER INITIAL 6 uESS....\n“);
for (i=8;ilnjit++)

z{ii=z{il+1/ha;
nrlini,na,tx);

3

/***&*?****i*i************%***************&*********************************/
/% Initially evaluate the coefficients s_i (resp.j r{1) for the *®/
/% approximation of */
/% x_dot = sum {s_i*x_(n+1-1)) i=6@ to k S
/% (resp.y x*p = sum (r_i*x_(n+1-1)) i=1 to k+l ) */
/% where x°p is the initial guess for x. */

f************************é#************************************%***4*¥‘*¥§§*/

ini_form()

/% the ij-th entry of the matrix d is expressed as dli®(k+2)+j] *®/
{
int i,j.m}

/% ail of the fcilowing calculations follow the formulas in p.187 */
/% of the reference paper, where *®/
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VE

/®
s
/%

for (i=k+liio=

for (j=k+isjl=

rljl
for

=13
{m=1;
it m

@3i-

=)

m"‘!-i
<

. G

< <

1ir=eyi-=)
dli®C(k+2)+jl=tlk+1-i1-tlk+1-j1;
for (j=1pj<=k+ijj++)

mi{=k+iim++)

for (j=l;i{=kij++)

stji=alll/s

for

for (M=% m{=

(M= ami=kime+)
=j3) sijl=clj!

if im!

u=q*dtm+“f
v=gd[1i/dlk+1];

}

clilyg

Kim++)

i=3) rLJ’°r

{==>) A_ij

{==> r_j(n,k
{(==) alpha_j{n,k)
{==» Fin,k)

{==

> deltaln,k)

iledlml/dlj*(k+2)+ml;

#diml/dlj*(k+2)+ml;

*/
*/
*/
*/
*/

/**********i*******i*&*****&*********4************************i************/

/% After obtaining the solution x_n for the present timing point

t_n,

/% renew the coefficients s_i (resp.; r_i) in the approximation of
sum (s_i%*x_<{n+l~- -i)) i=e to k
sum (r_i#x_¢(n+1-1)) i=1 to k+l )

x
/%
%

PESP .

h ~~

X

_dot

X'p

ror the next timing point t

n+1.

*/
*/
*/
*/
*/

/4**¥{4§4¥¢‘*4*4***t*****i***¥******Q*************444*****************4****/

re_form(?

~

int m;

doubie gx,uv;

/% all the following calculations follow the formulas of BDF-1,

/% BDF-2, and BUF-3 in p.167 of the reference paper; where

/%
/¥
/%
%
/*
UYSU XY S
u=i;
tor (m=
u=u

w I
|

g -

u
Vv
X

1
~

¢==>
(==>
(==>

{==

Fén+1,k)
deltain+l, k)
Gl

r_jin+l, k)
atpha_j<n+1,k)

%/

*/
*/
*/
*/
*/
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¥ = -l,/utJ;
i dik+13;
or (m=1jm{=k;m++)
rIm+1l=gx#s(ml*xdik+2+m+11/clm+1];
ri1i=8;
Tor (m=ijmiskimts)
rl1l=r{1l+rimeld;y
rl11=1-rl1]1;
for {m={jim{=k;m++)
simlzsv*rimi*cim*(k+22+k+11/diml;
s[81=0%
for m=

,’*&titki*i*************i*-.'Q*-Z‘.*-‘.G**-I--.":*?‘.***‘.‘.*.*-1('**-202--!14*‘.4:*-.!-****i*i****&i*****i*i**/
/3% Renew the time znd soiution vector when the soiution 2t next point is ¥/
/% ghtained such that tl@l,t(1],...,t(k] =nd x0il,xCi+nl, ..., xli+k*n] fer 7
/% i=8,1,...,¢n=1), always represent the time and sclution of the newly *®/
J* comnuted k+! points. */
SEIEREERREZEEITERR 1-#-1':?:********%*****%***i‘:**i***&%****&**********i**t*****t**;’

renewl)

Lanl

int i,§;

for (i=8;i{nii++)
xCi+{k+1)#n)=2[1];
for (j=1;i<=k+iij+d)

{
ti-11=%0§1;
for (i=@;idlnjit++)
xCi+¢j-1r%ni=xli+i*nl;
N
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#include <{stdio.h?>

extern int n,k,reverse;
extern double h,*c,*z,%t,%x;

'*¥*‘¥¥¥*4¥*¥***§¥**%****t&*‘t*3*4*******4***¥***#<*¥¥****¥********‘********/
/% Initiate the BOF routine by computing solutions at the starting k+l */

/% points for the k-th order BDF integration routine. */
/*****************t****i****%***¥*****%**4**%**44**§4%********¥*************/

gtart(2
{
int i3
/% uniform stepsize in starting period ¥/
for (i=ijid=k+iji+s?
tl1i=tldi+ispaversexh;
switch (k2
{
case 1 t first_orcder(); break;
case 2 ¢ second_order(); break;
caze 3 ¢ third_orcer{); break;
case 4 : fourth_order{); break;
case 5 : fifth_order{); break;
case & ! sixth_order(); break;
P
3

/*i**i**%*****!**%*******!*****i******%*%ii************ﬁ**iﬁ*i%**&&****!***/

/% use the let order BDF formula to compute the solution of next point . ¥/
f**t#**&**********%****&****%%ﬁ**i**&**i%****&*****************ii**i*******[

dn

irzt_order()

~

int i3
couble haj

for (i=8;idnjit++)

{

= -reverse*x[il/h;
=xlil+reverce*h;

[T WS

clil
r3 89
=reverse/h;
nr{iha,tl{11);
for (i=@;idn;it+®
xli+nl=z01i1}

W

z*4+++90*+444*¥********¥¥44¥4¥¥¥¥¥**¥¥¥*¥¥£**¥¥¥*¥*****¥¥¥**%*¥*****§*§*§**/
/% Uszs the 2?nd order BDF formula to compute the solutions of next two */
/* points, */
/4**¥§f+****************¥**¥**¥*********¥%***¥%f***i)*¥******%*****&*%*****;

seconc_crder()
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D I}
1)

(1]

™~

int i
double ha;

first_order();

for (i=@;ilnji++) : i

¢ .
clil = -reverzex(2¥x[i+nl-x{i1/2)/h;
20i1=2*x[i+nl-x[il}

) R

ha=!.5%reverse/h;

nriishe {21

for (i=@;idn;i++)
x[i+2#ni=z{il;

3

/*&*i*****i******i*&**!****i%*****&*&%*****%***%&§*¥§§§§§§§**§§*¥**§***§***/
/% Use the 3rd order of BDF formula toc compuie the solutions at the next %/
/% three points. */
f*****%***********%i**************ﬁé*§§*§§*******!******%***%**********%***ﬁ

third_orderQ)

{
int i
double haj

second_order();

for (i=83ilnji++)

{
clil = -reuerse*(x[i]/3-1.S*x[i+n]+3*x[i+2*n])/h;
z0il=x[i1-3*xli+n)+3%x[i+2%n];

t#reverse/(é%h);
ha,ti31)
i=8jid{nji+s)
[i+3*nl=2[il;

f**&*i******************************§§**********i**************************/
/% Use the 4-th order BDF formula tc ccmpute the solutions at the next */

/% four points. */
/********************************************************i*****************/

fourth_order()

{
int ij
double haj

third_order();
for (i=B3;i{nji++d

£
*

-reuerse*(-x[i]/4+4*x[i+nJ/3—3*x[i+2*n]+4*x[i+3*n])/h;
—x{il+axx[i+nl-4¥x[i+2%nl+4xx[i+3%n];

clil
z[i]

g



ha=23 *reuebse/( #h) 3

rri{i,ha,tial

for (i=2;i\“,z++)

x[i+4%ni=z2Li];

3
/*******i*******ﬁ**f*********ff%?%*(*******i********§§¥f******%**ﬁ*********/
/% Use the 5-th order BDF formuia to compute the solutions at the next */
/% five points. %/

/********f***%********’G*-"%****-}**%***é"*********"*****#**** FEEFRXFEFFREREERS

fifth_order(?

{
int i
double haj
fourth_orderi);
for Ci=@iidngi+d)
{
i3l = ~-reyerze«{®,2%x[i1-1.25*x[i+nl+
3,333axi+2%n1-5#x[i+32n)+5xxli+d*nl)/h;
2[il=x{13-S#x{i+nl+i0ex{i+2%nl-10%x{i+3%nl+Sxx[i+4%nl;
3
ha=137#reverse/(&8%h)
nrtlha,tI830
for (i=@3idn;i+d)
. x{i+S*n]=2zlil;
3
/4;a**4*;»***4**¥4****4**¥**¢***4**;4*********44*¢<*q**4x**4*4*;<**4*4+*x*§/
/% Use the 6-th order BOF formula to compute the solutions at the next */
/% six points, */

R REEREEEREAF ISR AAAAFERSAIFERREFFRRRRRRRRRRRAEFEAARRXEFRARRRRLFHER USRNSSR/
sixth_order{)

int i3

double haj

tifth_order();
for (i=@;idnji++)

{

clil = ~xlil/é+1.2%x0i+n)-15%x[i+2#n)/4+26%x[i+3%n]/ 3}

clil = -reverse»(clil-7.5*%x[i+4¥nl+é%xii+3*n])/h;

z2lil = —xlil+dexli+n]-15%xLi+2#n)+20%x[i+3#n)-15%x[i+4#nl+8xx[i+3%nl;
b

ha=1474reverse/(68*h);
nrii,ha.tlél);
for (i=Bii{nji++)
A Y
xli+é*ni=ziil;
2lii=xlil- ?*xt1+n]+2‘*x[1*°*n] 35#x[i+3%nl+35%x[i+4%n]
-21%x[i+S*nl+7%x{i+6*nl;
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#include "¢
#incluce "/u clude/lccal/graf.h”

extern int n,k,reverce;

gxiern double h,#t,*x,%c %z ,%0,%s,¥rx,*¥sx,*d;
extern double ft,%y;

extern.char #*var_pamell;

double u,v,ux,vx;
extern double Xmin  xmax ,ymin, ymax;
extern int xvu,yvj
extern double t@;

/***-“{P-‘(--‘-(¥¥¥-6-6*-'6**4-bf*"***é****(******‘!****r**fi**¥*¥4¥¥-k¥*§4*-§*******41‘%***’
/% Follow the BDF formula in the reference paper to compute the sclution */
/% o+ the implicit differential equation */
¥ fix,x_dot,t) = @ x/
s -‘!¥*-.('%‘*#***-ﬁ***-(-6-1(-*****Q**-ﬁ*-’0‘--646***-’6*****%4**’ﬁ**i*****i‘**‘(*-}***é*f-ﬁff-ﬁ-‘-*-&*** g

int 1i=8&,cq9}
doubie ratio,ha,pow(),fabs();

tlk+ii=tlkl+reverse*h;
1¥ {reverse == 1)
mgihue(3);
else
moihue(2) g
graf_moveixlixvl,xiyvl,gpl;
graf_drawixlxv+n#(k=-1)1,x{yv+n®{k-1)1,gp);

/% establish the coefficients for the approximation of */
/% x_dot and the initial guess of x */
ini_form{);

/% $ind the transient response until the final time is reached */
while Cfabel#lk+112¢Ft && xmind{x[xv+(k=-12%n1 &% x[xv+{k-i>#n]<{xmax
&& ymin{xfyv+{k~-1)#n) && x[yv+(k-1)*n]<{ymax)

/% approximate x_dot and the initial guess of x */
appx_d_igl&ha);

/¥ reduce the differential equation f(x,x_dot,t) */
/% to a noniinear algebraic equation and solve it */

- /% by Newton-Raphson iterationj cg=-1 if iteration */
/% does not converge */
cg=ar(B,ha,tlk+11);

/% evaluate the truncation error */
trunca_err(&ratiol;

/% reduce stepsize if nonconvergent iteration or */
/% excessive truncation error */
if (dratic d= 1 11 cg==-1) && 1i{3
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reduce_h{cg,ratiol)}
if (cg != -1 && ratio {1.17
1144
}
else
A
ii=0;
/% accept the computed solution and renew the */
- /% timing vector and the solution vector *®/
renewl)

draw_phaselgp);

/% increase h if very small truncation error ¥/
if (ratio < 6.3

h=2%h}
/% renew the paramsters in BOF formula for */
/% next peint iteration */
next_pidd;

PO 4

s{k+1i=tiki+reverse*h; /% new timing point */

/% renew the coefficients in BOF formula */
re_form();

e

/*&*i*%**%****i***i*%*******i*!****i**********%*****§§§§§*****&**i**********/
/% Draw craphic axises labels., coordinate titles and scaling factor of
= , H s ]

/% each variable for either phase nortrait or waveform plotting.

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

draw_grafligp?
GRAF *¥ar)
{

int i;

char ch{E},x_gameiS&l,y_nameiZ%i,title[SG];
cdouble pow();
GRAF *graf_opent);

mgiasngpi8,8);
xgp=graf_openid;

/% phase portrait #/
phase_plot(x_name,y_name);

/% input the graphic parameters */
read_graf(d;

strcpy(title,"PHASE PORTRAIT") /% graphic title */

mgiciearpin(@,-1,8);
mgihue(3);

e re————
| ]



the grapnic boxss */
(xmin,xmax,ymin,ymax,x_name,y_name,tit]e,*gp);

/*!********i****&*!****%*****i*i***********i************i*********i*********/
/% Determine the variabiec for phase portrait and draw the graphic axises #*/
/* and titles. */
/*i***************************************************************%*********/

phase_plot{x_name,y_name)
char x_namell,y_namell;
- { :

char linelZ281;

int i;

for (i=d;idnji+)

printfé("xixgl=ts\n",i,var_namelil);

prints{"x_variable=xI[?1nn");

scan+{"%3d" &xv); /% xv : variabie index for x axiz ¥/

srinifity_variable=xI?INn");

scanf{*ic" ,&yv) /% yv : variable index for y axis ¥/

strcpyix_name,var_namelxvl); :

strcpyiy_name,var_namelyvil;
?
fi&%*****ii**%***i%****%*********%*******%****&i*&%****************&********/
/% Reag the graphic ranges for x-axis and y-axis variables. *®/

/%*#**§i§*h%§*§*§************%******************§§§§***************&%*******/

printfé("enter xmin and xmax\n");
scanf("A1EATER &xmin &xmax)
printf("enter ymin and ymax\n");
scanf{"Y1441+" ,&ymin,&ymax) ;

N
-
R REARERAAREFERREREEARFERORORERER O OAFORR RN ROROR BRI AR LA AR 2R/
/* Draw the phase porirait in x-y piane. */

/i*****%*i*%***ﬁ**%*5****%************&i****************************i*******/

draw_phasei{gp)

GRAF #*gp;

{
graf_movelxIxv+n*ik-12],xlyv+n*(k-121,9p);
graf_drawt(zlxvl,zlyvl,gpl;
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=
e
~<
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#include "stdio.h”
gagefine OVFL 1eé
#gcesine CNVG le-7

extern int nj

extern double #x,%t,te;

extern *iz;

char *var_namel181; /¥ string representation for each variable */
int ix=1,outfile=0;

double *f,%jf,%dummyl,*dummy2;

extern double *wij

/****t****ii**ﬁ&%i**%*%********%*****!**********§****i***********&*&**%*****/
/% Giver the initial condition (capacitor voltage and inductor current) of %/

/% each dynamic element, perform a dc analysis to find the dc cperating */
/# point ¢ capaciter currert, inductor vc'tage, voltage (resp.; current) %/
/% of v-controlled (resp.; i-controlled) nonlinear resistor, current ®/
/% {resp.; veltage) of time-varying vcltace source (resp.; current £/
/% source’) corresponcing to the initial cencition, 74

f****i%*********?**i*********i***********%%i%**%******?*****§¥*%**¥*********/

ini_pt{argc,argu,fp)
int argc;

char *argvll;

FILE *4p;

e
.

/% perform dc analysis %/
do_simu(fpl;

3
4

/% Open the file containing the mapping table between the circuit varizblesx/
/% (yoltages and currents) and the eguation variables {independent */

/% variables x and dependent variables ¥) */
JAFEERREEERFRECRRRFERB RN CRRE AR LS R FRRAB RSB RSRARH RN A AR RIS SRR/

open_tbl_oplargc,arqu,fp)
int argey
char *argull;
FILE x%fp;
{
FILE =<open();
char #*sc,linel12];

/% extract the option %/
while (--argc > 8 &% (x++argu) (8] == ’'=")
for (sc = argulBl+1; *cc != ‘\B87; sct++)
switch(*se)

{ ,
cace ‘o’ : outfile=1; break; /% output file is required */
default ¢ printf("ILLESAL OPTION Xc\n",%sC);
arge=8; break;
}

if¥ Cargc !'= 1)
exit_message("BDF TABLE_FILE");
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sprintfi{iine,"Ys.tb1",*argu?;
if {((*xfp=fopen(iine,"r")i==NULL)

{
printf("CAN’T OPEN THE TABLE FILE Xs\n",line);
exit(l;
)
) .

f*i*i%***********&**********#*%****§******%*******!**%*ﬁ**i%**i*******ﬁ***i*/
/% OC simuiation for DC operating point(s) *®/
/*%§f¥§%§****&*******&***i*§********§*******i*i********i*******&*&**********/

_simu(fp)
LE #4p;

uar_g%Eocﬁ&n,&f,&d:mmyB,&dummyl,&d'mmyZ,&j{);
ciree(dummy3);

/% read the table and enter the initial condition for */
/» each dynamiz element, return j=-1 if each variatie *®/
/% ig either a capacitor voltage or an inductor current, */
/% hence the starting point is immediately available */
/% and no neesd to perform the dc analysis */
while (iter==1) /% while iteration has’t converged */
{
i¥ {newton()==-1) /% not convergent */
no_cat&iter);
eise /% convergent ®/
gc_pi{&iter);
3
cfree(f);
ctfreetjf);
cérzaidummyld
ciresidummy2);

7

/*****%*i**%******************************&******&i****************&********/
/% Zet the initial guess for Newton-Raphson iteration; zero for default *®/
/# initial quess. #/
/************************§*********************************************ié&**/

get_ini_gs()
{ B
int 13
char ch[2],st{381];

printf{"enter .the initial quess\n");
for Ci=8;idnjit+)d
{

strepyist,var_namelil);
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{"y{C",sti==8)

P. J"F\” III(CII);

if (find_ 1nd Xx{"i(L" ,st)==ﬁ)

regxd’e(s‘ "1 {L","v(L");
printfi"ie=",s1);
scanf (" A1+ ,x+1)

-

}

’**********f*****i************%**¥¥*****ii&**‘*******%*¥§4§**%**************/

/% Print the computed dc operating point in the output file filename. $op. */
’¥*4¥+4**¥*¥Q*******‘*¥¥¥4¥*¥§*¥i§*¥‘¥¥f*§*¥****¥f4§*¥********f**t‘**f******/

dc_ptliter)
int =iter;

{

int i

for (i=8iilni+s)
/% casacitor current and inductor voltaze are chosen as va riablas */
/% in dc araiysis tor f.ndxng the starting point; restore the */
/# qiven initial capacitor voltage or inductor current to the */
/% starting point of dyramic elements */
it fizliil==1)

x[ii=wilil;
*¥iter=0;

/*******************ﬁ****%**************ﬁi*&***i**&*********!**ﬁ****§*§§§*§*/
/% Print the jast iteration point when Newton-Raphson iteration does not *®/
/% ceonverge. */
'***¥***¥¥*¥¥*¥****¥*+**¥******************&*%**Q**%*f***i**********%*******/

no_caliter)
int *itery
{
int i
char chi2l,sti361;

srintf("solution at last iteration is...\n");
for (i=&;idnji++d
{
strcpy{st,var_namelil)
if (find_index{"v(L",st)==
replace'st,"u(C“,"i(C");
if (finc_incex("i(L",st)==8)
repiacefst,"i{L","v{L");
printf(“%s=V.3e\n",st,x[i1);
2
printf("would vou like to continue? y/n\n");
scanf("%1s",ch);
if (chl8l==’n")
else*iter=0;
get_ini_gs();
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3

AR R R R R RN NN R R E RS R AR AR AR AR AR R ARF AR RSN IR SRR SR F AR AR R RSN REE NI L RS
/% Newten-Raphson iteration for solving the nonlinear equation *x/
Ix fix) = 8 */

/****?*%*i***********************************i**********i**!******%*******%*/

rewtenf)

~”~~

int k=8,%ipvt;
couble *zq;
double rcond,max,*z,fabs{),*ff;

/% allocate spaces for the variables used in calling */
/% Lingack routines sg2co and sgesl */
alioc_t{kipvt, &kzq,&z,&FF2;

/% Newtcon-Raphsan iteration */
while (++k<2@) /% limited to 20 iterations %/
{

/% euaiuate F{x) %/

ini_egin,iz,f,x,wi,dummyi, t[83);

.
-+ i

prevent overflow */
ipre_ousltk,max,z,vf)==-1)
retura{-1);

2.

if (max{ChVG) /¥ convergent %/
. break;

/% find the Jacobian matrix jf %/
ini_jacobi(x,jf, tlB1);

/% iteration formula @ x_n+l = x_n = invijfr*xfix_n) */
sgecaljf,n,ipvt,&rconc,2gl; A% LU deccompcsion for jf %/
i¥ (fabsircondr{i.Ba-14> /% singular Jacobian matrix %/

{

priatf("SINGULAR JACCBIAN MATRIX FOR DC ANALYSISNN");
returnd{(-1);

} eise
next_iter{ipvt,z,ff); /% find next iteration pt x_n+l */

_ifipvi,zg,z,ff);
k>»=2& return(-1);
return{l);

v T

3
-‘He
if ¢
el

S€

SRESEERERERC LA RN LRI R LA C R L LA LR XX AL RN SRR FRRSLL IR LR R FR LA CE R RN ERRREERS
/% 1§ §(x) numericaliy overflows, reduce the distance between sequential *®/

/% iteration points to avoid overflow {especially due to exp functiond. */
SEEERFEFEE LRI RS SR I E XX LR AT EEXERRF XSS A E TR AR F AR FLER B FFER R AT XL XXX AR RS/

pre_ovflik,max,z,ff)
int kj
goubie #*max,*ff,#*z2;

{
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/% reduce iteration diztance if f(x)>1¢6 for k-th iteration with %/

/% k>l (iteration distance ix_k - x_k-11 ic undefined for k=l */
while ((*max=normi{n,+}) > OVFL && k>1)
{

if (+#j210)
return(-1);
for (i=0;ilnjit+)

{ .
ff[11=9.5%fF[i1;
[il=z[il1-44[1i1}
}
ini_eaqin,iz,f,xwi,dummyl t{@3); /% re-evaluate f(x) %/

a4
’

/* Fxnd the next 1terat1cn ;Gint x_| “*‘ = x k - 1nu(Jf\#{'x k) end save */
S% the zrevious iteration point x_k a‘d t‘e iteration Zistance in case £ 74
7% the iteration distance has to be reduced due to the cverflow &t the new */
A% iteration point x_k+1 */
SRR R AR E RN S AR ARSI ERRRAR RS RAARAE D ERF RS R R ARRAF ARSI RS RFAFRRRREERL U IR

next_iterCipvt,z,ff)
int *®ipvty
cdouble *z,%ff;

{
int i
saesl(jf,n,ipvt,f,8); /% find inuljfl*f */
for (1=Bj;idnji++)
{
zlii=xl113; /% save previous point %/
ffLii=%[i1} /% iteration distance %/
x{il=z(il-¥0i); /% next iteration point */
3
3

’¥¥¥¥¥¥*-’é¥¥-’64¥¥¥-"¥-"¥*#**"'***-‘6*-’6-'ﬁ**i(-*?‘:***i********:‘:****&Z{********-}**i*****i(-*’&,/
A+ Fing the 1-1 norm of a vector. *®/
JEEEEREX SR LR ARTLERELEXERS 4-3‘-#*'."E*****’é***-‘4**-}***4%-.('3*-}Q*#**Qé************?*/

gzuale normim,y)

int my /% vector dimension %/
double y[1; /% vector %/
{ I

int i3

double max=0.8,fabs()}

for (i=Giid{mji++)
if imax{$sbsiyl[il)) max=fabsi{yiil);
returnimax)

L)



/i*ﬁ*%%***%%**!******§§§*§§*§********§*§i!*******%iﬁ*i*****k**%*****i*&*****/
/% Read the fiie with the mapping table (between the circuit variables v,i */

/% and the equation variables x,¥) &nd input the initizl condition tor ®/
/% each dynamic eiement (L or C) which will remain constant in the circuit */
/% gguation rcutine for evaluating fix). *®/

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

get_tbl(fp)
FIiLE #*fp}
{
int i=8,k;
cher linal

cailocif{n,&iz,?iz");

caticcdin bivi,"witd;

while {fgets{iine,33,fp) !=NULL)
{

b
]

B
e
o

Ci.

ncexi{"=",linel;
Lil=calloc{2@,sizeof(char));
r_namelil,line+k+i’;
nr_namaii},str?en(ua?_name[i])-l,1);
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/*******ii***%*i!*****%*&ii***********i***i**i******§*§**§**§§**i&**b*******/
/% Ailocats spaces for the variables used in Linpack routines sgeco and */
/% sgesl. ) */
/***§***%§*§*%*****%***i******************&*******************i*******i*****{

put=(int *)callocin,sizeof(int));
=¢gdoudle *)calloctn,sizecf(doublel);
{Agubie ¥)cailecin,sizeofl(doubledd;
=i{gou=ie *¥)cellocin,sizeof(doubiel);
¥

/i********i*%***?%*****%******%**%**i%***&****************i*****ﬁ******i****/
/% Frge the spaces for the variables vsed in Linpack routines sgeco and *®/
/% sgesl when finishing Newiocn-Raphson iteration. */
f***********i******i%****&******ﬁ****ﬁ**i***i****i*********i****************/

free_1¢ipvt,2q,2z,ff)

int *ipvts

couble *zq,%*z,%ff;

{
cfreefinvt)}
cfree(zq);
cfree2);
cfres(sf);
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#include <(stdio.h>

/**********4!***!*****%******!*********ﬁ*i**§**§§§**********!**ii*****ii***!/
f***********************i****i*****i**********§********i**i****