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1. Summary 

Many programs for analyzing electronic circuits includ- 
ing nonlinear elements have been reported. It became diffi- 
cult to evaluate circuits such as ICs by the breadboard 
method, because this method is not always suitable for 
simulation of high speed and high density circuits. Moreover 
lengthy experiments are involved. In the case of circuits 
composed of discrete parts, it was considered that many 
manual experiments could be replaced by computer aided 
analysis. We developed a general nonlinear network analysis 
program NONLISA to enable the use of medium scale com- 
puter system FACOM 270-30 for scientific and technical 
applications. This program is aimed mainly at the capability 
of circuit designers' easy treating and extending system 
functions without many modifications. Functions of 
NONLISA are DC analysis, transient analysis, sensitivity 
analysis, worst case analysis, Monte Carlo Simulation etc. 
for networks including nonlinear elements. 

This paper deals with the structure and the functions 
of NONLISA. 

2. Introduction 

Electronic circuit analysis can be processed better by 
computer from among all the processes involved in electro- 
nic circuit design. Therefore computer aided electronic circuit 
analysis contributes towards considerably reduction in total 
design and experiment time. Many circuit analysis programs 
with nonlinear elements and their effectiveness have been re- 
ported in the past. We also felt the necessity of such 
analysis program for not only ICs, but circuits with many 
components and have developed. NONLISA (Nonlinear net- 
work simulation and analysis program). 

Main features of NONLISA are as follows: 

Main features: 

(1) Easy selection of dialogue form process or batch 
process. 

(2) Easy registration and reference of devices. 

(3) 

(4) 

(5) 

Prepared typical signal sources. 

Easy preparation of graphs obtained in transient 
analysis, input-output characteristics calculations 
and Monte Carlo simulation. 

Easy expansion and modification of the program 
system: this program is distinctly divided into the 
two, supervisory and analysis subprograms. 

3. Program Structure 

NONLISA consists of one supervisory program and 
several analysis and operation subprograms which are control- 
led by supervisory program, as in Fig. 1. 

The supervisory program and network data is always 
stored on the core memory. Other analysis and operation 
programs are normally stored on the drum. They are loaded 
on the core memory overlay area by the supervisory pro- 
gram when instructed to do so by keyboard or card. 

All the programs normally stored on the drum are di- 
vided into segments in accordance with each analysis. As men- 
tioned above programs are modular in structure. Therefore, 
if interface between each subprogram is not changed, it is 
possible to level up and extend the system with modifica- 
tion and addition of subprograms only. Supervisory program 

consists of subroutines such as check program, registration pro- 
gram, command translation program. Therefore, it is also 
possible to level up and extend supervisory program in the 
same way. This method has to be adopted because all the 
programs can not be stored on FACOM 270-30 core memory 
which has a limited capacity of 65 KW (16 b/W). Moreover, 
it is considered that the time required for the program to 
be loaded onto the core memory from the drum in analysis 
operations does not in any give rise to undue problems to 
users. Both inner and outer drums have a maximum of 262 
KW capacity. 

FORTRAN is not considered to be particularly suitable 
for efficient core utilization. However it was selected to 
simplify application of this program to different types of 
computers with minor modification only. A total of about 
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2,800 statements are used for the program. Details of this 
figure are shown in Table 1. 

Table  I N u m b e r  o f  F O R T R A N  s t a t e m e n t s  

Subprog ram Name 

Supervisory  prog. 

Inpu t  data  ed i t t ing  prog. 

O u t p u t  data  ed i t t ing  prog. 

Ne twork  equa t i on  genera t ing  prog. 

DC analysis  prog. 

Trans ien t  analysis  prog. 

Sensi t ivi ty  analysis  prog. 

Worst case analysis  prog. 

Monte  Carlo s imula t ion  prog. 

I n p u t - o u t p u t  charac te r i s t ic  ca lcula t ion  
prog. 

Regis t ra t ion  prog. 

To ta l  

N u m b e r  o f  
Statements 

450 

400  

290  

160 

550  

170 

120 

150 

170 

80 

230  

2770  

NONLISA required approximately 125 KW in length for 
these statements and data. These are divided into the two, 
core and drum. Details of this figure is shown in Table 2. 
In this table, 10 KW of program (overlay) means the maxi- 
mum words of overlay area occupied by the program which 
is normally stored in the drum as mentioned previously. 

Table  2 Occupied  M e m o r y  Area  o f  NONLISA 

M e m o r y  

Core 

D r u m  

Use 

Program (f ixed)  

Program (over lay)  

Data  

Program 

Data  

Words  (KW) 

13 

10 

22 

36 

54 

The following analysis and operation programs are stored 
on the drum. 

* DC analysis program. 
* Sensitivity analysis program. 
* Worst Case Analysis Program. 
* Monte Carlo Simulation Program. 
* Program for calculation of Input-Output Chara- 

cteristics. 

* Transient Analysis Program. 

These are described in detail in chapter 6. Supervisory pro- 
gram operates only one of them at a time because from our 
experience in network design all of them are not always re- 
quired simultaneously. However in Monte Carlo simulation, 
considerable data is required. Therefore in this type of simu- 

lation data parts are stored on the drum. 

The user is able to select and use these analysis and 
operation programs in not only batch mode but also in dia- 
logue mode with the keyboard. 

4. Network for Analysis 

NONLISA has the limitation as shown in Table 3 for 
the network to be analyzed. 

Table  3 L imi ta t ion  for  Ne twork  Analys is  

Limit ing Fac to r  

Node 

Branch  

Inpu t  signal 

Table  

Device ' regis t ra t ion 

Nonl inea r i ty  o f  
device 

Limita t  ion 

Max. 50  

Max. 100 

Max. 5 

Max. 30  
(sect ion : max.  20) 

Trans i s to r  : max.  100 
Diode : max.  100 

One  to  one  voltage to  cur ren t ,  
voltage to charge, or  f lux to 
cur ren t  character is t ics  

5. The Features of the Supervisory Program 

The supervisory program is always stored on the core 
memory. It controls all analysis and operation programs. 

Its functions can be summarized as follows. 

* Translation of command and input data. 
* Loading of analysis and operation programs 

from the drum to the core memory in accord- 
ance with the user's commands. 

* Checking command sequence, input date format, 
etc. 

* Processing in case of errors. 
* Interface among analysis or operation subpro- 

grams. 
* Control of output data. 

The number of subprograms controlled by supervisory 
program is limited to maximum number of drum segments. 
But the number of segments being too large the number of 
subprograms is not necessarily effected. 
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6. Method of  Analysis 

Method of  analysis is based on the papers by J. 
Katzenelson. It is as follows. 

(1) Network description (1), (2), (4) 

It is necessary to arrange network data in the 
form convenient to analyze, to select a tree and to 
make a network matrix, before analyzing. State vari- 
able method is used in transient analysis. In this 
method DC analysis can be used. Therefore, the same net- 
work description is adopted in DC and transient analysis. 

Network is expressed by dividing branches into 
trees and links based on graph theory. The following 
normal tree is chosen as a tree. A normal tree is a 
tree which contains all voltage sources as tree branches 
all current sources as links and as many capacitive 
branches and inductive links as possible. Network equa- 
tions are expressed by a cutset matrix containing only 
one tree branch in each cutset. That is, each branch 
is arranged in the following priority sequence and a 
tree branch is chosen. 

(a) voltage sources, signal voltage sources and depend- 
ent voltage sources. 

(b) capacitors 
(c) resistors 
(d) inductors 
(e) current sources, signal current sources and depend- 

ent current sources. 

(2) 

These equations are based on the concept that total 
sum of  current in each cutset equals zero. They are 
solved by inverse matrix operation of  admittance ma- 
trix. 

DC Analysis (3) 
In the case of  nonlinear network initial condition 

of  the network is given. Then the network matrix is 
solved iteratively until all assumed sources that satisfy 
matrix equations coincide with the corresponding real 
sources. Branch voltages at the time of  coincidence are 
the ones required. Nonlinear characteristics are expressed 
in piecewise linear form. Inverse matrix calculation is 

necessary for every segment of  nonlinear conductances. 
As the difference between adjacent conductance seg- 
ments is small, inverse matrix can be calculated effective- 
ly by Kron's method. 

This method shall be described in further detail. 
Generally, the cutset equation of  a network can be ex- 
pressed as follows. 

G ( ~ ) = ~  (1) 

where fi  is a matrix corresponding to conductance cha- 

racteristic, ( ~ )  is a vector whose components are the 

branch voltage vector C and voltage source vector IE , 
and I1 is a current source vector. 

The following method is used to obtain the solu- 
tion i.e. ~ . First, any t~ is selected. Let it be ~o . 

It0 corresponding to ~o is calculated from equation (1). 
That is, 

= ( 2 )  

Normally ]10 and ~ are not equal. This is because go 
is selected arbitrarily. Therefore g0 cannot be normally 
considered to be the solution. 

Then rE, which is closer to the actual solution is selected. 
To determine whether it is the desired solution, the 
following method is used. Such operations are repeated 
until all the assumed sources satisfy equation (1). 

Closer branch voltages are selected as follows. 

~ ×  , which satisfies the following equation for 0 ~ ~., a 1,  

is considered 

(~> ' )  = ~o + X( l r - / lo )  . (3) 

In this equation, 
for >-=  O, £~- = ~×0 ; which is the starting point. 
and 
for N =  1, ~ ×  = @ ; which is the solution of  (I).  

Selection of  a value for 9,.. which is closer to the 
actual solution at each step until >,, = 1 is obtained is 
carried out as follows. 

Let (~, denote the conductance matrix in the first 
linear region. In order to find the second point e×,  on 
the boundary of  the region which includes initial point 
~o , the largest >,~ is ibund so that eo + >,,~-/~ ( 9" - 30) 
is in the same linear region. 

That is, ~ h l  = ~o + x, ~-;f(1T-g0) ~ ~o -~ Xlzx~0. 
Next, third point (E×~ is calculated from e×l and ~'~ which 
corresponds to t~hl in the same way. This process is re- 
peated until x =  1, that is unt i l~reaches  the solution. 

Convergence of  this process has been proved under 
the following conditions, 

(a) network consists of  a finite number of  branches. 

(b) characteristics o f  each element are continuous, piece- 
wise linear and monotonic increasing function, and 
has a finite number of  breakpoints at any interval. 

This process is shown in Fig. 2. 
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(3) Transient Analysis Method (2), (4) 

Generally, electric network can be expressed by the 
following state equation, in which variables are state vari- 
ables. They correspond to the stored energies such as capa- 
citor voltages and inductor currents. 

where 2~ is state variable vector, U is input vector, and 
and ~ are corresponding constant vectors. It is con- 

sidered that the state variable method is suitable for ob- 
taining transient solution by iterative computation. That 
is, network can be expressed by the three one-element- 
kind networks i.e. R, L and C network and state vari- 
ables for a short time. As one-element-kind networks can 
be analyzed with DC analysis method, transient analysis 
becomes simple. 

Next, this method shall be taken up in further 
detail. Network 'h. is divided into three one-element-kind 
networks as shown in Fig. 3. 

S u b n e t w o r k  

~C 

¢/R 
~/L 

E C R L J 

S * 0 0 0 

S S * 0 0 

S S S * 0 

Figl 3 Three  One-e lemen t -k ind  Ne tworks  

In Fig. 3, S or O signifies replacement of each branch 
of E, C, R, L or J by a short circuit or an open circuit 
respectively. 

Next, equivalent voltage and current sources are 
connected at a point that corresponds to S and O. The 
values of these equivalent sources are sources and capa- 
citor branch voltage, inductor branch current and resistor 
branch voltage and current which are sources and state 
variables at that time. As Kirchhoff's law is valid only 
by introducing equivalent sources to such subnetworks, 

can be replaced by ~ ,  "~R , ~.~ and equivalent 
sources. If equivalent sources at that time are given, ele- 
ment voltages and currents of each of the subnetworks 
can be obtained in the same way as in I)C analysis. As 
differential values of state variables can be achieved by 
solving subnetworks, numerical integration is required in 
order to obtain the state variables. These are used as 
state variables in the next computation. By repeating 
such process during desired time, transient solution can 
be obtained. 

Flow diagram of this transient analysis is shown in 
Fig. 4. 

C 

E L 

' R 

L 

D 

Fig. 4 

transformation from source space to branch voltage or current space 

equivalent circuit generation 

integration 

independent and dependent source 

F low Diagram of  T rans i en t  Analys is  

(4) Other operation programs 

Other operation programs that utilize results ob- 
tained by DC analysis are described next. 

(a) Sensitivity Analysis Program 

DC nominal solutions are obtained by the 
method described in 6 (1) and (2). DC solution for 
the desired outputs for the change of an assigned 
element value can be obtained with sensitivity ana- 
lysis program. In NONLISA, it is allowed to assign 
arbitrary or fixed deviation of source or element 
values. 

The following method is adopted. Sensitivity 
solution is obtained by subjecting the network with 
parameter modified with given deviation to DC ana- 

lysis. 

(b) Worst Case Analysis Program 

This is the program by which DC worst case 
value of assigned output is calculated with change 
of sources or parameters of elements. The worst 
case is determined by choosing the direction of 
parameter deviation which caused the same direc- 
tional change of given output. After determining 
the element parameter by its polarity, DC worst 
case solution is obtained by means of DC analysis 
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program. It is also considered to be able to use 
easily the deviation with correlation between devia- 
tions of element parameters such as ICs, as shown 
in Fig. 5. 

0 d- 
deviation 

A: dis t r ibut ion curve o f  one element .  

B: dis t r ibut ion curve o f  ano ther  element .  

a :  one deviat ion in A. 

Fig. 5 Relat ion be tween  deviat ions with correla t ion 

(c) Monte Carlo Simulation Program 

This program is as follows. First, a set of 
values of all sources and elements in the network 
are selected within assigned deviations of the desi- 
red output by using normal random numbers. 
Second, DC analysis is solved for the set of para- 
meter values. This process is repeated up to the 
assigned iterative number. As a result, distribution 
of DC characteristic such as output voltage is ob- 
tained. Ordinarily any iterative number of less 
than 31,500 is chosen in NONLISA. Use of devia- 
tion with correlation between element parameters 

as well as in worst case analysis is allowed. 

It is possible to print out the result of this 
analysis in the form of histogram. 

In this simulation, every operation is perform- 
ed on the core memory, but the results are stored 
on the drum as considerable data are required. 

(d) Input-output Characteristics Calculation Program 

This is the program which calculates output 
responses and derivatives of variation in response to 

the change of assigned parameter. It is provided to 
draw results of this calculation on the X - Y  plotter. 

7. Registration of Device 

The user may input the nonlinear devices such as trans- 

istors and diodes into the computer in a tabular form. But it 
is troublesome to arrange data of frequently used diodes and 
transistors in every calculation. Therefore, it is provided for 
users to register device data into the magnetic tape and to 
use them with registered name. 

Nonlinear resistors is expressed in piecewise linear ap- 
proximation as shown in Fig. 6. Fig. 7 shows its equivalent 

circuit. Each section is expressed as a set of voltage and cur- 
rent and all sections are expressed in tabular form as follows. 

current 

Fig. 6 

0 Vl V2 V3 

voltage 

Piecewise Linear Approx ima t ion  o f  Nonlinear  
Resistor  

equivalent 
resistor --• l equivalent 

current 
SOurce 

Fig. 7 Equivalent  Circuit o f  Nonlinear  Resistor  

* TABLE n 
A A A X ~ X j A  ~- ~ X X X , - -  - 

where A A A  and XXX denotes voltage and current res- 

pectively. 

Nonlinear capacitor and inductor are also expressed in 

the same way. 

Diodes are considered to be nonlinear resistors. 
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Transistors can be expressed in Ebers-Moll model in Fig. 
8. But it is necessary to input each element data separately 
for other models such as the model including parasitic elements. 

Fig. 9 shows an example of  device assignment. When a regis- 
tered name of  an device is designated, the tables corresponding 
to it are assigned in the program. For example, when registered 
name is designated, a particular table for diode or two tables.. 
for transistor are assigned. 

collector 

i E 

base 

Fig.  8 

emit ter  

Ebers -MoU E q u i v a l e n t  C i rcu i t  o f  N P N  

T r a n s i s t o r  

* N o n l i n e a r  Res i s t o r  : 
N R o  o ~-  m = T A B L E  k 

* D i o d e  : 
D o o o ~ - m = X X X X X X X  

* T r a n s i s t o r  : 
Qo o ~-m - n = X X X X X X X  d or,~ 

w h e r e  
o : dev ice  n u m b e r  
i, m ,  n : n o d e  n u m b e r  
k : t ab le  n u m b e r  
X .... × : r eg i s t e red  dev ice  n a m e  

Fig.  9 A s s i g n m e n t  o f  Device  

These registered data are filed into the magnetic tape. 
These data must be transferred to the drum by the user 
prior to execution. 

The user is able to register easily these device data into 
the MT. He can also print out the data from MT on the line 
printer by means of  specific commands. This can be done eas- 
ily in the dialogue form with the computer. 

(1) 

8. Main Features of  Other Subprograms 

Preparation of  Signal Sources Information 

In transient analysis, the user can input arbitrary 
signal sources in tabular form. The following signal source 
functions defined in time t > 0, are prepared for the user's 
convenience. 

(a) Sine wave 
(b) Amplitude modulated sine wave 
(c) Exponential function wave 
(d) Error function wave 

(e) Periodical trapezoid wave 

The user can easily input the desired signal sources by 
assigning function name and its parameters. 

(2) Graphical Expression of  Analysis Results 

It is convenient to express analysis results with 
graph as much as possible. Graphs such as input-output 

characteristics and output waveforms can be drawn with 
the X - Y  plotter, and figures such as histogram can be 
done with the line printer. 

Fig. 15 and Fig. 16 are examples of  input-output 
characteristic drawn with the X - Y  plotter, and histogram 
of  the result of  Monte Carlo Simulation drawn with the 
line printer respectively. Unless specifically designated, 
the results of  analysis are not drawn. 

(3) Checking Function 

Checking function of  the user's error such as 
command format error, data format error is prepared 
for preventing wasteful calculation. 

Errors are classified into serious and slight error 
according to their extent. In the case of  serious error, 
the user must correct wrong input data and repeat the 
calculation from the beginning. In the case of  slight 
error, the user can continue to calculate after correction 
in dialogue form with the keyboard or after correction 

of  card. The following ones can be considered to be 
serious errors. 

* assigning node or branches in excess of  network scale. 

* incomplete network connection. 
* no registration o f  assigned device. 
* assigning prohibited sequence of  the command, etc. 

The following ones can be considered to be slight 
errors. 

* error of  input data format. 

* error of  command format. 
* assigning wrong command name. 

* assigning illegal output variable. etc. 
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NONLISA error messages are given in table 4. Table  5 C o m m a n d  List 

Table  4 Error  Message List 

Error  
No. 

O1 

02 

03 

04  

05 

06  

07 

08 

Error  Message 

Not  p e r m i t t e d  e l ement  

Table  n is no t  registered 

Signal n is no t  regis tered 

C o m p u t a t i o n  t ime  is no t  a p p o i n t e d  

O u t p u t  var iables  are no t  a p p o i n t e d  

Illegal c o m m a n d  s t a t e m e n t  

Illegal o u t p u t  var iable  

Illegal pa r ame te r  variable 

1001 Ne twork  scale over  

1002 Device data  fo rma t  e r ror  

1003 Device da ta  sequence  error  

1004 No device name  

1005 Ne twork  compos i t i on  er ror  

1006 Canno t  be solved 

1007 Illegal B F U N C  pa rame te r  

1008 IIlegal c o m m a n d  pa rame te r  

1009 Illegal tab le  list 

01 ~ 08 : slight e r ror  
1001 ~ 1009 : ser ious er ror  

(4) Output of Auxiliary Data 
Auxiliary data such as calculation accuracy, graphic 

composition of network, iterative frequency of calculation 
up to solution, are in some case necessary for the user 
or programmers. These can be output on the keyboard 
by commands from it. 

The sum of each cutset current is considered as calcu- 
lation accuracy. This sum is essentially zero, but normally 
it is not found to be zero because of calculation error. 
The user can output the maximum value of the sum on 
the keyboard. Iterative calculation frequency is the fre- 

quency in which calculation converges in the case of non- 
linear network, that is, N reaches 1 as mentioned previ- 
ously. 

9. Command List of NONLISA 

NONLISA is the dialogue form program using commands 
as mentioned above. These commands are shown in table 5. 
Effort has been made to make the terminology as uniform 
with other programs of our company as possible. 

C o m m a n d  
S t a t e m e n t  

* R E G I S T R A T I O N  

* INSTRUCTION 

* D E L E M E N T  

* E L E M E N T  

* T A B L E  

* S IGNAL 

* TIME= 

* PRIME= 

* TBEGIN 

* TEND 

* O U T P U T  

* P A R A M E T E R  

* STEADY 

* I O C H A R A C T  

* SENSE 

* WORST 

* MONTE 

* T R A N S I E N T  

÷ END 

Exp lana t ion  

Device regis t ra t ion  in to  MT 
and  reference  o f  registered 
device. 

O u t p u t  ins t ruc t ion  o f  auxi- 
liary in fo rmat ion .  

Device data  t r ans fe rence  f rom 
MT to Drum.  

Input  o f  circuit  data .  

Inpu t  o f  non l inear  device. 

I npu t  o f  provided signal 
source. 

Step  o f  ca lcula t ion  t ime  in 
t r ans ien t  analysis.  

Step o f  p r in t  ou t  t ime in t ran-  
sient analysis.  

Star t ing t ime  o f  p r in t  o u t  in 
t r ans ien t  analysis.  

End  t ime  o f  ca lcula t ion  in 
t r ans ien t  analysis.  

Ass ignment  o f  o u t p u t  in 
analysis  excep t  for  s t eady  
state  solut ion.  

Ass ignment  of  variable input  
in sensi t ivi ty,  Monte-Car lo  or  
wors t  case analysis.  

Execu t ion  of  DC analysis.  

Execu t ion  of  i n p u t - o u t p u t  
character is t ics .  

Execu t ion  o f  sensi t ivi ty analy-  
sis. 

Execu t ion  o f  wors t  case 
analysis.  

Execu t ion  o f  Monte  Carlo 
s imula t ion.  

E x e c u t i o n  o f  t r ans ien t  analy-  
sis. 

End o f  ca lcula t ion  

10. An Example of Analysis 

An example of analysis is shown in Fig. 10 ~ 17. 

(1) Fig. 10 shows a circuit example which is a typical 
logic circuit TTL. 

(2) Fig. 11 shows the user's coding for transient ana- 
lysis of a circuit example including DC analysis. 

(3) Fig. 12 shows element list of this circuit. Transis- 
tors are expressed with Ebers-Mfll model in Fig. 8. 
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(4) 

(5) 

(6) 

(7) 

(8) 

Network composition based on graph theory is ex- 
pressed in a cutset matrix. This matrix is shown in 
Fig. 13. 

Fig. 14 shows node voltages, branch voltages, cur- 
rents and power dissipation obtained by DC analy- 
sis. 

Fig. 15 shows DC input-output characteristic drawn 
with the X - Y  plotter. 

Fig. 16 shows a histogram of source current dis- 
tribution calculated by Monte Carlo Simulation. 

Fig. 17 shows input and output waveforms drawn 
with the X - Y  plotter. 

11. Conclusion 

NONLISA, a nonlinear network simulation and analysis 
program using state variable method and having the features 
mentioned above, has been described here. Analysis of numer- 
ous electronic circuits by this program has proved the useful- 
ness of these features to the user. However, proper device 
model especially proper high speed transistor model has not been 
found yet. Realization of such a model will contribute to 
increasing the effectiveness of analysis program to a consider- 
able extent. 

R2 B2 ~ (~) 

, ,?  + + 

R5 

e,3fy ~--~  

1_ ® : 

RI: 2.8K~2 CI: 1.6PF 
R2:760~2 C2: 2.3PF 
R3: 470f~ C3: 1.3PF 
R4: 4Kf~ C4: 3.4PF 
R5:58S2 C5: 0.4PF 
QI: 2SCxx C6: 1.2PF 
Q2: 2SCXX C7: 2.3PF 
Q3: 2SCxx C8: 0.3PF 
Q4: 2SCXX C9: 2.3PF 
Q5: 2SCXXXX 
El: SIGNAL 1 
B2: 5V 

ClO: 0.3PF 
Cll:  3.0PF 
C12: 8.8PF 
C13: 0.9PF 
C14: 15PF 

Fig. 10 Circui t  E x a m p l e  
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Fig. 1 1 

eeeINPUT DATA eee  

elNSTRuCT|ON 
eELE~ENT 

R1 1 .212 .8 (0 .2 )  
R2 1-4=0,?6(0.2)  
R3 5.0=0,47 0.2) 
R4 7-0=4,01~.21 
R~ i - 6 . 0 , 0 ~ B ( 0 , 2 )  
~ O'~'8=2S3CXXXX 
e4 B.T-6m2SCXX 
03 7-4-6~2SCXX 
02 §-3"4=2SCXX 
QZ 9-~-~=25CXX 

C2 2 - ~ ' 2 . 3  
C3 5 -0= I .3  
CA 3 - 5 " 5 . *  

C6 4-0+1o2 
C7 4 -7 -2 .5  
CO 4-~-0 .3  
C9 7-8=2,5 
C10 7-6=0*5 
C11 6-0"5°0 
C12 ~-0"8,8  
C15 ~-0=0.9 
C10 g-0a15 
E1 9"0JSIGNALI 
B2 1-0.5(O,1)  

eOUTPUT 
VBm~RAPH 1 
VgmGRAPHJ 

e$IONALI 
0 0+10 0+1~ 5+50 3*35 0+~0 0 

eTIME=o.o1 
epTIHE=O°5 
eTEND=§O 
OTRANS|ENT 
eEND 

Coding  for  T rans i en t  Analys is  
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eeeeee+eee ELEMENT LIST e ~ e e e e ~ e  

NO NAME NOOE vALuE DEVIATION DO pARAMETER 

,~  ~ -  ? o . ~ o o o o E + o x  o , ~ o o o o  
R2 1 -  q 0.76000E*00 0,20000 

3 ~3 ~- O O,~70OOE*O0 0.20000 0 
4 ~ 7 -  0 O,AOOOOE*01 O,20OOO 0 

R, ~ :  6 O.~@OOOE-01 0.20000 0 
@~ E v 2SCXXXX o*OOOOO 0 

7 @S C ~" @ 2SCXXXX o,O00OO 0 
@ 1~ J 8"  S O*gOS92E*OO~JAS E 0.00000 0 
9 @4 E 7-  @ 2GCXX 0,00000 0 

10 @ A C  T~ 6 2GCXX O*OOO00 0 
. ~: o., ,s.E.oo.~,,  E .,ooooo 
, ,  :; ~ I , , : .  000o0o 
&3 13 C 4 -  6 2SCXX 0,00000 0 
1~ G3 J 6-  4 O*98~71E*OOeJ@S E 0 * 0 0 0 0 0  0 
IS 02 E 3-  5 2SCXX O.OOOO0 0 
16 @2 C 3 -  4 2SCXX 0 , 0 0 0 0 0  0 
17 12 d 4 -  3 0.98S71[*00+J12 E O,OOO00 0 
l l  e l  [ 2 -  9 2SCXX 0°00000 0 
19 @1 C 2-  3 ~SCXX 0.00000 0 
20 @1 J 3 -  ~ O*98STIE+G eJ I  1 E 0.00000 0 
22 C1 2 .  9 O,1SO00E+O ~ 0 0 , 0 0 0 0 0  
22 C$ 2 .  3 0 .23000E,01 n.OOnO0 0 
2S CS 3-  0 0.13000E*01 ~.00~00 0 
24 CA 3 .  ~ O,3~O00E*O 1 0,00000 0 
2~ C~ S- A 0 .40000 [ *00  0,00000 0 
2@ C6 A- 0 0.12000E*01 0.00000 0 
2T C7 4* T O,2SO00E*O 1 0 , 0 0 0 0 0  0 
2@ C@ 4 .  6 O.30000E÷O0 0,00000 0 
29 C9 7 .  8 0.23000E÷01 0 , 0 0 0 0 0  o 
3 0  C10 T -  6 O,30000E÷O0 0,00000 0 
31 C11 6-  0 0.30000E÷01 0.00000 0 
32 C1~ §-  0 0,88000E÷01 0 , 0 0 0 0 0  0 
33 C13 5-  6 O,90000E÷O0 0.00000 0 
3A C14 O- 0 O*2~O00E*O 2 0.00000 0 
3 ,  E l  9 -  0.00000 0 SIGNAL I 0 
$6 ~2 0 O.50000E÷O~ 0,10000 0 

eeeeeeeee* SIGNAL LIST eoa*ee, Ax.eoe 

SI~IAL 
SEG TIME v i i  

1 O.OOOOOE*O0 O,OOO00E*O0 
2 O,lOOOOE*O~ O.000O@~*OO 
S O , l ~ O 0 0 E + 0 2  O,3OOOOE+OI 

O,30OOOE*02  O,300OOE*01 
0,35000E*02 O,OOO@OE*OO 

6 O.SOOOOE*02 O.OOOOOE*O@ 

F i g .  12  E l e m e n t  L i s t  

NETiiORK C O M P O I I I T l 0 N m e s 4 e e ~  

.TREE |RA~,.I, Iii ]$ $6 I t  zz | s  2~ . . . . . . . .  , . . . . .  ~ ~ ': $~ 3 4 ~ I ? • 20 11 13 1S I I  l@ 19 I 11 ~+ 2 T 1 o 

CUT |~T ~T~IX e l  

. . . . .  : ' : ' : ' :  . . . .  ~ i - : : : : * :  . . . . . . . . .  ~*!!'~':'~ ': l l  ~ ~ 0 0 o o ~ 0 , ,  . . . .  o , o o , o ° ° ° ° o o o o o o o o 
. . . . .  . l . l  . . . . . . .  2"1  . . . . . . . . . .  .~ 

. . . . . .  . p : , - , ~  . . . .  g , g  , g - , ~ :  
o o o ~  o . . . . . .  : +  + o 0 o  + : : o  0 o +  . . . . . . . .  

F i g .  13 N e t w o r k  C o m p o s i t i o n  ( C u t s e t  M a t r i x )  

eeeeeeeeee STEAD V STATE SOLUTION ~eee~eeee  

+eERROR ESTIMATION VALUE Ep S,  0 .16212E '04  

ee~NOOE VOLTAGE SOLUTION 

1 O*50000E+01 2 0,22899E*01 
3 0 .15118[+01 4 O*73sSTE*O0 
5 O,?~I~OE*OO 6 @.A9sAOE*Ol 
7 0,20096E*00 O @ . I S ~ E * o o  
9 ~.AOOOOE+01 

eeeELEMENT SOLUTION 
NO NAME vOLT CURR VOLTICURR 

1 RI 0,27101E*01 0,96790E*00 0.262SIE*01 
2 R2 O.A2GO6E+01 fl*§6061E*01 0.2398SE*02 
S RS O*?§IAOE+OO 0+1§967[*01 0.12023E÷01 
4 R4 0*21096E+00 0.70241E-01 0.19735E'01 

0.462+5E-03 R~ 0,5179~E.02 0,89302E-01 0"37527E+~ 2 
6 @S E 0.752~0(+00 0,4994SE*01 
7 @S C O,600@oE*O0 0.49039E+01 O.29A67E* L 

IS  .O,60000E,O0 0.~9240E,01 .0.29S07E+01 
1~ c O , 1 3 O A @ E + O 0  0.20061E*01 0.26170E.02 

lO @4 C o0.47139E*01 . 0 . ~ 1 3 9 E - 0 6  0.222~0E-03 
11 @4 d 0,~7139E*01 0 I 762E-01 0.9~241E-01 
12 IS E " O.4SBASE*OO O:~g2~E.01  0.$2S32E-01 
13 @3 C .0,42SSSE*01 .O,42~SsE.O& O,IotOsE*Os 
14 @3 J O.~S~SE*01 0 , 6 ~ 2 0 E . 0 1  0,2~504E÷ Oo 
15 G2 E O*TGO42E*O0 0.65730E+01 0.499S2E+01 
26 @2 C 0.77244E÷00 O.S?400E~OO O*GTSIlE *Go 
17 02 ~ .0 .77244E*00  O.~ATSIE*01 *O.~OOATE*01 
18 I 1  E . 0 . 1 7 1 0 1 E ~ 1  -O.17101EoO6 0.2S24SE-06 
19 @1 C 0.7T|nTE÷O0 O,@67sOE*O0 0,7~q10E*O0 
20 11 J -O*TTOfl7E+O0 -O..I&ss~E*06 0*1~116E*06 
21 81 0,400~0E*01 . O , ; T l O l E . 0 6  ~O,6sAOsE*OA 
22 B2 O*SO000E+01 -0*66633E÷01 .0,S$~17E*02 

F i g .  14  R e s u l t s  o f  D C  A n a l y s i s  

SEqLF ~ 0.250 /CM 
:" Y 0+q27 /CN - 

2:0CC ~:O~C q ro~  ~ 

F i g .  15 D C  I n p u t - O u t p u t  C h a r a c t e r i s t i c  

V8 

5'0CC 

(vlz* o,ooooo) 

.INZ~W ~ * .  A x i S .  msot*m srO.Otv. 
+ x000 

3 l  -0*14+2~+01 .o. IT0lftt0t -0* S$lfll~enl .o+iillA~+0t 0,4StAtS tO0 

. . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . .  

.o,l**aol.ol< z) o.to ( o . :o) i*  

.o,,+++s+oOZ( o+ o.oo ( o+ZO)l 
-o . l+:n+.osc  o) o,oo c o.lo>; 
- o . i + + . ? [ o o 1 ( i )  o.1o ¢ o,2o)io 
.o* III;+E*@L ( 2) 0,1o ( O,)O) I I  
-o.liz~le.~l( :) o.+o ( o.*o)t. 
............. ~i o . . :  ...... -0,  I ~ l o l * o l {  O,GO o , 4 o l i  
.o ,  794161.011 o , lo  { O*TOl I ~  

.O.711TT~.O~ ( @.OO ( 0,9011 

.o.~?~s)e+ox( o.so ( : . . o ) i ° . ° .  

.o,t6+s+e+o:( s> o,so ( 

.O,+iSOSllOZ( l )  0,90 ( 

-o.?+++lt°oX( 11) l.xo ( 
-o.?)*oee.o;( +~) z+~o c 
-0.~+++tI°0lC s+) ) ,so ( 
-o,vl~s~e+ol( i*;  i , . o  ( 
~0.+lSXII°O:( sl) s , lo  ( 

+6 

+ .  l l l+AEe01 ( 4) )  4,30 
-o,+llt t+ot( )+) 

*.so 
....... ,.o, ,1+ ::1:: 
. S . 6 . , . . . , I  P~I; "~0  .o.,+,~+++o~+ 

.*+o*+e.os+ *,+o 
-~.*****e,+l< i+, +.+o 

.O* i l~6~eOl  ( I l l  3*10 

.0*61571t*OZ ( AS) ++$Q 

.o.,t+++e.oxt As) , . so  

.o.61)23t.01( ~?) +,~o 

.o,6o,++t.oz+ is) s.+o 

.o.,oo++t°oa( ~)) z.so 
-o,s**soe.o:( ~++ 1,+o 
. o * } l l + l ( * o i  ( 04) l*IO 
-@*$11OLl.OZ ( 6) o+10 
+ ,  +7+TSE*Cl ( I )  0,10 
-o.+++s*e.ol < +) o,+o 
.o.s,)++,.oa + t) o,to 
.0.)+701E+01 ( I )  O*lO 
-o .~ol ; t+os(  o) o.~ 
.o.s**:+~.o~( o+ o.oo 
.o ,+)1$2t*o1 ( 1) o , lo  

: , + o ) i ~  
+.10) l * . m l  +.oo)+~ 
+ , s o ) ~ . ~ ; : : : : = + :  

+.+o>t 
l l*OQll  
~ ~ 140 ) i l l l @ @ l m M @  

+x.+o)l 
z, so i 
+o,+o); 
~4,5011 
~ .4o) 1 

i+ .*o) i . . ~ ° . ~ . - . . ° . + . + ~ . . .  

+a.+o) i + ~ + *  

+ ~ . + o H o . o ~ o * +  

+ J , J o ) r ~ . o o .  
+,,so) i - , . ~  
++.+o):. 
+~,ao>+ 
v~,lo) I 
++,~o):, 

F i g .  16  H i s t o g r a m  o f  S o u r c e  C u r r e n t  D i s t r i b u t i o n  

w i t h  M o n t e  C a r l o  s i m u l a t i o n  

F i g .  17  

~ _ _ V 8  

F × 2. 500 ICN 

Y 0. L~28 /CN 

"' V9 
20. gO0 ]0. 000 tj~. 000 50. OOO 

TIME 

I n p u t  a n d  O u t p u t  W a v e f o r m s  
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