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ABSTRACT

The calculation of the standard deviations and mean val-
ves of the node voltages of a given network by ECAP afe
based upon the assumptions that a node voltage ey is a lin—
eér function of the circuit variables P, such that

J

ek=§:Kij. and that all variable parameters are normally
distributed. Regarding the first assumption, ey realistical;
ly cannot be expected to be linear with respect to all its
variable parameters. The second assumption does not hold in
some cases where, for exgmple, the variable parameters may
be assummed to have uniform distribution.

In either case, ECAP analysis will generally not yield
the actual mean and standard deviation of node voltages.
Therefore 1t was desirable to modify the ECAP program so
that the user may get a more accurate estimate of the mean
values and standard deviations.

To fulfill this requirement, a computer program using
the Monte-Carlo method has been developed. This method
generates normally distributed random variable parameters
of the network and then calculates the node voltages. Fron

these, in turn, the mean values and standard deviation of

node voltages are calculated.
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CHAPTER 1 INTRODUCTION

The Electronic Circuit Analysis Program(ECAP) is an inte-
grated system of programs developed primarily to aid the elec-
trical engineer in the design and analysis of electronic
circuits. There are four closely related programs in the
system.

INPUT LANGUAGE. This program acts as the communication link
between the user and the three analysis programs. The lan-
guage 1s user-oriented and allows complex circuits to be
simply described to the computer from easily developed equiva-
lent circuits. Six basic statements used in the program com-
pletly define the topology of the circuit, the circuit element
values, the type of analysis to be performed, the driving
functlions, and the output required. This simple scheme makes
it possible to learn to use the program in a short time.

DC ANALYSIS. The DC analysis program obtains the DC steady
state solution of linear electrical networks and provides
worst case aﬂalysis, standard deviation(statistical) analysis,
and sensitivity coefficiént calculations if requested. This
program also provides an automatic parameter-modification
capability. | : :

AC ANALYSIS. The AC analysis program obtains the steady

state solution of linear electrical networks to sine-wave

exclitation at a fixed frequency. Since this program also
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contains the automatic parameter-modification capability,

it is easy to obtain frequency and phase response solution.

TRANSiENT ANALYSIS. The transient analysis program provides

the time response solution of linear or nonlinear electrical
networks subject to arbitrary, user-specified driving func-

tions. Nonlinear elements are modeled by using combinations

of linear elements and switches to provide piecewise linear

approximations to the nonlinear characteristics.

The ideal DC network analysis program should be capable
of sensitivity, tolerance and worst case studies. In the ECAP
program, calculation of the standard deviations and the
means of thg néde voltages is based upon the assumptions
tﬁat all random variable parameters aré normally distributed
and that node voltages are linear with respect to circuit
variable parameters. This thesis has two purposes: First
to show that the ECAP program does not compute the true
standard deviétions and means of node voltages; Second to
apply the Monte~Carlo technique in the program so that it
. will be capable of computing more accurate standard devi-

ations and means of node voltages in a complex network.



CHAPTER 2 CALCULATION OF STANDARD DEVIATION

2-1 Standard Deviation Calculation by ECAP

From basic probability theory the variance of the vari-

able y is
5 .
o (y) =¥ af F(x,)
i
where @(y) is defined as the standard deviation of y when

y = Zijaixi
and where the Xi are statistically independent random vari-
ables with standard deviation w(xi) and the ai are constants.
If it 1s assumed that a node voltage ex 1s a linear function
of the circuit variables Pj such that

= .P.
ek %:KJ j

where the Pj are statistically independent random variables

with standard deviations ‘TPJ) and the Kj are constants,

then

2
T (ey) = Zjixgcz(,pj)



Realizing that

then

¢*(e,) —Z( 202@)

It is further assumed that

- ijax ; ijin (1)

For normally distributed Pj

+ 3(PJ)

ijax ij

and ijin ij - 3(PJ)

and Pjmax-Pjmin includes 99.7% of the area under the dis-
and P

ijax Jmin
are, respectively, the specified maximum and minimum wvalues

~ tribution curve as indicated in Fig. 1.
for Pj and ij is the mean of Pj' This gives an expression
for the standard deviation of ey which can be written ex-
clusively as a function of terms available in ECAP. That

is, the standard deviation of node voltage e, is calculated

k
by ECAP as



P - P. 1
«(ek)={z (k)2 (“max Jmin)":‘}% (2)
3 J

Fig. 1 Normal Distribution and Probabilities
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As an example of standard deviation calculation, the

following equation is used by ECAP in determing Ufek) for

the circuit of Fig. 2.

e R - R
- 1,2 imax imin,2
“(e,) f(aRl) (lmax . imin2
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Fig. 2 ITllustrative DC Network for
Determing ¢ in ECAP Program
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2-2 Calculation of the Partial Derivatives

‘ From Eq.(2), it is very clear that we have to compute
the partial derivatives of the node voltages with respect to
each of the circuit parameters so that we are able to get
the standard deviations of node voltages..The development of
the calculations is as follows.

The topological properties of an electrical ciréuit can
be represented by a graph, and the graph can be convenient-
1y represented by a matrix A containing only the element
+1,-1, and 0. Each element a,, of matrix A is determined

, 1j
by the rules given in Table 1,

Table 1
Connectivity of Values of aij
aij Connectivity: branch i, node J
+1 Node j 1s the initial node of branch i
-1 Node j is the final node of branch i
0 Branch 1 1s not connected to node j

the A matrix is the branch to node incidence matrix. If we

define circuit parameter matrices as

E = voltage source
I = current source
Y = conductance matrix -

Kt= transpose of A

then we obtain the nodal equation



K, (I-TE) (3)

-where e = node voltage vector

(KtYK) = nodal conductance matrix

]

Kt(f-fﬁ) equivalent current vector
(thz)'1-= nodal impedance matrix
The derivative of the node voltages €, as presented in
Eq.(3), with respect to the resistance in the (i)th branch

is

—_— e =1 — e
o (AgYA) e J(1I-YE)
3Ri = 3Ri At(I-YE) (AtYA) At ——a—'ﬁ:—
Realizing that
7%, &)1 Y
t - -1 7 0¥ — = = -1
e~ AYA)T" A, cmA(AYA)
i i
4 7E 71 0
an —_— = —— =
Ry OBy
.o' -é-’ =-A;_é' 00 0000000000800 branCh Voltage
. a/-é- _ —_—— _1 — a.Y_ — -, . ’
o . m = -(AYA)T" A, Eﬁz(E +e’) (4)

In a similar manner, the differentiation of Eq.(3) with

respect to the other circuit parameters yields



3¢ =1 = 2Y = ., -, : _
¢ _ = wm\-1 - % ¥E

a5, -(A,YA)™" A, Y 7, (6)
7€ - — -1 - ran

T, (A YA) = Ay 2T, (7)

where Gji is current gain from the (i)th branch to (j)th

branch. Next, ei

and row vectors of dimension m(where m is the number of

and 23 are defined, respectively, as column

branches in the graph).

{

-

'e}=[o..oo1..o]

m
|
Oe &« OFR Oe o O

-~

The vector Gi has a 1 in the (i)th'location and zeros

elsewhere. The (i)th location represents the (i)th row of a

matrix. Similarly, Ej has a 1 in the (j)th location(repre-

senting the (j)th column of a matrix) and zeros elsewhere.
Then the product Ei'% is a matrix with a 1 in the (ij)th lo-

cation and zeros elsewhere. With this notation

Y 1 .=
am, ~ " Z4& - L
Ry

3 a—

€
i 371 it

- FFD
[WarRY



m -
zz:‘3jiej&1 where pii =1
=1

¥ 1
?9R: =~ R4
i B,

or

where 1 is the column in the Y matrix correéponding to the
(1i)th branch, and j is the row corresponding to the (j)th
branch. The term

636.

1

w}E”
ey

is present only if the (1i)th branch is the controlling (or
from) branch for a dependent current sorce assigned to the
(3)th branch., If the (i)th branch is the from branch for de-
pendent current source assigned to other branches as well,
then additional similar terms must appear in the above ex-

pression. In a similar manner
Y
2651 By 1

¥E
2E; €

i

-
m
M

I
2T, 1

n
mn

-

Thus, the formulas for the partial derivatives become
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LA (R,YA)"1 B (&g + ?;i € 6y5) *lg (E; + ej) (8)
1 Ry
de —_— e ] — 1 ’
= ~(A+YA) A€ —=— (E. + ') (9)
3('331 £ t*i Rj | j
2 | (570! Lve (10)
dE; t £t
'a'é = = =1 —
5?; = (gtYA) A€, (11)

2-3 Actual.Standard Deviation

Actually, the mean of node voltage ey does not depend
linearly on the nominal values of the circuit variables,
l.e., the mean node voltage not only depends upon the nomi-
nal values of clircuit parameters but it also depends on the
varlances of circuit parameters. For'example, in a simple
circuit as Fig. 3,

Fig. 3 DC Network For Explanation of Actual
Standard Deviation
NV1 : NV2

1 5 R N(M,V%)
3 4(0.2)
- 10V




11

the node voltage of NV2 is represented by

y = NV2 = T+ R (12)

where R has a distribution N(ﬂ,q%). The notation N(}L,qg) rep-
sents a normal distribution and characterizes two param-
eters M{the expectation) and g(variance) of R. In this case,
the nominal value M of R is 42 and its per cent tolerance is
20%..If R is normally distributed; the graph of pdf(proba-
bility deﬁsity function) of a normally distributed random

variable is symmetric about A as shown in Fig. 4, i.e.,
f(ri) = f(ré)

where f(r) is probability density function of random vari-
able R. '

Fig. 4 Normal Distribution
1£(xr) |
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Then, we may pick up two points rl and ry symmetrical to
the expected value and from Eq.(12) the y values correspond-

ing to these two points will be

_ 1Or1 _ 10(Mm - d)
Y9 T8 FR -6 F@m -4

_ 1Or2 1o(M 4+ 4)
Yo T 8TFR B AMF 4

1

Then the average value of Y4 and Yy will be

Vi ¥ Y5 _10(12m 4 2% - 247)
2 2i(6 + )< - d‘}

and because 4> 0

.Vl"' Yo _ 10(12M + Z}Lz - 2('12) 10(124 + 2/(1,2)

2 2{t6 +p)% - a®) T a6 + M7
- __10 '
oy (13)

and the mean of NV2
| M M
(yy +¥,) 10
E(NV2) = | ———%-r1(r) £ | ¢ ¥ £

- 00 AP

The leftmost term 1s the mean computed by ECAP. Therefore
the actual mean is less than that obtained from ECAP.

Since the node voltage € is not a linear function of the
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circuit variables P,, we are unable to get the true standard

J

deviation from ECAP.
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CHAPTER 3 MONTE-CARLO TECHNIZUES

As mentioned before, the variance calculated by ECAP can
not adequately represent variation in nectwork behavior.
For a more accurate distribution of node voltages, we can
apply Monte-Carlo techniques. The procedure consists of
solving several thousand cases of a givcn network problem
with paraﬁeter values(such as resistancns and sources)
chosen at random over certain specified tolerance ranges.
Then, means and standard deviations for these results are
calculated.
'3-1 Generation of Random Numbers

The uniform distribution may be used to generate near-
ly all other distributions. To obtain a long sequence of uni-
formly distributed random numbers, the power residue method
is most often used. The following Fortran program from the
IBM System/BéO Scientific Subroutine Package is based on the
power residue method for generation of uniformly distributed

random numbers.

SUBROUTINE RANDU(IX,IY,YFL)
IX=1X*65339 -
IF (1Y) 5,6,6

5 IY=IY+2147483647+1

6 YFL=IY
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YFL=YFL#*0.45656613E-9
RETURN
END

where
IX: For the first entry this must contain any odd integer
number with nine or fewer digits. After the firét entry IX
will be the previous value of IX computed by this subroutine.
IY: A resultant integer random number requied for the next
entry to this subroutine. The range of this number is be-
tween zero and 2%%31,
3-2 Normally 1stributed Random Numbers

Then from the Central Limit Theorem, the distribution
of the random variable formed from the sum of n uniformly
distributed independent variables tends to approach the

normal distribution as neoo . That is if Xl’ X . Xn

2 °
ls a sequence of an independent random variable with ex-
pected value E(Xi);pi and variance V(Xi)=032 (i=1, 2, « . )

then
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approximates the distribution of N(0,1) (this expression is
defined in 2-3) as n becomes large. Since it is a uniform
distribution, E(X)=0.5, and V(X)=1/12. Therefore if we se-
lect n=12, then '

X - 12%0.5

an T =X -6 (ILP)
-(12%1/12)%

Agaln By statistical analysis; if Zn has a distribution
of N(M,;) and if Y=azn+b, then Y has é distribution of
N(ap4b, a®c?). Since z_ of equation (14) has the distribu-
tion of N(0,1), the expected value and variance of Zn will
be 0 and 1 respectively. Therefore to get an expected value
(b) and staﬁaard deviation (a) for a normal distribution
N(b,az) from a standarized normal distribution N(0,1), we

merely apply the formula

Y=2az +b-= a(X - 6) + b
3-3 The Fortran Program for Generation of Normally
' Distributed Random Numbers
The following program is a routine based on the Central
" Limit Theorem, and reprinted from "IBM System/360 Scientific

Subroutine Package".
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SUBROUTINE GAUSS(IX,S,AM,V)

A=0

DO 50 I =1, 12

CALL RANDU(IX,IY,Y)

IX = 1Y |

50 A = A 4 Y¥L

V=(A~- 6.0)% + AM

RETURN

END
where
IXs IX must contain an odd 1nteger nunber with nine or few-
er digits on the first entry to GAUSS.
AM: The desired mean of the normal distribution.
Vi The value of the computed normal random varlable,

3-4  The Output of Normally Distributed Random Numbers
R1 of the Table 2 are normally distributed random
nunbers generated by the subroutine GAUSS, and NV1i, NV2,
NV3 are node voltages of a network of Flg. 5 correspond-

- ing to random varlable parameters Rl and R2.

Table 2 Normally Distributed Random Node
Voltages of Fig. 5
R1 NV1 NV2 NV3

0.91688 8.87349 2.73030 1.09212
1.21688 8.55805 2.63324 1,05330



0.67658
1.09727
1.15638
0.83948
0.95982
1.36539

0.83341

1.25238
0.89162
0.95828
1.24190
0.84641
1.20967
1.01053
0.96331
0.89988
1.13917
1.34419
0.86657
1.17862
0.99281
0.86883
1.30814
1.13594
0.77079

9.14344
8.68108
8.61984
8.95868
8.82692
8.41005
8.96543
8.52220
8,90111
8,.,82858

853275

8.95099

8.56536
8.77255

- 8.82316

8.89206
8.63758
8.43086
8.92868
8.59702

- 8.79147

8.92618
8.46649
8.64092
9.03567

2.81337
2.67110
2.65226
2.75652
2.71597
2.58771
2.75859
2.62221
2.73880
2.71648
2.62546
2.75415
2.63550
2.69925
2.71482
2.73602
2.65772
2.59411
2.74728
2.64524
2.70507
2.7L652
2.60507
2.65874
2.78021

1.12535
1.06844

1.06090
1.10261
1.08639
1.03508
1.10344
1.04889
1.09552
1.08659
1.05018
1.10166
1.05420
1.07970
1.08593
1.09441
1.06309
1.0376k
1.09891
1.05810
1.08203

" 1.09861

1,04203
1.06350
1.11208

18



1.18154 8.59403
0.73195 9.07979
Expectation 9.78245
Std. Dev. 0.21398

2.64432
2.79378

2.70229
0.06584

19

1.05773
1.11751

1.08092
0.02634

Fig. 5 DC Network For Generation of Normally

Distributed Random Node Voltages

NV2

AAAAA NV3

,
NV1 S NAAME
R2=5
R1=1(0.2)
Liov

R3=5

-

3-5 The Number of Trials

Since the Monte-Carlo technique is a'statistical method

of analyzing a given network by generation of random varia-

tions Within the tolerance limits, the final results are ex-

pected to fluctuate accordingly for a small number of tri-

als, but to converge as the number of trials increases. More

accurate results require a larger number of trials and

therefore more computation time. If we assume that the
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random numbers are perfect, the only errors we can obtain
are due to the basic law of statistics. We know that these
errors (deviations from the true value) decrease with 1//n ,
where n is the number of trial_s.1 For this thesis the appro-
priate number of trials was determined by experiment. The
results of the experiment are shown in Table 3, and are based
on the DC network of Fig. 6. These data are plotted in Fig.

7. On the basis of these results, the number of trials

chosen was 2000,
Fig. 6 DC Network for Deciding Number of Trials

NV1 5 NV2 3 NV3

AN AAN
1 L 2
10(0,2)

I




Table 3

21

Mean Values And Standard Deviations By

Analytical Solution, ECAP, And Monte-Carlo

MEAN VALUE
node NV1 NV2 NV3
analytical sol. 8.7837837 2.7027027 1.0810811
ECAP 8.7837829 2.7027018 1.0810806
250 trials 8.7990176 2.7073900 1.0829560
500 trials 8.8016720 2.7082068 1.0832827
Monte- 750 trials 8.8097533 2.7106933 1.0842773
Carlo 1000 trials 8.7826153 2,7023432 1.0809373
1400 trials 8.7727443 2.6993059 1.0797224
1500 trials 8.7769598 2.7006030 1.0802412
2000 trials 8.7763895 2.7004275 1.0801710
5000 trials 8.7688098 2.6980953 1.0792381.
STANDARD DEVIATION
node NV1 NV2 NV3
analytical sol. 0.58558530 0,18018018  0.,072072072
ECAP 0.58558530  0.18018001  0.072072029
250 trails 0.59462706  0.18296217  0.073184869
500 trails 0.59527872  0.18008576  0.072034304
Monte- 750 trails 0.59403679  0.18278055 0.073112220
Carlo 1000 trails 0.58916875 0.18128269  0.072513077
1400 trials 0.59079806  0.19178402  0,072136080
1500 trials 0.59186956  0.,18211371  0.072845484
2000 trials 0.58534149  0,18215070  0.072042030
’ 5000 trials 0.58527213 0.18008373  0.072033493
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3-6 Calculation of Mean Values and Standard Deviation
If the value of a discrete random variable X are Xl'
X,s « » X, then the mean X and the standard deviation ¢

ere defined as

'i=(x1+x2+...+xn)/n (15)
1 Zri _.% |
T=l—7 - (%, —x)} (16)

If we apply the above Egs. directly to a computer program
for computation of the standard deviation &, then we are

able to get the standard deviation only after a solution of
the mean X is obtained. In other words, we have to store
each result of the random node voltage Xi in each iterative
eycle for applying Eq.(16). This procedure would require more
core memoryAthan necessary. In order to save core memory, the
computation procedure was chénged as follows.‘At the first
iterative cycle, we generate the node voltages‘%lby using

_ nominal values of circuit parameters. For subsequent itera-
tions, which generate the random node voltages, we sum up

the difference and the square of the difference, i.e.,

“

n n

V)

SD=ZAX1=Z (X, - X)
i=1 i=1
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o]

soD = T (ax,)2
i1

After completion of a calculation cycle, DEF(the differ-

— o~/
ence of X and X) may be calculated as follows:

_ ~ Sb
X = DEF + X where DEF = —

The standard deviation will be

n -1

1 n 1
=e p3 (X, - 3?)2}2
' 1=1

1 n ~N 1
={‘ X (Xy - (SD/n + X))%}§
i=1 -

1 2
={n ) }1:1 bxy - SD/n)z}%

1 2 ”
— - 2 1
-[n T 1““1) + (sp/m)? - ZaXi.SD/n}Jz

=[n _1_ : {SDD + (SD)2/nH%
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n-1

1 3 .
={ (SDD - SD. DEE)} (17)

Egqs.(16) and (17) were used to calculate the mean and stan-
dard deviation. This avoids the need for setting up a large
number of arrays for storing the random node voltages re-

sulting in each_itérative cycle.
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CHAPTER L4 THE MODIFIED ECAP FROGRAM

-1 The Features of ECAP

To modify the present ECAP program, we have to undefstand
'the structure of it first. The ECA? system consists of four
ﬁajor programs;

(A) ECAP Input Language

(B) DC Analysis

(C) AC Analysis

(D) Transient Analysis
The structure is shown in Fig.8. Modification of the pro-
gram affects only the ECAP input language and DC analysis
programé.'The functions of these two major programs are ex-

Plained below.

Fig. 8 ECAP Block Diagram

MAIN
NTR=1 NTR=2 NTR=3
— |
ECA19 ECA39 ECA69
other DC other AC other TR
pPrograms programs programs

The ECAP input language program interprets the ECAP

problem-oriented language statements and stores the input



27

data into an appropriate set of fiags and‘arrays for the
specified analysis section of the progran.

ECA: The initialization link for Language Program.

ECAO1: Pre-sets information in the program for use through-
out the read in ecycle.

ECAO2: Keeps track of the number of branches and type of
data i.e. branch(B), node(N), component(R,L,C,G,) etc..
ECAO3: Keeps track of the number of nocdes and sets up the
arrays NINIT(K) and NFIN{X) where the value of K is the
branch numbers. The integer value stored in NINT(K) is the
originating node number for branch K and the terminating
node is stored in NFIN(K).

ECAO4: Used only for time varying sources(E or I).

ECAO5: Stores the maximum, and initial value of an element
in branch X in the Kth element of the arrays YMAX, YMIN, and
Y(the values for G and C are stored as on the input data
statement while the values for R and L are stored as 1./R
and 1./L). The source arrays EMAX, EMIN, E, AMPMAX, AMPMIN,
and AMP are also set up in this subroutine.
ECAO6:'Interprets Command, Solution Control, and Output
Specification cards i.e., cards with nothing in columns
1-5). It also provides a final check for.consistenc& in the
output variable specifications(modifying some of them as re-
quired).

ECAO7: Used if a system control card is read in (trace, dump
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switch) or if an error is found in the input statements.
ECA08: This subroutine used to set the initial value of
numerous element in the program(i.e. all array elements
to zero, initial values for SHORT, OPEN, START, FINISH,
‘DELTA, etc.) and is called in during the read in cycle for
an AC, DC, or TR input statement.
ECA09: Used to interpret the numerical information in an
input statement(called in each time a numerical value is
encountered on an input statement).2

The DC analysis section of program 1s entered by a call
from MAIN to ECA19. All of the calls to the other DC sub-~
programns are made via ECA19. Very brief descriptions of the
subroutines are outlined as follows.,
ECA19: DC analysis link.
ECA20: After setting the initial value of certain parameter,
ECA22 through ECA30 are called to compute and print the ini-.
tial solutions.
ECA22: Forms the nodal conductance matrix ZPRL(NNODE, NNODE).
ECA23: Computes the equivalent current vector EQUCUR(NNODE).
ECA2L4: Prints the nodal conductance matrix and current
vecto;.
ECA25: Prints the nodal, branch, element, branch.currents,
the branch power ioses, and also checks unbalance.
ECA26: Inverts the conductance matrix ZPRL and puts the in-

verse. in ZPRL. Computes the node voltage SMLEP(NNODE) by
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multiplying the impedances matrix by currént vector.
ECA27: Sets values for W.C. and prints its results.
ECA28: Computes the partial derivatives of the node voltages
with respéct to each circuit parameter. Also computes and
'prints the node voltage sensitivities, if they are required.
Computation of standard deviation and comparing sign of par-
tial are done by this subroutine.
ECA29: Prints the estimated standard deviation.
ECA30: A routine for parameter modofication solution.
ECA31: A routine for parameter iteration.
4-2 The Features of Modified ECAP

Incorporating the Monte-Carlo techniques for standard
deviation calculations, requires changes in or additions to
some parts of ECAP. In the ECAP program there are no provi-
sions for defining the standard deviatlon of circuit pa-
rameters directly, Only maximum and minimum values may be
speclified, and in the program standard deviations are com-
puted as

- P

) P. :
= _Jmax jmin

where Pypo,y and ijin are, respectively, the specified max-
imum and minimum values for PJ. The algebraic minimum and
maximum are explicitly specified following the nominal

value, such as BR=3(2,10) or E=-12(-13,-9). The minimum
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value is always the least positive, or most negative wvalue
in the parentheses following the nominal value. Alterna-
tively a percentage tolerance may be given following the
nominal value such as E=34(0.35) to specify a 25% tolerance
on a 24V nominal voltage. The program then calculates the
ﬁaximum and minimum values of E as 18 and 30, respectively.
Therefore it 1s necessary to set up new variables for the
modified ECAP program to-define a standard deviation for DC
network parameters such as |
SIGY(branch): The standard deviation for circuit Y parame-
ter.

SIGE(branch): The standard deviation for circuit E parame-
ter.

SIGA(branch): The standard deviation for circuit I(current
source) parameter.

SIGM(branch): The standard deviation for tfansconductance
parameter.

Two new flags, MONTE and NWO are also added. If a user
~ wants to use the Monte-Carlo technique for standard devia-
tion analysis, an SR control card 1s used instead of the ST
card. In this case, MONTE is set to be one, otherwise it is
set to be éero. After completing the Monte-~Carlo technique,
NWO will be reset to be one. The following are programs to
be modified for the new ECAP.

(A) Zeroing SIGY, SIGE, SIGA, and SIGM arrays.



YTERM(I)=0.0
YTERNML(TI)=0.0
1011 YTERMH(I)=0,0
DO 1025 I=1,25
SIGY(I)=0.0
SIGA(I)=0.0
SIGM(1)=0.0
1025 SIGE(I)=0.0
. DO 1015 I=1,50

31
LA080530
LA080540
LA080550
LA080551
LA080552
LA080553
LA0O80554
LA080555 -
LA080560

(B) Computing the Standard Deviation of Variable

Parameters from the Given Maximum énd Minimum Values.

3895 YTERML(NUM)=YTERY(NUM)-TNUN*ABS(YTERM(NUM))
YTERNH(NUM ) =YTERM(NUM ) +TNUM*ABS ( YTERM (NUM ) )
SIGM(NUM)=( YTERMH(NUM)-YTERML(NUM) ) /6.

GO TO 19

3893 YTERMH(NUM )=TNUM

SIGM(NUM )=( YTERMH(NUM)~-YTERKL(NUY))/6.

G0 TO 2310
85 YTERMH(NUM)=TNUM*Y(NBRN)
SIGM(NUM)=(YTERMH(NUM)-YTERML(NUM))/6.
19 ITRANS=2

LA031010
LA031020
LA031021
LA031030
LA031040
LA031041

LA031200
LAO31210
LAO31211
LAO31220
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. 3853

3748

3746

3915

3913

YMIN(NUM)=Y(NUM)/(1.0+TNU¥)
YMAX(NU¥ )=Y(NUM)/(1.0-TNUM)
$IGY(NUM)=(YMAX(NUM)-YEIN(NUM))/6.

GO TO 19

YMIN(NUM)=1.0/TNUM

SIGY(NUM)=( YMAX(NUM)-YMIN(NUM))/6.
GO TO 19
YMIN(NUM)=Y(NUM)#*(1.0-TNUM)

YMAX(NUM)=Y(NUM)*(1.0+TNUM)
SIGY(NUM)=( YMAX(NUM)-YMIN(NUNM))/6.
GO TO 19

YMAX(NUM ) =TNUN

SIGY(NUM)=( YMAX(NUM)-YMIN(NUNM))/6.
GO TO 19

EMIN(NUM)=E(NUM)-TNUM*ABS(E(NUM) )
EMAX(NUM ) =E(NUM ) +TNUM*ABS(E(NUM) )
SIGE(NUM)=( EMAX(NUM)-EMIN(NUM))/6.
GO TO 2310

EMAX(NUM ) =TNUM

SIGE(NUM )=( EMAX(NUM)-EMIN(NUM))/6.
GO TO 2310

32

LA050530
LA050540

LAO505§1-
LA050550
LA050560
LA050561
LA050570

LA050710
LA050720
LA050721
LA050730
LA0O50740
LAO50741
LA050750
LA050850
LA050860
LA050861
LA050870
LA050880
LA050881
LA050890
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501

503

AMPMAX(NUM ) =AMP(NUM ) +*INUM*ABS ( AMP(NUN) )
SIGA(NUM)=( AMPMAX(NUM)-AMPMIN(NUY))/6.
GO TO 2310

ANMPMAX(NUM ) =TNUM

SIGA(NUM)=( AMPMAX(NUM)-AMPMIN(NUM) ) /6.
YMAX(N)=1,0/VSECND(M)
YMIN(N)=1,0/VLAST(M)

STGY(N)=( YMAX(N)-YHIN(N))/6.
¥(N)=1.0/VFIRST(M) |

. SIGY(N)=( YMAX(N) -YMIN(N))/6.

508

601

602

604

Y(N)=VFIRST(M)

YTERML (N )=VSECND(M )
YTERMH(N)=VLAST(M)

SIGM(N)=( YTERMH(N)-YTERML(N))/6.
YTERM (N ) =VFIRST(X)
YTERML(N)=VSECND(M)*Y(II)
YTERMH(N) =VLAST(M)*Y(II)
SIGM(N)=( YTERMH(N)~YTERML(N))/6.

33
LA051020
LA051021
LA051030
LAO51040
LAO51041
DC300410
DC300420
DC300421
DC300430

DC300481

DC300490
DC300570
DC300580
DC300581
DC300590

DC300640
DC300650
DC300651
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701

703

YTER(N)=VLAST(M)*Y(IT)

EMIN(N)=VSECND(M)
EMAX(N)=VLAST(M)

SIGE(N)=(EMAX(N)-EMIN(N))/6.

E(N)=VFIRST(M)

.

801

803

(c)

121

6 IF\(NWORDS(ICOL+1)-NMCD(Z,K)) 10,7,10

AMPMIN(N)=VSECND(M)
AMPMAX(N)=VLAST(M)

SIGA(N)=(AMPMAX(N)~-AMPMIN(N))/6.

AMP(N)=VFIRST(M)

Calculation by Monte-Carlo Technique.

DO 10 K=1,11

IF (NWORDS(ICOL)-NMCD(1,K)) 10,6,10

10 CONTINUE

"7 IF (K.EQ.1.0R.K.EQ.L4) MONTE=1

GO TO 104

MAC=MAC+1
IF (MAC-6) 11,135,500

34
DC300660

DC300710
DC300720
DC300721
DC300730
DC300780
DC300790
DC300791
DC300800

Interpreting SR Card for Standard Deviation

. LAO60400

LAO60410
LAO60420
LA060430
LAao60O4L40
LAO60LLY
ﬁAOéOhSO
LAO60460
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16

15
18

DO 16 MTYPE=1,20
IF(NWORDS{ICOL)~-INDC(1,MTYPE)) 16,12,16
IF(NWORDS(ICOL+1)-INDC(2,MTYPE)) 16,12,16

CONTINUE

IF(NWORDS(ICOL)-INDC(1,8)) 4047,15,4047
IF(NWORDS(ICOL+1)~-INDC(2,1)) 4047,18,4047

MONTE=1
MTYPE=8

GO TO 13

Lou7

135

13 ICOL=ICOL+1

(D)

M3=10
GO TO 805
M3=30
GO TO 805

Values, and Standard Deviations.

Computation of Random Node Voltages, Mean

35
LAO6064L0
LA060650
LA060660 .
LA060670

LAOG0671 -

LA060672
LA060673
LA060674
LA060675
LA060680
LA060690
LA060700
LA060710
LA060720

By calling the subroutine ECA22B from ECA20, the modi-

fied ECAP generates normally distribﬁted parameters accord-

ing to the given standard deviation and the mean of the

circuit parameters. Subroutines ECA22, ECA23, and ECA26 are '

still used for computation of the node voltages from random

variable parameters via ECA20. The following is the modified

ECAZ20.
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EVEL 18 ECA20 DATE = 71004 22/05/41
SUBROUTINE ECA20(ZPRL) LC20000C(
BC20001(
DOURLE PRECISTON ZPRL{50,50) DC2C002¢
‘ DC2C003(
COMMON NMAX, NMODE y NTERMS ; NUMBL y NUMBR y NUMBC , IRTN,NTRACE y HSHTCH,KTD,DC 20004(
1 NPRINT(10) _ DC2C005(
COMMON E(20C) EMIN{200),EMAX(200) 5 AMP(290), AMPRIN{200) , ANPMAX (200)DC20006(
COMMON Y(260), YMIN(Z00),YMAX(200),HINIT(200),NFIN(200),MCDEL(200) UC20007C
CONMMDN YTERM(200),YTERMH{200) ,YTERML(200), IRQT(200), ICOLT(200)  DC2C008(
COMMUN ERRORL, ISEQ.MSEQ,MD,NUMMO, VFIRST(50),VSECND(50),VLAST(50) DC200699C
COMMUN MOBRN(50),MOPARM(50),MOSTEP{50), IWCOUT(4) BC2C010¢
COMMON /TSENG/ SIGY(25),SIGE(25),S1GA125),SICM(25) ,MUNTE ,NWO
- DC20011C
THE FNLLOWING VARIABLES ARE USED ONLY IN THE ECAP C.C. ANALYSIS . DC20012(
. _ DC2001 3¢
COMMOT! AX1,SMLEP(50),CURR(200),SMLE(200),EQUCUR(50),EX(200) . DC20014C
COMMUN EB(200),AMPX(200) ,ANPB(200),VNOM(50),5TDSQL50),L,M, ITUL 6C20015¢
COMMON JX1,JX4,JX5,DELTA,DUMI(28) ' DC200160
o . DC20017¢
CUMMUN LANG(265) BC2C01 8¢
. A DC 2001 9¢
COMMON MATA(200,4,3),YX(200),YB(200),YTERMX{200),YTERNA(200) DC20020¢
COMMON WCMAX(50),wCMIN(50) DC200210
DIMENSTON VM(25),50(25),5DD(25) '
DOUBLE PRECISION VM,SD,SDD,D,DEL,RITER,RITERN
DC200220
DOUBLE PRECISION SMLEP,CURR,SMLE,ZQUCUR DC 2002 3¢
: DC 20024C
BC200250
IF( NTRACE )41,41,40 DC2002 60
2 FORMAT(* DC MAINLINE-ECA20 ENTERED. IRTN=',13 ) DC20027C
40  WRITE(6, 2 ) IRTN DC 200280
41  CUNTINUE DC 200290
~MW0=0 ,
GO TU (1,420,400),IRTN DC200300
1 JX4=0 DC200310
DO 10 I=1,NMAX DC 260320
CYX(II=Y(1) DC 206330
EX(L)=E(I) DC200340
10 AMPX(I1)=AMP(]) DC 200350
IF( NTERMS ) 30, 5, 30 PC 200360
30 DU 11 I=1,MTERMS DC200370
11 YTERMX(I)=YTERM(I) . DC200380
5 CALL ECA22(ZPRL) DC 200390
CALL ECA23 DC200400
IF(NPRINT(10))7,7,8 DC200410
B JX1=1 DC 200420
CALL ECA24(ZPRL) DC2004730
. CALL ECA26(ZPRL) BC200440
IF (NPRINT(10))3,3,4 DC 200450
4 Jx1=2 : DC 200460
CALL ECA24(ZPRL) BC200470
3 CALL ECA25 DC 2604380
420 IF(JX4)419,419,20 . DC 2060490



LEV

4

57

56

36

38

L

19

18
19

17

23
21
22

18 ECA20

I=1S5EQ+1

GO TO (3024164,17,18,18),1
DO 19 I=1,NNODE
STDSQ(1)=0.0
IFLISEN-3)16,16,17
DO 25 K=1,3

DO 25 I=1,4
NUM=RNMAX
IF(I-2)22,23,22
IFINTERMS)Z25,25,21
NUM=NTERMS

DO 25 J=1,NUM
MATA(JtI)K)=U
CONTINUE

DO 24 1=1,NNODE
VNOM(T)=SMLEP(I)
L=1

. M=NNODE

GO TO 850

L=JX5

M=JX5

CALL ECA28(ZPRL)
IF(MONTE.EQ.0) GO TO 848
IF(NWD) 842,451,848

DO 15 [=1,NNODE
SD(1}=0.

sopolIy = 0.

[X=4975331

NITER=2001

RITER=2000.
RITERM=1997.

DO 32 NNN=1, NITER
IF{NNN.EQ.1) GU TO 415
DO 28 NN=1,NMAX
IF(SIGY(NN)) 29,28,29
S=SIGY(NN)

AM=Y (NN)

CALL ECAZ2B(IX,S,AM,VV)
YX{NN)=VV

CONTINUE

DO 56 NN=1,NMAX
IF(SIGE(NN)) 57,56,57
S=SIGE(NN)

AM=E (NN)

CALL ECA22B(IX,S,AM,VV)
EX(NN)=VV

CONTINUE

DO 38 MNN=1,NMAX
IF(SIGA(RN)) 36,38,356
S=SIGA(NN) -
AM=AMP [NN) :
CALL ECA22B{IX,S,AM,VV)
AMPX [NN)=vVV

CONTINUE

37

22/05/41

DC2C0500
DC200510
DC200520
DC 200530
DC 200540
BC200550
DC 200560
DC 200570
DC 200580
DC 260590
DC2C0H00
DC200610
DC200620

:DC200630

DC 200640
DC200650
DC 200660
DC 200670
DC20068C
DC 2060690
NC 200700



LCVEL 18 ECA20 DATE = 71004 22/05/41

DO 39 NN=1,NTERMS
IF(SIGMINNIY 37,33,37
37 S=SITGMINI)
AM=YTERM{NN)
CALL ECA22B(IX,S,AM,VV)
YTERMX(NN)=VV
39 CONT INUE
415 CALL ECA22(ZPRL)
CALL ECAZ23
CALL ECAZ26(ZPRL)
IF(NNNSNEWL) GO TO 48
DO 44 I=1,NHODE
44 VMIT)=SMLEP(T)
GO TO 32
42 . DO 79 1=1,NNODE

D = SMLEP(TI) - vM(T)
SD(I) = SD(I) + D :
sop(ry = soo(1ry +. D = D

79  CONTINUE
32 CONTINUE
WRITE(6,300)
WRITE(6,353)
DO 35 I=1,NNODE
DEL = SD{1) / RITER
VML) = vM(I) + DEL | _
SD(I) = DSQRT(DABS({SDD(1)-DEL*SD(I)) / RITERM ))
WRITE(6,303) I,VM(I),SD(I)
35  CONTINUE ~
300 FORMAT(///' STANDARD DEVIATIONS OF NODE VOLTAGES BY MONTE-CARLO'/)
353 FORMAT(' NODEY,4X, 'MEAN®,15X,'STD. DEV.')
303 FURMAT(1X,12,1X,2(4X,E15.8))

non

Nw0=1
848 IF{(JX4 ) 9995,880, 20 _
880 IF(ISEQ-2)301,800,801 DC200730

801 IF(MONTE) 802,802,805
802 CALL ECA29
805 IF(ISEQ-3) 301,301,800

BOC J4X5=0 . A DC200760
ISEQ=0 . DC 200770
WRITE(6.,803) : DC200780

803 FORMAT(/// 39H WORST CASE SOLUTIONS FOR NODE VOLTAGES///, DC2060790

1 5H {ODE,5X,5HWCMIN, 14X, THNOMINAL,12X,5HKCMAX/ ) DC2¢0800

820 CALL ECA27 ' DC2060810
IF(JX4-1)302+5,5 DC206GCe20

301 ISEQ=0 . : DC200830

302 IF(M0)9995,9995,400 DC200240

400 IF(NUMMD)402,119,402 o DC200850

402 CALL ECA30 ) ) DC200860
CALL ECA3] . DC2C08T0
NWG8=0
GO TO 5 ) ' DC200830

119 ISEQ=MSEQ DC2C0OEI0
IWCOUT(1)=IwCOUT(3) DC200900

IWCOUT(2)=IwCOUT (4) ’ 6C200910



LEVEL

900

3995
9395
9997
9990
9999

18

IWCOUT(3)=0

InCOUT(4)
MO=0
IF{ IT0L

MOSTEP(ITOL)=0

GO TO 419
IRTM=1
IF{ NTRAC
FORMAT (*
WRITL(6,
RETURN
END

=0

ECA20

419,419,900

E 19999,9993,9978
DC MAINLINE-ECA20 EXIT.

9937)

IRTN

DATE

IRTN=',13

)

71004

39

22/05741

DC200920
DC 200930
DC200940
DC 200950
DC200960
DC 200970
DC200980
DC206990
BC201000
DC201010
DC201020
DC2C1030
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(E) The Subroutine for Generation of Normally
Distributed Random Numbers.
EXA22B is a subroutine which combines GAUSS and RANDU
which are listed in Chapter 3. ECA22B is used for gene ":tion
of normally distributed random numbers and is called from

ECA20., The following is the listing of ECA22B.

SUBROUTINE ECA22B(IX,S,AN,V)
A=0,
DO 50 I=1,12
IX=IX*65539
IF (IY) 5,6,6
IY=IY+21 4748364741
YFL=IY
YFL=YFL*0,4656613E-9
IX=IY

50 A=A+YFL
V=(A-6.0)%S+AN
RETURN
END
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CHAPTER 5 THE OUTPUT OF THE MODIFIED ECAP

In DC network analysis there are three solution control

cards. The use of these cards is illustrated in Table 4.

Table 4 The Function of Solution Control Card

Solution control cards Operation requested

SE Requests sensitivity and

partial derivative calculation

wo A Requests-worst case calculation

as well as sensitivity

ST Requests standard deviation cal-

culation as well as sensitivity

Worst case analysis and standard deviation will be cal-
culated and printed for any DC problem in which the appro-
priate WO and ST cards are included. They need not be re-
quested on the FRINT card. The same is true for the output
request by an SE card, except wheﬁ a WO or ST card or both
are included, in which case SE must be requested via the
PRINT card.

In the modified ECAP program a user may use either the
SR or ST card optionally for the standard deviation calcu-
lation. A user may still use the other solution control

cards along with SR or ST card.
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The outputs resulting from use of ST or SR solution
control cards along with the other.solution control cards
for DC circuit parameters R, E, G, I, GM, and BETA are list-
ing in the APPENDIX. |

A modify routine, defined as a set of ECAP statement
étarting with MO and ending with EX is sfill available in
the modified ECAP program. Therefore a user may leave all
parameter valueé used in a modify solution unchanged and
only substitute an ST for the SR card. Thus the user is able
to compare the results obtained via the ST and SR routine by
the use of an MO routine. The purpose of-~the output of the
modified ECAP listing on APPENDIX is to check the capabili-
ties~of the SR card along with the other solution control
cards in a progrém. Only 25 trials are taken, and its input

data 1s based on the network of Fig. 9.



I=1(0.2)

Fig, 9 DC Network For Checking Capability

of The Modified ECAp

NV1 NV2 NV3
ANAAN AN )
R=5(0,2) G=3
Eﬂ» é R=1 §G=h(0.2) R=2
- E=10(0.2)
_l-.:..
NV4 NV5
R=4 T c=4

GM=1(0.2)

3

BETA=1(0.2)

43
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CHAPTER 6 DISCUSSION

As mentioned before, the actual mean values of node
voltages are usually nonlinear and therefore analytical so-
Jutions are impossible. This means that a direct compa;ison

of the accuracy of ST and SR calculation cannot be made.

Fig. 10 DC Network of Variable Tolerance in R3

. NV1 A NV2
| R2=5

1=1 - §R3=4(s)
I =10(0.2)

Changing the percentage tolerance, s, of R3 in Fig. 10
and using SR(2000 trials) and ST calculations produces dif-
ferent solutions for standard deviations and means as a
function of s shown in Table 5 and 6. When s=0, it is a lin-

ear problem and we have its analytical solution, i.e.,

- NV1=9,00
NV2=L, 00
01NV1)=0.60060
*(NV2)=0.2666667

Only in this case is the ECAP ST solution identical with



b5
the analytical solution. ‘

From Tables 5 and 6, the ratio of the ECAP to the Monte-
Carlo solution is formed as shown in Table 7. Consider the
ratio ECAP/Monte—Carlb at s=0. As shown in Fig. 11 and Table
7, the mean is 1.0008, the standard deviation is 1.0004,
This means the errors from the Monte-Carlo technique are
negligible. We may therefore conclude that values obtained
by Monte-Carlb techniques are sufficiently close to those
obtained by analytical solution. From s=0,01 on, the problem
becomes nonlinear and we can no longer get true values from
ECAP. This is why the curves of Fig. 11 jump abruptly be-
tween s=0 and s=0.01. Then, as s increases, the ratios teﬁd
to gradually decrease. Since we may assume that the solu-
tions by the Monte-Carlo technique are almost identical with
analytical solutions, we may conclude again that the mean
values and the standard deviations of node voltages of Fig.
10 by ECAP will become smaller by comparison with the true

value as s increases. .



Mean Values of Node Voltages

Lé

Table 5

By ECAP By Monte-~Carlo
NV1 NV2 NV1 NV2
-~ E=10(0.2)
R3=4 9.0000000 3.9999999 8.9924238 3.9966327
E=10(0.2)
R3=4(0.01) 9.0000000 3.9999999 9.0052612 4.0023833
E=10(0.2)
R3=4(0.05) 9.0000000 3.9999999 9.0046685 4,0048273
E=10(0.2)
R3=4(0.1) 9.0000000 3.9999999 9.0053100 4,0086760
E=10(0.2) 4
R3=4(0.2) 9.0000000 3.9999999 9.0071282 L4.0195852
E=10(0.2)
‘R3=4(0.3) 9.0000000 3.9999999 9.0099692 4.0366313




by

Taﬁle 6

Standard Deviations of Node Voltages

By ECAP By Monte-Carlo
NV1 NV2 NV1 NV2
E=10(0.2)
R3=4 0.59999967 0.26666653 0.59974969 0.26655541
E=10(0.2) )
R3=4(0.01) 0.60000116- 0.26678640 0.59770202 0.27576638
E=10(0.2) . '
R3=4(0.05) 0.60003674 0.26964974 0,59774204 0.26869938
E=10(0.2)
R3=4(0.1) 0.60014784 0.27840799 0.59787059 0.27790225
E=10(0.2) |
R3=4(0.2) 0.60059202 0.31098390 0.59843488 0,31520160
E=10(0.2) .
. R3=4(0.3) 0.60133153 0.35876316 0.59958200 0.38017969




L8~

Table 7
The Ratio of ECAP/Monte-Carlo
Standard Deviation Mean
NV1 NV2 NV1 NV2

. E=10(0.2)
R3=4 1.0004 1.0004 1.0008 1.0008
E=10(0.2)
R3=4(0.01) = 1.0038 1.0038 0.9995 0.9994
E=10(0.2) _
R3=4(0.05) 1.0038  1.0035 0.9995 0.9988
E=10(0.2)

‘R3=4(0.1) 1.0038 1.0018 0.9994 0.9979
E=10(0.2) _
R3=4(0,2) 1.0036 | 0.9866 0.9992 0.9951
E=10(0.2)

R3=4(0.3) 1.0029 0.9437 0.9989 0.9909
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APPENDIX

Tests of Compatibility Between
Original and Modified ECAP
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ECAP

ST Solution Control Card

o
B1 N(O»1)yR=1,FE=10(0a2),1=1(0.2)
B2 N({1,2),R=5(0.2)
B3 N(2:+3),06=3
Bli N(37O)'P\=2
85_ N(2)0)16=4(0-2)
B6 N(4,0),R=4
T1T Bl4,6),6M=1(0.2)
B7 N(S,O)yR=4
T2 B(4,7)4,BETA=1{0.2)
ST
PRyCA,NV
EX

51



NODE VOLTAGES

" NODES VOL TAGES

1- 4 0.75544042D 01
5- b -0.55958547D 00

ELEMENT CURRENTS |

BRANCHTS CURRENTS
1- 4 0.24455958D 01
5- 7 0.12056994D 01

0.32642485D 00

0.144559580 01
0.27755576D-16

STANDARD DEVIATIONS OF NODE VOLTAGES

NODE  STD. DEV.
1 0.56768668E 00
2 0.35851061E-01
3 0.30729475E-01
4 0.14379036E 00.
5 0.71895182E-01

NOM.-STD.

DEV.

0.69867T172E 01
D.29057378E 00
0.24906325E 00
-0.12629604F 01
-0.63148063E 00

0.27979273D 00

0.13989637D 00

C.0

NOMINAL

0.755440420
0.32642485D
0.27973273D
-0.1119170%9D
~-0.559585470D

01
00
00
0l
00

-0.1119170%0D 01

0.13989637D 00

.
v

NOM.+STD. DEV.

0.81220903£ 01
0.36227590E 00
G.31052220E 0OC
~-C.97538054F 0O
-0.4876%027E 00

49



MODIFIED ECAP

SR Solution Control Card

s m e 4 e mm - - e ~ - - E N - -

DC .
B1 N(O,1)yR=1,E=10({0.2),1=1(0.2)
B2 N{1,2)4R=5(0.2)
B3 N(2,3),G=3
B4 N(3,0),R=2
B5 N{2+C)4G=4(0.2)
B6 N(’nO),R=4
B7 N(5,0) 4R=4
T2 Bl4,7)y,BETA=1(0.2)
SR
PRyCA,NV
EX

53
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NODE VOLTAGES

'STANDARD DEVIATIONS

NODE ME AN
1 0.73749999D
2 0.32392165D
3 0.27764713D
4 -0.112073550
5 -0.55286349D

NGCDES VOL TAGES
I- 4 0.755440420 01 03226424850 00
5= 5 -0.559585470 00

ELEMENT CURRENTS

- BRANCHES CURRENTS
1- 4 0.244559580 01 0.14455958D 01
5- 7 0.13056994D0 01 0.27755576D-16

0.279792730 00

0.13989637D 00
0.0

OF NODF VOLTAGES BY MONTE-CARLO

01
00
00
01
00

STD. DEV.

0.53648%9470 00

0.475453750-01
C.407531780-01
0.18139647D0 00
0.89735855D-01

-0.11191709D 01

0.13989637C 00

Ut
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ECAP

ST,W0, and SE Solution Control Card

13
. B2
B3
B4
85
b6
T1
B7
T2

DC

N(0O,1)yR=1,E=10(0.2),[=1({0.2)
N(1v2)7R=5(0.2)
N(2,3)'G=3
M(3,0),R=2
N(2,0),6=4(0.2)
N{4,0),R=4
B(‘iyb)'Gle(OOZ)
N(540),R=4
8l4,7),BETA=1(0.2)
ST

WO

SE

PRyCA,NV

EX



NODE VOLTAGES

NODES VOLTAGES
1- 4 D.755440420 01
5- 5 -0.55958547H 00

ELEMENT CURRENTS

BRANCHES

CURRENTS
1- 4 0244559580 01.
5- 7 01305969940 01

STANDARD DEVIATIENS OF NODE

NUDE STD. DEV. N
1 0.56768668E 00 0
2 0.35851061E-01 0
3 0.30729476E-01 0
4 0.14379036E 00 -0
5 0.71895182E-01 -0

WORST CASE SOLUTIONS FOR NOD

NODE WCMIN
1 0.54901056E 01
2 0.18085104E 00
3 0.15501517E 00

% ~0.24071627E

01 -
~0.12035809E 0L

(%]

0.32642485D €O

0144559580 01
0.27755576D-16

VOLTAGES

OM.-STD. DE

«69867172E
«29057378C
«24906325E
«12629604E
«63148063E

E VOLTAGES

NOMINAL

0.75544033E
0.32642484L
0.27979273¢E
0.11191702€E

Ve

01
00
00
(031
00

01
00
00
ot

-0.55958545E 00

0.27979273D 00

0.13289637D 00

0.0

NOMINAL

04755440420
0.32642485D
0.279792730
=0.11191709D
-0.559585470L

WCMAX

0.96606054D
0.58507449D
0.50149242D
=0.49604866D
-0.24302433D

01
Co
00
01
00

ol

00
00
00
00

—0.111917090 01

0.1398%637D 00

NOM.+STD. DEV.

0.81220903E 01
0.36227590E (00
0.31052220C CO
—0.97538054E 00
~0.48769027E €O

95



MODIFIED ECAP

SR, WO, and SE Solution Control Card

DC
Bl N{O,1),R=1,E=10(0.2),1=1(0.2)
B2 N(1,2),R=5(0.2)
B3 N(2,3),G=3
B4 N(3’0)'R=2
BS N{240)4G=4(0.2)
B6 N(4,0)4R=4
" T1 B(4,6),GM=1{0.2)
B7 N{5,0),R=4
T2 Bl4,7)+BETA=1(0.2)
SR
W0
SE
PRyCA,NV
EX

57



NODE VOLTAGES

NODES
1- 4 0.75544
5- 5 —0.55958
ELEMENT CURRENTS
BRANCHES
1- 4 0.24455
5- 7 0.13056

STANDARD DEVIATIONS

MEAN
0737499930
0.32392165D
0.27764713D
-0.11207355D
~-0.55286349D

NODE

VDN

WORST CASE SOLUTIONS

NODE WCMIN
0.54901056E
0.18085104E
0.15501517E

=0.24071627E

-0.12035%809E

Vi N -

VOLTAGES

0420 01
547D 0O0C

CURRENTS

9580 01
994D 01

0.32642485D 00

0.14455958D 01
0.27755576D-16

0.279792730 00

0.13989637D 00.

0.0

OF NODE VOLTAGES BY MONTE-CARLO

STD. DEV.
0l 0.53648947D 00
00 0.475453750-01
00 0.40753178D~-01
01 0.18139647D 0O
00 0.89735855D0-01

FOR NODE VOLTAGES

NOMINAL
01 0.75544033E
00 0.32642484€
00 0427979273E
0L - -0.11191702E
0l -0.5%958545E

01
00
00
01
00

WCMAX

0.966060540D
0.585074490

0.50149242D

~0.496048660
-0.24802433D

o1l

co
co
Cco

00 -

-0.11191709D O1

0.139896370 00

8%



SR, SE,

Bl -

B2
B3
B4
BS
86
T1
B7
T2

MODIFIED ECAP

and WO Solution Control Card

DC
N(Os1)yR=1,E=10(8,12),1=1(0.8,1.2)
N(1,2),R=5.(4,6)
N(2,3),G=3.
N{3,0),R=2.
N(2,0),G=4.(3.2,4.8)
N(O,4)4R=4

Bl{4,6),GM= 1(0.8,1-2)
N(5,0),R=4
B(4,7),BETA=1(0.8,1.2)
SR

SE

WO

PRy CA,NY

EX

59



NODE VOLTAGES

VOLTAGES

NODES
1- 4 0755440420 01
5- 5 -0.55958547D 00

ELEMENT CURRENTS

BRANCHES
1- 4 0.24455
5- 7 0.13056

STANDARD DEVIATIONS

NODE MEAN
0.73749998D
0.32392165D
0.27764712D
0.1L12073550D

-0.552863480

VN

WORST CASE SOLUTIONS

NODE WCMIN
0.54901047E
0.18085104E
0.15501517E
0.49604857E

-0.12035818E

oSN -

CURRENTS
958D 01 0.14455958D 01
994D 01 0.27755576D~-16

0326424850 00

- 0427979273D 00

0.13989637D €O

0.0

OF NODE VOLTAGES BY MONTE-CARLO

STD. DEV.
01 0.53648967D 00
00 0.475453870-01
00 0.40753189D~01
01 0.181396510 00
00 0.89735871D=-01

FOR NODE VOLTAGES

NUMINAL
01 0.75544033¢
00 0.32642484E
00 0.27979273E
00 0.11191702E
01 ~0.55958545¢E

01
00
00
01
00

WCMAX

0.96606062D
0.58507465D
0.50149255D
0.24071639D

-0.248024290D:

01

00
00
01

00

0.11191709C 01

0.13989637D0 00

09



MODIFIED ECAP

ST, SE, and WO Solution Control Card

81
B2
B3
B4
BS
Bé6
Tl
B7
T2

DC
N{Oy1)sR=1,E=10(8412),I=1(0.8,1.2)
N{1,2)4R=54(4%4,6)
N(2y3)'6=3-
N{3,0)4R=2,
N{2,0)46=4.(3.2,4.8)
N(Oy4)yR=4
B(4,6),G6M=1(0.8,1.2)
N(S)O)'Rzlf
B(4,7),BETA=1{0.8,1.2)
ST

SE

WO

PRy CA,NV,SE

EX

61



NODE VOLTAGES

NUDES
1-.
5_

ELEMENT CURRENTS

BRANCHES

1=
5- -

0.75544042D 01
-0.559585470 00

0.244559580 01}
0.13056994D 01

VOLTAGES

CURRENTS

0.32642485D 00

0.144559580 01
0.27755576D-16 0.0

0.27979273D 00

0.139896370 00

FARTIAL DERIVATIVES AND SENSITIVITIES OF NODE VOLTAGES .

WITH RESPECT TO RESISTANCES

BRANCH

PAPPUWIWWNRNNN -

NODE

PULUNF VDWW NR DN

PARTIALS-

-0.205277990 01
-0.88700359D-01
-0.76028880D-01
-0.30411552D 00
0.152057760 00
0.23219407D 00
=0.524309190-01
~0.449407880-01
-0.17976315%D0 00
0.898815760-01
0.21745546D-02
0.130473280D-01
=0.10872774D 00
=-0.434910940D 00
0.21745547D 00
021745534002
0.13047321D-01
0.31168600D-01
=0.434910930 00

SENSITIVITIES

~0.20527731E-01
-0.88700326£-03
~0.760288441E-03
~0.30411545€£~-02
0.15205771£-02
0.11609700E-01

- =0e26215452E-02

-0.22470388€-02
—~0.89881532E-02
0.44940747E-02
0.72485127TE-0D5
0.43491L076LE-04
—0.36242558E~-03
=0.14497025E-02
0.72485115E-03
0+43491047C-04%
0.26034634E~-03
0.62337168E-03
-0.86982138E~-02

0.111917090 01

0.139896370L 00

29



'Q'JN\INIO‘O‘O‘O‘O‘U"\J‘IU‘IUIW#

W-‘“UJNHLH-#WNHU!-&‘&NHUI

0.21745535D
0.18942788D
0.11365673D
0.97420055D
0.389680220

-0.194840110
0.0

79792550

39896360

WITH RESPECT TQO BETAS

BETA

NN NN N P~ s g e

NODE

VA WN =P WN

PARTIALS

59585330

OOOOOOOOOO
® 8 o 5 0 6 4 s o &
il loNoNoll FoloNe)

5958533p

00
00

0l.

0o
01
01

00

00

00

00

0.43491051€E-02
0.47356938E-03
0.28414177E-02

0.24355007E-02

0.974200296-02
=0.48709996£-02

1191696E-01

5958517E-02

SENSITIVITIES

OOOOOOOOOO

¢ & & 4 9 ¢ ¢ o+ ¢ o

0

0
0]
1
0
0
0
0
0
5

1191703E-01

5958517E-02

£9



WITH RESPECT TO VOLTAGE SOURCES

BRANGH

o et gt ot

NODE PARTIALS

0.83937825D 00
0.362694280-01
0.310838081D-01

SENSITIVITIES

0.83937764E-01
0.36269415E~02
0.31088069E-02

V1 WIS -

0.124352330 00
~0.62L761630-01

WITH RESPECT TO CURRENT SOURCES

BRANCH

b et s o e

NODE

VI DN -

PARTIALS

=0.8393782%D 00
~0.362694280-01
-0.31088R081D-01
-0,12435233D 00

0.621716163D-01

0.12435228E-01
~0.62176138E~02

SENSITIVITIES

—0.83937794E-02
-0.36269403E-03
-0.31088060E-03
-0.12435229£-02

0.62176143E-03

STANDARD DEVIATIONS UF NODE VOLTAGES

NUODE

U W N

STb. DEV.

0.56768698E 00
0.35851073E-01
0.30729488E-01
0.14379042E 0O

‘0.71895182E-01

NUM."STD. DEV‘

0.69867172E
0.29057378E
0e24906319E
0.97538048E
~0.63148063E

NOMINAL
o1 0.755440420
00 0.22642485D
00 0.27979273D
00 0.11191709D
00 -0.55958547D

01

00
co
01
00

NCM.+STD. DEV.

C.81220903E
0.36227590E
0.31C52220¢t
0.12629604¢E

~0.48769027E

Cl
00
00
0l
00

9.



WORST CASE SOLUTIONS

NODE

w N~

J

WCMIN

0.54901047E
0.18085104E
0.15501517E
0.49604857E

-0.12035818E

FOR NODE - VOLTAGES

01
00
00
00
o1

NOMINAL

0.75544033E
0.32642484E
0.27979273E
0.11191702E

~0.55958545L

01
00
00
01
00

WCMAX

0.96606062D
0.585074650D
0.501492550
0.24071639D

-0.24802429D

01
00
00
01
00

<9 .



ECAP

ST, SE, and WO Solution Control Card

oC
81 N(Oyl)pR=1,E=10(8,12),I=l(0.8,1.2)
B2 N(142)4yR=5.(4,56)
B3 N(2y3),G=3o
B4 N(3y0),R=2.
B5 N{2,0)+yG=6.(3.2,4.8)
B6 N(Os4),R=4
Tl B{4,6),GM=1(0.8,1.2)
B7 N(5,0),R=¢4 ~
T2 Bl4y7)+sBETA=1(0.8,1.2)
ST
SE
L8] .
PRvCA,NV,SE
EX



NUDE VOLTAGES

NODES .VOLTAGES
- 4 0.755440420 01
5- 5 -0.55958547D 00

ELEMENT CURRENTS

BRANCHES CURRENTS
1- 4 0.24455958D 01
5- 7 0.130569940 01 .

0.32642485D 00 0.279792730
0144559580 01 0.13989637D
0.277555760D-16 0.0 E

PARTIAL DERIVATIVES AND SENSITIVITIES OF NODE VOLTAGES

WITH RESPECT TO RESISTANCES

BRANCH NODE

PARTIALS,

SENSITIVITIES

.;\.bb;\uwwwwr\:r\)mwmr-‘rawww

#WNF‘W-&\NNP—U\#WNHW-}WNF‘

-0.20527799D 01
-0.88700359D-01

=0.760288800-01

-0.30411552D 00
0.15205776D 00
0.23219407D 00

-0.52430919D-01

—0.44940788D-01

=0.179756315D 00
0.89881576D-01
0.21745546n-02
0.13047328D-01

=-0.108727740 00

-0.43491094D 0C
0.21745547D 00
0.21745534D-02
0.130473210-01
0.31168606D~01

-0.43491093D 00

-0.20527791E-01
—0.88700326£~03
-0.76028844E~03
=0.30411545£~02
0.15205771E-02
0.11609700E-01
-0.26215452E-02
—~0.22470388E-02
-0.89881532E~-02
0.444940747£-02
0.72485127E-05
0.43491076E-04
-0.36242558E-03
~0.14497025E-02
0.72485115E-03
0.43491047E-04
0.26074634E-03
0.62337168E-03
-0.86982128£~02

Cco

00

0.11191709D 01

0.13989637D €O
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NNANSNNcOOC o OoVUIUV VUGN

0.21745535D
0.18942788D
0.11365673D
0.97420055D
0.38968022D
-0.19484011D

.
(&

79792550

OOOOOOOOOO

0
0
2
0
0
0
0
0
1

39896360

WITH RESPECT TO BETAS

BETA

NN NNN - e e

rurse 4F

- NODE

NP WN =D

PARTIALS

0.0
0.0
0.0
0.55958%33D
0.0
0.0
0.0
0.0
0.0
0.5

L]
.
L]
[ ]
L
L)
-
-
L )

5958533D

00
00
01
00
01
01

00

00

00

00

0.43491051E-02
0.47356938E=03
0.28414177E-02
0.24355007E-02
0.97420029E-02
-0.48709996E-02

O.

0.
O.
0.
O.
O.
O.
O.
0.
O.

0

0
0
1
0
0
0
0
0
5

1191696E-01

595851 7E~02

SENSITIVITIES

O.
O.
O.
O.
O.
O.
O'
0.
0.
C.

0
0
0
1
0
0
0
0
0
5

1191703&E-01

5958517E~-02

89 .
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. WITH RESPECT TO VOLTAGE SOURCES

BRANCH

Pd st et e s

NODE

M D WN

PARTIALS

0.83937825D 00
0.362694280-01
0.31088081D-01
0.12435233D 00
-0.62176163D-01

WITH RESPECT TO CURRENT SOURCES

BRANCH -

o e e

NODE

PARTIALS

-0.83937825D 00
-0.36269428D-01
-0.31088081D0-01
-0.12435233D0 00

SENSITIVITIES

0.83937764E-01
0.36269415E-02
0.31088069E-02
0.12435228E-01
-0.62176138E~02

SENSITIVITIES

-0.83937794£-02
—0.36269403E-03
-0.31088060E~03
-0.12435229E-02

WD WN e

0.62176163D0-01

STANDARD DEVIATIONS OF NODE VOLTAGES

NODE

S WN

STD. DEV.

0.56768698E 00
0.35851073E-01
0.30729488E-01
0.14379042E 00
0.71895182E-01

0.62176143E-01

NOM.‘STD. DEV.

0.69867172E
0.29057378E
0.24906319E
0.97538048E

-0.63148063E

NOMINAL

0l 0.75544042D
00 0.32642485D
00 0.279792730

00
00

0.111917090

=0.55958547D

01
00
00
01

00’

NOM.+STD. DEV.

" 0.81220902E

0.36227590E
0.31052220E
0.12629604E

T =0.48769027¢

01

¢o -

ols;
01
Cco
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- WORST CASE SOLUTIONS

NODE

DN -

WCMIN

0.54901047E
0.18085104E
0.15501517E
0.4960485TE
-0.12035818F

FOR NODE VOLTAGES

01
00
00
00
01

NOMINAL

0.75544033E
0.32642484E
0.27979273E
0.11191702€E
-0.55958545E

01
00
00
01
00

WCMAX

0.966060620D
0.58507465D
0.50149255D
0.24071639D
-0.248024290

P T e,

01
co
00
01
00

0d
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MODIFIED ECAP

SR, SE, and WO Solution Control Card

(]

Bl
B2
B3
B4
B5
B6
T1
87
T2

oc
N{O»1)yR=1,E=10(8412)4y1=1(C.8,41.2)
N{1,2)yR=5.(4,46)
N{2,3),C=3.
N(310),R=2-
N{220)9G=4.(3.2,4.8)
N(D,4)4R=4
B(4i6)'GM=1(O-81102)
N(510)1R=4
Bl&4,7)4BETA=1(0.8,y1.2)
SR

SE

w0

PRyCA,NV,SE

EX



NODE VOLTAGES

NODES VOL TAGES
1- 4 04755440420 01
5- 5 -0.55958547D 00

ELEMENT CURRENTS

BRANCHES CURRENTS
1- 4 0.244559580 01
5- 7 " 04130569940 01

0.32642485D 00

0.144559581) 0Ol
0.27755576D-16 0.0

0.27979273D 00

0.13989637D 00

PARTIAL DERIVATIVES AND SENSITIVITIES OF NODE VOLTAGES

WITH RESPECT TO RESISTANCES

BRANCH NODE PARTIALS

DPPIPPDPUVWWWWNNNNN

WNE= R D2WNE DL D WN e

-

-0.205277990 01
~0.887003590-01
-0.760288800~01
-0.304115520 00
0.15205776D 00
0.232194070 00
-0.52430919D-01
-0.44940788D-01
-0.17976315D 00
0.89881576D-01
0.21745546D-02
0.130473280-01
~0.10872774D 00
~0.43491094D 00
0.21745547D 00
0.21745534D-02
0.13047321D-01
0.311686000-01
-0.43491093D 00

SENSITIVITIES

-0.20527791E-01
-0.88700326E-03
~0.76028844E-03
-0.30411545E-02
0.15205771E-02
0.11609700£-01
-0.26215452E-02
~0.22470388E-02
-~0.89881532E-02
0.44940747E£-02
0.72485127E~0%
0.43491076E-04
-0.36242558E~03
~0.14497025£~02
0.724351155-03
0.43491047E~-04
0.26094634E-03
0.62337168E-03
~0.86982138€E-02

0.111917090 0!

0.13989637D 00

YA



NaNaNSNOcCOCV VTN D

NMPON D W=D WN =0,

0.21745535D
0.18942788D
0.11365673D
0.97420055D
0.38963022D

-0.19484011D
0.0

73792550

3989636D

WITH RESPECT TO BETAS

BETA

NN RN NN b e bt b

NODE

VUV WN =D W N

PARTIALS

5958533D

59585330

00

00

00

00

O. 47356938E 03
0.28414177E-02
0.24355007£-02
0.97420029E-02
-0.48709996E-02
0.0

0.0
OOO
001
0.0
0.0
0.0
0.0
0.0
0.5

1191696£-01

5958517€-02

SENSITIVITIES

1191703€E-01

5958517E-02

73



i WITH RESPECT TO VOLTAGE SOURCES

BRANCH

Pt s ok b ot

NODE

PARTIALS

0.83937825D 00
0.362694230-01
0.31088081D-01
0.12435233D 00

74

SENSITIVITIES

0.83937764E-01
0.36269415E-02
0.31088069¢-02

- 0412435223E-01

VD WN

-0.62176163D-01

WITH RESPECT TO CURRENT SOURCES

BRANCH NODE
1 1
1 2
1 3
1 4
1 5

STANDARD DEVIATIONS

NODE

NODE

VD WN

VD WA e

MEAN
0.737499980
0.32392165D
" 0.27764712D
0.11207355D
-0.55286348D

WCMIN

0.54901047E
0.18085104F
0.15501517€
0.49604857E
-0.12035818E

0}
00
e
00
01

PARTIALS.

-0.83937825D 00
—0.362694280-01
-0.31088081Dp-01
~0.124352330 00

0.62176163D-01

-0.62176138E-02

SENSITIVITIES

-0.83937794E-02
—0.36269403E-03
-0.31088060E-03
-0.12435229€-02

0.62176143E—03

OF NODE VOLTAGES BY MONTE-CARLOQO

01
00
00
01
00

STD. DEV.

0.53648967D 00
0.475453870-01
0.40753189D-01
0.18139651D 00
0.89735871D-01

_WORST CASE SOLUTIONS FOR NODE VOLTAGES

NOMINAL

0.75544033¢E
0.32642484E
0.27979273¢€
0.11191702E
-0.55958545¢

01
00
00
01
0o

WCMAX

0.96606062D
0.585074650D
0501492550
0.24071633D
-0.248024290

01
00
00
01
00
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MODIFIED ECAP

Using MO Card to Compare ST and SR Solutions

DC
Bl M(O,1),E=10(0.2),R=1
B2 N(1,2)4+R=5 T
B3 N(2,0),R=4

SR

EX

STANDARD DEVIATIONS OF NODE VOLTAGES BY MONTE-CARLO

NODE MEAN STD. DEV.
1 0.89924238D 01 0.59374969D 00
2 0.32966327D C1 0.266555410 00
MO

Bl N{O41),E=10(0.2),R=1
B2 N{l,2):R=5
83 N(250)yR=4(0.05)

SR

EX

STANDARD OEVIATIONS OF NODE VOLTAGES BY MONTE-CARLO

NODE MEAN ' STD. DEV.
1 0.90046685D 01 0.59774204D 00
2 0.400482730 01 0.26869938D 00



MO : :
B1 N{Oy1)4E=10(0.2),R=1 ’ :
B2 N(1,2),,R=5 !
B3  N(2,0)yR=4(0.01) : . a
ST
EX : L

STANDARD DEVIATIONS OF NODE VOLTAGES

NUDE STO. DEV. NOM.~-STD. DEV. NOMINAL ' NOM.+STD. DEV.
1 0.60000116E 0O ~ 0.83999987E 01 0.90000000D 01 0.96000004E O1
2 0.26678640E 00 0.37332134E 01 0.39999999D 01 0.42667856E 011

94



77

REFERENCES

i, Shooman, M. L., "Probabilistic Reliability", P.259.
‘New-York, N.Y.: McGraw-Hill, 1968.

-2._ Matthews, R. W., "Term Project of IE 1&308“, U.H., Cullen
- College of Eng., Unpublished.



5.

78

BIBLIOGRAFHY

Calahan, D. A., Computer-Aided Network Design. New-York,

I.B.M. 1620 Electronic Circuit Analysis Program User's

lanual .

Jenson, R. W. & Lieberman, M. D., IBM Electronic Circuit’

Analysis Program. Englewood Cliffs, N.J.: Prentice-

Hall, 1969.

Kvo, F. F. & Magnuson, Jr. W. G., Computer Oriented
Circuit Design. Englewood Cliffs, N.J.: Prentice-
Hall, 1969.

Kuo, S. S., Numerical Method and Computers. Reading,

Mass.: Addison-Wesley, 1965.

Meyer, P. L., Introductory Probability and Statistical

Applications. Reading, Mass.: Addison-Wesley, 1965.




