






















































































Table 2: The effect of initial guess

a; | ay | Solutions found
0.1 | 0.0 | Positive
0.0 | 0.1 | Positive
0.1 | 0.1 | Positive

0.0 | -0.1 | Both
-0.1 | 0.0 | Positive
-0.1 | -0.1 | Both
0.1 | -0.1 | Both
-0.1 | 0.1 | Both

12 | 1 Both
1 1.2 | Both
3 4 None

Table 3: The standard Newton-Raphson continuation - the number of Jacobian
evaluations.

Fixed-point | Variable stimulus | Mod. variable stimulus
palikka.i | 50 154 369
simde.i 82 58 289
toronto.i | 63" 57 367
voter.i fail fail fail
flipflop.i | 70 72 331
globtest.i | fail fail fail
dcprob.i | fail fail fail
ssjudc.i fail fail fail
schmitt.i | 72 90 1071
ref6.i 1430 4521 994
dc_demo.i | fail fail fail
dcprob2.i | fail fail fail

1 Converged only after modifications to certain parameters.

4.3.1 The Fixed-Point Homotopy Function

Toronto.i required setting G = 10~ in order to converge. Voter.i caused a
floating point error near A = 1. Both of the stable operating points of flipflop.i
are found. The operating point which is found depends on the initial guess of
a.

Globtest.i has a nearly singular Jacobian at A = 0.95. Dcprob.i will fail at
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A = 0.65 for the same reason. Ssjudc.i is even more difficult, it will fail in a
nearly singular Jacobian matrix when A = 0.05.

MATLAB detects the (nearly) singularity of Jacobian matrix from the con-
dition number of the matrix. For a well-conditioned matrix, the condition
number is close to 1. For a nearly singular matrix, the condition number
is very large, 10!%° for example. The most common reason for the singular
Jacobian is that the iteration diverges.

The schmitt.i circuit has two operating points, of which just one is found with
the parameters described. However, if the range of the initial guess is extended
to a € [0, 2], the other operating point is found, too.

The circuit ref6.i has numerical problems at A = 1. The Jacobian remains
non-singular but the iteration does not converge. The problem can be worked
around by raising the norm condition (the criteria for stopping the iteration
based on the norm of the homotopy function) from 10~® — 10~* and changing
the range of initial guess to @ € [0, 10]. In this manner, at least four different
operating points (of 11 possible) are found.

The dc_demo.i first converges well but at A = 1 a floating point error occurs due
to nearly singular Jacobian matrix. The circuit dcprob2.i has similar problems
at A=0.9.

4.3.2 The Variable Stimulus Homotopy Function

Palikka.i and simdc.i converged without problems. Toronto.i converged with-
out the modifications needed in fixed-point homotopy. Some of the initial
guesses resulted in numerical failure due to nearly singular Jacobian matrix.

Voter.i has a nearly singular Jacobian near A = 1, and fails to converge. For
flipflop.i, both of the stable operating points are found.

Simulation of circuits globtest.i, dcprob.i and ssjudc.i fail in similar manner as
in fixed-point homotopy. Both of the operating points of the Schmitt trigger
are found when the initial voltage vector range is extended to a € [0, 2].

The circuit ref6.i needs the initial voltage vector values to be a € [0, 10] in
order to converge. Unlike in fixed-point homotopy, the iteration stop criteria
needs no changes. Unfortunately, only one operating point is found. Some
iterations do not converge. If the stopping criteria for function norm is altered
to 1074, three more operating points are found.

The circuits dc_demo.i and dcprob2.i fail. The iteration does not converge at
A =1,

The variable stimulus homotopy doesn’t seem to have any remarkable advan-
tages when compared to the fixed-point homotopy.
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4.3.3 The Modified Variable Stimulus Homotopy Function

The modified variable stimulus homotopy seems to converge very poorly, if G
is few decades smaller than 1. For example, palikka.i did not converge after
10000 iterations. Therefore, value 1 was used.

The simple circuits palikka.i and simdc.i did converge well. The voter.i did
converge extremely slowly and resulted in a numerical failure due to closely
singular Jacobian matrix. Both of the operating points of flipflop.i are found.

Globtest.i will fail at A = 0.95 and the circuits dcprob.i and ssjudc.i fail too,
all due to closely singular Jacobian matrix. For schmitt.i the initial voltage
range must be a € [0, 4] in order to find both of the operating points.

The circuit ref6.i converges, but only one operating point is found. Dc_demo.i
and deprob2.i both fail due to nearly singular Jacobian.

Combination of the Newton-Raphson solver and the modified variable stimulus
homotopy seem to be inefficient if compared to the other two methods, because
more iterations are needed, see Table 3.

4.3.4 Test for NR-Continuation with Equal Parameters

Some methods, which do not converge, can be made convergent by adjusting
the error criteria, step length, or the conductance scaling factor. However,
to compare objectively the efficiency of the methods, a test with constant
parameters is made. The results are shown in Table 4. The values are an
average of five different solver runs. The source code for the method is included
in Appendix A.

4.4 ODE-Based Curve Tracing

The ODE-based homotopy solver was used with default tolerance options with
the fixed-point homotopy function and two different values for G. The sum-
mary of Jacobian evaluations needed for finding the DC operating point (or
the first DC operating point, if multiple operating points exist) is presented in
Table 5. The values are calculated as an average of five different solver runs.

4.4.1 The Fixed-Point Homotopy

The operating points of palikka.i and simdc.i are found easily. The operating
point of toronto.i is found easily, but the solver experiences numerical oscil-
lation at A = 1. That is, the zero curve is traced many times over the line
A =1, so that the solver finds the same operating point about ten times. The
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Table 4: The standard Newton-Raphson continuation with different G and
step length. The number of Jacobian evaluations.

Circuit Fixed-point Variable stim. Mod. var. stim
Step 0.05 0.001 0.05 0.001 0.05 0.001
G I0TJ10°[10J103[10 10310 [0 [10T[10%[10 " [10°*

palikka.i 46 47 2001 | 1092 | 57 339 2001 | 4072 | 49 147 2001 | 2001
simdec.i 53 55 2001 1126 73 55 2227 1007 55 55 2012 2007
toronto.i 46 fail fail 1103 44 64 2217 1003 51 263 2007 2012
voter.i fail fail fail fail fail fail fail fail fail fail fail fail
flipflop.i 62 59 2013 | 1059 | 69 71 2021 | 2001 | 60 107 2022 | 1319
globtest.i | fail fail fail 1321 | fail fail fail 2568 | fail fail fail 3287
deprob.i fail fail fail fail fail fail fail fail fail fail fail fail
ssjudc.i fail fail fail fail fail fail fail fail fail fail fail fail
schmitt.i 70 56 2001 1106 151 159 2734 2524 55 82 2270 1430

ref6.i fail fail fail 1198 fail fail fail 2001 fail 178 3954 2192
dc_demo.i | fail fail fail 2649 | fail fail fail fail fail fail fail fail
dcprob2.i | fail fail fail fail fail fail fail fail fail fail fail fail

problem can be worked around by setting the lambda tolerance (parameter
that defines, how close to A\ = 1 the solver must be, in order to accept the
solution) parameter to 10715

The voter.i circuit can not be simulated with this method due to lack of mem-
ory. The matrices used in the algorithm are too large to fit in the buffer of
MATLAB-APLAC -interface. All the operating points (two stable and one
unstable) of circuit flipflop.i are found, if the lambda tolerance is dropped to
10~15. If the default value is used, only one of the operating points is found at
a time. The initial guess defines which operating point is found.

The fixed-point homotopy and ODE-based curve tracing algorithm is the first
homotopy—algorithm combination that finds the DC solution of globtest.i. The
solver has same kind of oscillation near A = 1 like with toronto.i, but the
problem is fixed if the lambda tolerance is changed to 1071°.

Solving the circuit deprob.i is too large to be tested with ODE algorithm. After
30 minutes of CPU time the homotopy parameter A has progressed to 0.005. At
that speed, the test run would take at least 100 hours. Additionally, the node
voltages begin to rise very steeply, indicating that the algorithm will diverge.
Circuit ssjudc.i has similar problems, the MATLAB-APLAC -interface crashes
at the start of the ODE solver.

All of the operating points of schmitt.i are found, if the lambda tolerance
parameter is changed to 107°. The number of Jacobian evaluations needed
for finding all the operating points is 510.

The ODE solver finds only one operating point of ref6.i. The circuit dc_demo.i
diverges, the voltages approach infinity when A — 1. The same problem occurs
with dcprob2.i.
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Table 5: The ODE-based homotopy method with different values of G.

G=0.1 G = 0.001
palikka.i | 83 115
simdc.i 207 260
toronto.i | 477 470
voter.i fail (memory)
flipflop.i | 197 184
globtest.i | 1372 1334
deprob.i | fail (too slow to be tested)
ssjudc.i fail (program crash)
schmitt.i | 158 175
ref6.1 344 310
dc_demo.i | fail fail
dcprob2.i | fail fail

4.5 Pseudo-Arclength Solver with the Planar Corrector

The pseudo-arclength solver introduced in Chapter 3.3.3 was tested with dif-
ferent step size and the conductance scaling factor G. The results are in Table
6. The method seems to be computationally efficient, and choice of G has no
significant influence in the count of Jacobian evaluations. The source code for
the solver is included in Appendix B.

4.6 Pseudo-Arclength Solver with the Spherical Algo-
rithm

A spherical algorithm is a predictor-corrector method for curve tracing. The
outlines of the algorithm are presented at the end of Chapter 3.3.3. The tests
were run for two different values for G and sphere radius. The results are
presented in Table 7.
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Table 6: The arclength algorithm for fixed-point homotopy function with dif-
ferent G and step length.

Circuit G=01 | G=0.001
Step 0.2 | 0.05 |0.2 | 0.05

palikkai | 78 |[306 |84 | 314
simdc.i 93 | 247 |71 |77
toronto.i | 96 | 552 | 151 | 626
voter.i fail | fail | fail | fail
flipflop.i | 65 | 317 |87 | 301
globtest.i | fail | fail | 307 | fail
dcprob.i | fail | fail | fail | fail
ssjudc.i fail | fail | fail | fail
schmitt.i | 106 | 583 | 153 | 581
ref6.i 215 | 1011 | 239 | 1235
dc_demo.i | fail | fail | fail | fail
dcprob2.i | fail | fail | fail | fail

Table 7: The Spherical algorithm and fixed-point homotopy function with
different radius of sphere and different values of G.

Circuit G=0.1 G =10.01
Radius 0.01 | 0.005 | 0.01 | 0.005
palikka.i | 1383 | 2942 | fail | 4553
simdc.i 1543 | 2397 | fail | fail
toronto.i | 2605 | 6082 | fail | fail
voter.i fail | fail fail | fail
flipflop.i | 1162 | 2294 | fail | fail
globtest.i | fail | fail | fail | fail
dcprob.i | fail | fail fail | fail
ssjude.i fail | fail fail | fail
schmitt.i | 3297 | 6459 | fail | 7758
ref6.i 4633 | 8223 | fail | fail
de_demo.i | fail | fail fail | fail
dcprob2.i | fail | fail fail | fail

28



5 Discussion

In the literature, the homotopy methods are mentioned to be globally conver-
gent. In theory, that is the fact. In practice, while tracing the zero curve of
the homotopy function, the usual numerical problems are encountered. The
Jacobian may be nearly singular near A = 1. The zero curve has very steep
folds which cause the method to jump back on a point on the curve already
traced and therefore the algorithm will end up in an endless loop.

As with the plain Newton-Raphson method without homotopy implementa-
tion or any other convergence-aiding technique, the homotopy methods seem
to be very sensitive to the initial guess a. A good starting point is essential for
fast convergence of the algorithm [25, 27]. For example, the circuits schmitt.i
and ref6.i failed to converge on some initial guesses.

The most common problem with the curve tracing methods tested, was singu-
larity or nearly singularity (condition number > 10%) of the Jacobian matrix
near the final solution A = 1. The actual reasons of singularity are hard to find
out for a set of hundreds of very complex nonlinear equations. One possible
reason may be high-impedance nodes in the circuit [26].

One goal for this thesis was to try to find out which homotopy method (or
methods) would be good enough to implement into the APLAC circuit simu-
lator. Based on this thesis, the pseudo-arclength looks to be the most robust
method for such implementation.

An efficient algorithm for step length control is a necessity when implementing
homotopy methods into a production version of a circuit simulator. In this
thesis, the step length was kept constant, but in order to save computation
time and improve accuracy at problem points on the zero curve, an efficient
implementation of step control algorithm should be reviewed. A good starting
point for such a study would be [24].

The main problems confronted with testing the homotopy methods were nu-
merical problems while tracing the zero curve of the homotopy function.

In the MATLAB-APLAC -interface, all the other convergence-aiding tech-
niques implemented in APLAC were not in use. By implementing a homotopy
method directly into the simulator core (written in C programming language),
the convergence-aiding techniques already implemented would be used to im-
prove the numerical stability of the homotopy algorithm.

In [21] it is stated that complex parameter homotopy methods can find all
solutions of circuit without passing through folds or singular points. The
complex parameter homotopy methods would be worth deeper study and im-
plementation tests. Another interesting kind of homotopy method for auto-
matically finding all the DC operating points for circuits is described in [28].
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The disadvantage of the method is that implementation requires tampering
the component models of the nonlinear elements in the circuits.

It may be also worth to test calling HOMPACK or PITCON source codes
directly from the simulator.
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6 Conclusion

In this thesis, improving the convergence of DC analysis of a circuit simulator
by using homotopy methods was studied.

A literature review about homotopy methods in finding DC operating points of
electric circuits was made. Three methods of constructing homotopy functions
and three methods for solving them were reviewed more closely and tested with
APLAC circuit simulator utilizing the MATLAB-APLAC -interface developed
in the Circuit Theory laboratory of the Helsinki University of Technology.

Two solver algorithms were implemented in MATLAB language and one ready
algorithm was tested. The results from the MATLAB tests were reviewed.

According to MATLAB tests, choosing the homotopy function is not a crucial
part of a successful homotopy method. The solver algorithm, which is capable
of dealing with problematic points on the zero curve, is a necessity for an
efficient homotopy method.

The succession of the homotopy methods tested depends on the initial guess
a of the homotopy path, especially with large and complex circuits.

The fixed-point homotopy method was found to be robust, easy to implement,
and computationally efficient. All the homotopy methods were clearly helpful
in improving convergence — the circuit simdc.i, for example, does not converge
with ordinary Newton-Raphson iteration.

The arclength continuation method with planar corrector turned out to be
efficient and stable when tracing the zero curve of the fixed-point homotopy
function.

The homotopy methods were tested without any other convergence-aiding
methods. Homotopy methods combined with other convergence-aiding tech-
niques have potential to improve the DC analysis convergence drastically in
APLAC circuit simulator.
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Appendix A

% A source code for testing simple NR continuation
% with MATLAB-APLAC interface.

clear all;
file_name=’/ul/vesa/erikoistyo/ajot/toronto/toronto.i’;

% Select the homotopy function
hom=3 % 1 = fixed-point, 2 = modified var.stimulus and 3 = var.stimulus

[h,n,n2] = startaplac(’../aplac.run’,file_name); 7% Start APLAC
a=rand(n,1); % Initialize the random vector.

X=a;

1=0.0;

gg=0.001;

step=0.001;

[ff,J,f,d1] = acalcf(x,h,n,1l,a,hom,n2,gg); % Calculate function
nstep=1; % values and Jacobian.
niter=1;

while 1<1

1=1+step;

normf=1;

while normf>1e-4 % Solve the function with NR method
dx = J\-f;
X = x+dx;
[ff,J,f,d1] = acalcf(x,h,n,1l,a,hom,n2,gg);
normf=norm(f)
niter=niter+1; % Count the Jacobian evaluations

end

xx(nstep)=x(1);

11(nstep)=1;

nstep=nstep+1;
end

endaplac(h); % Close APLAC.
niter % Show number of Jacobian evaluations.
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Appendix B

% File for testing arc-length method for homotopies.

close all; % Ikkunat sulki

clear all; % Siivousoperaatio

hom=1; % 1 is fixed-point, 2 is mod.var.stim, 3 is var.stim

%file_name=’/ul/vesa/erikoistyo/ajot/toronto/toronto.i’;

[h,n,n2] = startaplac(’../aplac.run’,file_name);

a = rand(n,1);

1 = 0.0; % Homotopy parameter lambda
ds=0.05; % The step length
nn=1;

rst=0;

itertotal=0;

X=a;

gg=0.1;

xp=0;

1p=0;

change=1;

lastnorm=1;

hpredictor
while 1<1
[f,J,hh]=acalcf(x,h,n,1,a,hom,n2,gg);

v = J\(-f+(x-a)*gg);
ul=1/sqrt (1+norm(v) "2);
ux=ul*v;

Xpt=xp;

lpt=1p;

Xp=x+ux*ds;

lp=1+ulx*ds;

iter=0;

while change>le-6

iter=iter+1;
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[f,J,hh]=acalcf(xp,h,n,1lp,a,hom,n2,gg);
g=[ux;ul] ’*[xp-x;1p-1]-ds;

dx1=[J, f+gg*(a-xp) ;ux’,ul]\-[hh;g];
newxl=[xp;1lp]+dx1;

lp=newxl(n+1); % 1 -> 1lp

xp=newx1l(1:n);

itertotal=itertotal+l;

change=norm(hh)-lastnorm;
lastnorm=norm(hh) ;

end

X=Xp;
1=1p;

% Store the points for drawing curves.
lvec(nn)=1;
x1vec(nn)=x(1);
x2vec(nn)=x(2);
nn=nn+1;
itervec(nn)=iter;
itercnt=0;
itertotal=itertotal+l;
end

endaplac(h); % closes APLAC
plot(lvec,xlvec,lvec,x2vec) % Plot some node voltage curves.
itertotal % Show the total number of iterations.
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