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Abstract

Numerical simulation o_ firing systems req_ires both _the appropriate circuit analysis framework and
the special element models req,ired by the application. We have modified the SPICE circuit analysis

- code (version 2G.6), developed originally at the Electronic Research Laboratory of the University of

/ Caiifornia, Berkeley, to s/low it to be used on MSDOS-based, personal computers and to give it two
- additional circuit elements n_eded by firing systems - fuses and saturating inductances, An interactive

editor and a batch driver have been written to ease the use of the SPICE program by system designers,
and the interactive graphical post processor, NUTMEG, supplied by U. C. Berkeley with SPICE version

_ 3BI, has been interfaced to the output from the modified SPICE. Documentation and installation aids
have been provided to make the total software system accessible to PC users. Sample problems show
that the resulting code is in agreement with the FIRESET code on which the fuse model was based
(with some modifications to the dynamics of scaling fuse parameters).

In order to ailow for more complex simulations of firin8 systems, studies have been made of additionai
- special circuit elements - switches and ferrite cored inductances, A simple switch model has been

investigated which promises to give at least a first approximation to the phys/cal effects oi"a non ideal
switch, and which can be added to the existing SPICE circuits without changing the SPICE code itself.

• The effect of fast rise time pulses on ferrites has been studied experimentally in order to provide a base
for future modeling and incorporation of the dynamic effects of changes in core magnetization into the

SPICE code.
This report contains detailed accounts of the work on these topics performed during the peroid it

covers, and has appendices listing ali source code written and documentation produced.
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Preface

During the time period covered by this report, several different, although related, topics have been
investigated. Furthermore, these investigations were often proceeding in parallel; sad after a subject

- was essentially completed minor modificatione were sometimes required at a later date. Thus rather
than presenting a chronological history of the work in this report, it will be organized to present each

: subject at it_ current status. The details of how that status was reached will be omitted in most cases.
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Chapter I

The basis for a firing system
simulation code=

Design of the electrical circuitry needed for firing systems depends on having good circuit simulation
software available. Further, the software needs to be adapted to the available computers. While there
have been many general purpose circuit simulation codes developed, these have either been limited to
specific computers, to specific types of circuits, or have required the user to have a detailed knowledge
of the numerical techniques to obtain accurate results. Further, the specific nonlinear behavior of
several of the circuit components neededin firing system simulations pose severe problems for a general
numerical analysis. For these reasons, a study was _mdertaken to determine the best approach to
numerical simulation of firing systems, prior to beginning the actual work of developing the simulation
program.

1.1 Numerical approaches for firing system simulation

: Simulationoftheelectricalcircuitryused infiringsystemsismuch thesame as any electricalcircuit
analysis,withthe additionofnonliae_circuitelementsreptesenOngthespecialcomponentsrequired.
However,thenatureofthenonlinearelementscan be suchastocauseseveredifficultieswithnumerical

• methods. Experience in computer modeling of the circuit elements themselves provided insight into
this problem. Before beginning development of a specific circuit simulation program, several existing
programs were examined for suitability as a basis for the work. A pre.liminary plan for a completely new

code was also undertaken. The result of this investigation was to select SPICE, a widely used program
_ developed and distributed by the Department of Electrical Engineering at the University of California
- at Berkeley,], as the basis for the firing system simulation software. The remainder of this section of

_ this report provides a record of this investigation.
J

1.1.1 Target computers

: One of the goals set for the firing system _imulation program was that it be useable on personal
computerswithmoderatecomputationalcapability.If theprogramcouldonlybe runon largecomputer

systemstheengineersatsmallsubcontractorswouldnotbelikelytohaveaccesstoit.On theotherhand,

the computationalhardwaremust be capableofexecutingsimulationsofa reasonablecomplexityina

i reasonable amount of time. Keeping within these limitations, the target computers for the study were
from, at a minimum, a MSDOS-based, _XT" class personal computer having a numerical coprocessor
with 640 kilobytes of memory, to, at a maximum, a "Unix" or UMicrovax" type of workstation, having
floating point capability and virtual memory. Development of the code could be done on more powerful
hardware, but would ultimately have to be moved to the target computers.

The code resulting from this work has met the goal for target computers. It :uns on the minimal
_ PC configuration described above. In addition, the modified SPICE program (but not the editor and

i
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Chapter 7. The basis for a _ring system simulation code 2

batch drive_) can be run on the maximal systems.

1.1.2 Existing codes and limitations

There are a large number of circuit simulation codes in existence. One of th-, earliest was ECAP[I], which
ran on IBM 1620 and comparable machines. SPICE[2] was one of the fir_L simulation codes developed

_i which had nonlinear device models included, lt is now in its third major version and is widely used.
Many commercial personal computer versions of SPICE[3] are now sold independently from the freely
distributed version from UC Berkeley. There are also other general purpose codes, such as SCEPTRE[4],
intended for large computer systems. In addition, there are many special purpose simulation codes that
have been written in response to particular program needs, such as SCREAMER[5] and FIRESET[6].
Several of these existing codes have been studied to see if they could meet the need for firing system
simulation, or if it would be possible to modify them so that they would. Finally, & feasibility study
has been made of the writing of a new special purpose code to simulate firing systems. The result of
these investigations has been to choose SPICE as a basis for firing system simulation.

The commercial codes, such as the many SPICE derivatives, were rejected from further consideration

due to license costs and lack of access to the source code for the programs. While some of these products
will allow user-supplied subroutines for incorporation of additional models, whether or not the flexibility
would be present to allow reprecentin8 all types of needed models could not be judged without actually
doing the work. If failure to represent & peculiaxity of a model then arose, without source code, one
would be at a dead end.

The FIRESET[6] program by Ron Lee is actually a special purpose firing system simulation code.
The model it contains h_ to be incorporated into any general code to be developed, lt is written in

= BASIC, and serves as the starting point for coding its model, but it is not itself a candidate for building
a more comprehensive simulation program.

The SCREAMER[5] code was supplied for use by Mark Kiefer of Sandia National Laboratories. It is
a special purpose code, intended for the analysis of series-paralhl circuits found in particle accelerator
systems. The name implies its fast execution time on its design task. However, it achieves speed by _

using fixed time step integration techniqttes. This fails for "stiff_ systems, such as represented by the
nonlinear characteristics of fuses and saturating inductors. Since the numerical approach is interwoven
with the entire code, it would not be feasible to try to use SCREAMER as the starting point for a
general firing systems code.

The SPICE[2] code has many features in its favor. It has been the subject of many man years of
development effort, and is reasonably modular in design. The numerical methods can h_ndle severe

_" nonlinearities, and many nonlinear models are included in the code (ali were semiconductor device
models). The source code for SPICE is distributed by UC Berkeley, and no license fees are required.
These reasons made it the leading contender for the b_sis for a firing system simulation prog_,_m.

1.1.3 Feasibility of a new code using a series-parallel circuit approach

There are advantages to writing a completely new code over adapting sn existing one to a new use. The/
main advantage is having complete control over and knowledge of its structure. The main disadvantage
is that one is "reinventing the wheel" for much of the effort. A second disadvantage is that in the time

"_ allowed to complete the work only more modest goals can be met if ali work must be star_ed fresh.
Nevertheless, a study was made to determine the basic form that a code would need to take to represent
firing systems, limiting their topography to series-parallel circuita A written report of this study was
submitted to Ron Lee in 3unc 1988. lt is included in Appendix A of this report.

, The study concluded that such a ladder network approach could lead to a code that would be
reasonable to use on personal computers, especially if the inductances were ali linear° Introduction of

nonlinear inductance in a circuit having many branches would greatly increase computational difficulty,
however. While this approach could have led to a simple program, indep_,udent from SPICE and much

_' smaller than SPICE, it would not have been capable of extension into other topologies or allowed
introducing different classes of circuit elements. Thus the series-paralld circuit was not pursued any

- f_rther.
I



Chapter 7. The ,basis for a firing system simulation code 3

1.1.4 SPICE

The SPICE[8] computer code is actually a family of codes that has been developed over a period of
I years by a number of different professors and students at the Electroni_ Reseaxch Laboratory, College

of Engineering, University of California, Berkeley, California. At the time the work described in this
report was begun, there were two versions of SPICE being distributed by the Industrial Liaison Program
of the Department of Electrical Engineering and Computer Sciences of UC Berkeley[7]. These versions

" ' were SPICE2G.6, which has its source code in FORTRAN, and SPICE3B.1, which has its source code

i_. "c'. (At the time of this writing version SPICE3C.1 has replaced SPICE3B.1 as the "c" version
distributed by UC Berkeley. However, only SPICE3B.1 was used for the work reported here.) These
two versions have different features, as will be discussed below, and each has been utilized in developing

- the firing system simulation software. '
-_ The SPICE program was chosen as the basis for the firing system simulation code because of several

attractive features. The first is its general purpose nature. This means that very general, nonlinear
' circuit, _nalyses can be performed using SPICE without any modifications to the basis code. Furthers

the FORTRAN version of SPICE was written with forethought for overlaying the code in computer
memory, f/ms making it possible to fit the code in to the memory limits of an MSDOS-based personal

c0mputer,i The "c" version of SPICE has been written in a modular fashion to allow incorporationr

of portions of it in other analysis systems, and to allow removal of unneeded portions of code to save
memory. The SPICE versions have been in use for a number of years, giving time for major difficulties
to bl discovered and corrected. The amount of work that has gone into the development of SPICE
could not be duplicated in any special purpose code written to solve a special case situation, such as
firing system simulation.

The final feature which made it possible to use SPICE as the basis of the firing system simulation
code is the liberal distribution policy of the University of California. While the code is copywrited, it is
freely distributed by the University, and no restrictions are placed on redistribution. (Many commercial

firms have taken advantage of this to _dd their own enhancex,_ents and then sell derivative programs[3!.)
To be sure that there would be no restriction on redistribution of SPICE as u_d with the firing system
simulation software, a letter was written to the distribution office at UC Berkeley requesting a definitive

- statement on the matter. The reply received was a form letter, declaring; the SPICE code has _ways
been considere=l Upublic domain." The letter and reply is reproduced in Appendix B.

In light of ali the foregoing discussion, the work on developing a firing system simulation code was
begun, using SPICE as a basis, with the intent of including fuse and saturating inductance models, and

_- providing a convenient user interface. Details of this development are given in the following chapters of
this report.

i
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Chapter 2

Development of a numerical
simulation code for firing systems
based on SPICE

- :

Once the decision was made to base the firing system simulation program on the SPICE code, there
were several problems to be solved to carry this out. First, since the Berkeley versions of SPICE are
not usually run on personal computers, there was the need to port the codes to run on MSDOS-based

personal computers. Second, for SPICE tc, be used for firing system simulation, the models for the
_,w special nonlinear devices needed in these systems had to be added to the SPICE program. Third, the

resulting codes needed extensive testing to be sure that correct simulations were being produced. These
three aspects of the work were carried on in a parallel fashion, with the first addition of & fuse model
done before porting the FORTRAN version to the PC but after porting the "c" version to the FC.
Tests were performed in parallel with all aspects of the work to catch problems as soon as possible. A
summary of these procedures follows.

2.1 Porting SPICE to the PC

SPICE is a large numerical program for any computer platform. The early versions of SPICE ran on
time sharing computer systems using Unix, IBM, and CDC operating systems. With the move from
FORTRAN to Uc"with version SPICE3A.7, compilations were made for IBM-PC compatible personal
computers using the Lattice uc" compiler. Difficulties with the _c" versions of SPICE led to the decision

to switch to SPICE2G.6, the last FORTRAN version, as the basis for the firing system simulation code.
This required a port of the FORTRAN version to the PC, using the Microsoft FORTRAN compiler.
As part of this port, modifications were made to allow the FORTRAN version to output "raw data"

.' files which could be used by the postprocessor part of the Uc" version to allow inteIsctive graphics
examination of results from simulations.

2.1.1 Porting SPICE3B1r_

The source code of SPICE3BI is in the uc_' programming language. This language is the primary
one used with Unix operating systems, and it was the Unix dialect of the language that was used

_ for development of SPICE3B1. The Uc" compilers available for MSDOS-based personal computers are

slightly different from the Unix _c" compiler, which leaves a certain amount of "porting" to be done.
In particular, the header files that are _included" to allow standard library functions to be used by a

: program, are somewhat different between PC's and Unix-based computers. The way numbers are Stored

- in memory, the way lines of text are ended, and the binary length of integers and other mathematical
objects also differ between different computer implementations of "c'. The Lattice "c" compiler had

4



Chapter 2. Development of a nv:merical simulation code/or _ring systems based on SPICE 5

been used by uC Berkeley to make a PC version of SPICE3B1. The compiler available for use was
the Borland Turbo C compiler, version 1.5. It was desirable to use it instead of the Lattice product
because of additional library functions available, and so the necessary changes were made, rather than

purchasing a Lattice compiler.
The source code for SPICE3B1 is about 5 megabytes long, and consists of a great many short

files located in a tree structure of directories and subdirectories. Extensive use is made of structures

containing pointers to other structures and pointers to functions. This, presumably, makes the code
more modular and easier to change, but it makes it extremely difficult to understand for someone who
has not been involved with its development from the beginning. The documentation provided is someA

help, but still one is essentially forced to follow the rules provided in the Umakefile's" and then fix errors
that show up due to the differences in the compilers. This procedure was followed, and eventually an
executable for SPICE3B1 was produced which could be run on the PC.

Under a Unix operating system with virtual memory, SPICE can expand itself almost without
limit, to accommodate a wide variety of circuits and circuit components. On the PC the memory is
limited to 640 kilobytes, including MSDOS and the program plus its data structures. Thus to be able
to have room for the data for a circuit of any practical size, the Unix version of SPICE3B1 has to

be cut down and restricted for use on a PC. This is done by removing rali the interactive code and
producing a batch version (referred to in the documentation as BSPICE), and by removing any of the
semiconductor models that sre no_ anticipated to be needed in simulating circuits on the PC. Removing

certain MOSFET and MESFET models provided enough memory space, but having only a batch mode
capability posed another challenge. The batch mode only version, 13SPICE, writes no output in ASCII,
but only creates a "rawfile" of data to be fed to a postproce.ssor program. Thus the postprocessor
program, called NUTMEG, also had to be made to work on the PC.

Large computer codes run ob Unix operating systems usually include files called "makefile's". These
contain the instructions to the compiler on which modules depend on which others, how they are to
be compiled, and how to link them together to produce the executable binary versions. The Turbo
C compiler provides a "make" facility that is a subset of the Unix version. Also, the convention for
naming flies is different under MSDOS that under Unix. Thus the Umakeflle's" had to be edited before

the compilation under Turbo C could begin. (The Lattice compiler was intended to be invoked from a set
of "batch" files rather th:m "makefile's".) There were separate "makefile's" for each subdire_:tory, and
they were chained together by "makeflle's" in the higher level directories. The big advantage of using
thr make file method over the batch file method is that with "make", once a file has been successfully

_ compiled it does not have to be compiled again, even when changes are made to other flies.
When running the "make" of the BSPICE or NUTMEG programs, an error would stop the compile

- and leave an error message. Then the p_ticul_ source of the error could be sought (usually something

like a library header file needing a different name from Unix or Lattice), fixed, and "make" invoked
again to restart where it had left off. Finally the executables would be produced without "fatal" errors,
and could be tested.

--

The NUTMEG postprocessor program for SPICE3B1 provides interactive graphics displays of data

as well as producing printed output similar that which can be output directly on large computer versions
_ of SPICE. NUTMEG utilizes most of the same source codethat would be included with SPICE3B1

itself on a computer with virtual memory. The PC version intended for use with the Lattice compiler

has code included to drive a PC color graphics adapter (in 640 by 200 black and white mode only). The
Turbo C compiler supplies graphics libraries that can drive other PC displays, so the code was modified

_ to use the Turbo C libraries. Unfortunately, "bugs" in the code, prevented the version using the Turbo
C libraries from ever functioning properly. Th:_s the CGA display only version wa_ reverted to, and a
version called NUTCGA was produced using Turbo C. (The "bugs" were most likely something within
NUTMEG overwriting a portion of memory inadvertently. In such a large code it is very difficult to find
the source of the overwriting. However, small changes iu the program can often move the overwriting

-_ from a region where it is harmless to one where it destroys critical parts of the code. Thus with Borland
graphicsNUTMEG always"hung"thecomputer,whilewiththesimplerCGA-only graphicsitexecutes

- without this problem.)
The NUTMEG source, as distributed with SPICE3B1, contained a few noticeable "bags" that were
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corrected. One had to do with a failure of the mechanism to stop a listing of data to the screen before
it was completed. Another had to do with label locations on _he graphical displays. Whenever an
annoying aspect was observed which could be easily corrected, it was.

One annoying aspect of NUTMEG has not been corz¢cted, however. That is the behavior that after
making several complicated plots the dynamic memory management runs out of space to do more work.
When this occurs NUTMEG exits to the DOS prompt and must be restarted. No cure to this problem
could be found, and it may be something inherent in the way the dynamic memory management of

t

either MSDOS or the compiler library is carried out. (Discussions of such behavior have appeared on
the electronic mail - USENET "news" network recently.) Scanning the source code did not turn up any
use of memory that was not subsequently released. However, in such complex code, instances where
this happened could have been missed. The time required to track down such a possibility was judged
excessive for the return in convenience.

With working executable versions of BSPICE and NUTMEG, testing of them could be done. For
small, simple circuits, BSPICE seemed to produce correct results. However, when more complicate_l

programs were run, often the program would Uhang" and no output be produced. A discussion of
SPICE3BI and SPICE in general was held at LLNL with W. G. Magnuson, Jr., on July 27, 1988.
He re _orted difficulties encountered with using SPICE3Bi had been great enough that his group had
returned to using SPICE2G6, and recommended that SPICE2G6 be used as the basis for the firing
system simulation code rather than SPICE3BI. He also made available the FORTRAN source he was

using on a LLNL VAX computer. This source was then used to begin the process of adding new circuit
elements to SPICE (although a different, Unix based, souzr.e of SPICE2G6 was used to perform the
port to the PC). Thus no further work on BSPICE was carried out, although NUTMEG was used
with SPICE2G6 to provide the same kind of postprocessor capability that had been introduced with
SPICE3B1.

2.1.2 Porting SPICE2C6

While work was begun on adding fuse and saturating inductance models to SPICE2G6 using the VAX
version supplied by Magnuson, the port of SPICE2G6 was made to the PC from a diJi'erent SPICE2G6

_ version. (This latter version was intended for using under Unix; it was available at Kansas State,

and another copy of it was obtained via "ftp" over the Internet at a later date.) The porting of the
Unix version to a version which could be compiled using Microsoft FORTRAN on a MSDOS personal

computer required several steps. These were splitting the code into reasonabte sized files, replacing the
- dynamic memory management code, writing low level interface routines, substituting certain constructs

in a systematic way throughout the entire code, and setting up an overlay structure for the Microsoft
linker. An explanation of eax:h of these aspects is given in the following paragraphs. The result of the
porting was a working, although limited in available storage, version of SPICE2G6 on a MSDOS PC.
The changes required from t_ceUnix version _re given in detail in a set of "diff's" listed in Appendix C.
The first step in the port to the PC was to make the files accessible and useable by the compiler. The

source was copied to PC diskettes by using the KERMIT program on a PC connected to a computer
running Unix. Next the source files were broken into modules small enough that they could be used with

; Microsoft FORTRAN. (The original Unix source contained several separate source fies having names
with ".f" extensions. These source flies were often too large to be compiled directly by the Microsoft
FORTRAN compiler. The source files that were too large were broken into two or more parts, separating

' at the start of subroutines. Each remaining file still contained many individual FORTRAN functions

and subroutines.)
The dyuamic memory management used in SPICE2G6 is internal to the FORTRAN code, rather

than relying on the operating system, as would be done with a Xc" language program. FORTRAN does
- not have memory management tools as a standard part of its libraries. Thus the needed routines had

, been written to work expediently, but only on large computers having virtual memories. The technique
that had been used was to specify a large common block, containing onlya single array, and then have
subroutines f,o manage allocating variables within that array, using a function LOC that returns the
address of its argument. This LOC function is not in standard FORTRAN, but is available with many
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compeers, including MSFORTRAN for the PC. The common block declaration had to be included with .
almost every function and subroutine i_ *he code. It had been _hard coded" to have s length of 200000
words in the Unix version. This is 1.bMbytes, and far beyond a PC's capability.

The "_x" of the memory management problem for the PC involved several steps. First, _ll of
the common block d_cla_ations "COMMON /BLANKC/..." were commented out and replaced by a
MSFORTRAN _INCLUDE" instruction. The file to be included then contained the common block

declaration sad a parameter statement with its length. Thus different sises could be tried by changing
only this one file.

The second step was to change the code handling the common storage so that it coa/d use the results
of the LOC function in MSFORTRAN. (This is complicated by the segmented address space of the Intel

- 8088 architecture.)
The thir,_ st¢_ (which came about in ord_.r to fix "bugs" which occurred without it) was to order

the variables in all the common blocks, sad add dummy variables for padding when necessary, so that
all variables start on word boundaries. Further, some loca/variables had to be placed into common
blocks for the same reason.

The sise of the array i_. COMMON/BLANKC/was made one-tenth the value it had been under
Unix. This aJlows 160Kbytes for dynamic storage on the PC, and this amount has been enough to
handle quite large circuit simulations. Unfortunately, this memory has to be a/located whether ,sed
or not, so the resulting executable program needs to be run a/one on the PC, not as a task under a

controlling program (more complicated than the simple BATCH command).
The Unix version of SPICE2G6 contains a routine written in "c" which provides basic, low-level

operations that are not available with the Unix ft7 FORTRAN library. These functions had to be

II rewritten in MSFORTRAN. They were placed in a file, UNIX.FOR, which is listed in Appendix C.
This file also contains a subroutine which was moved to it _om one of the other FORTRAN source files

in order to facilitate the setting up of the overlay structure.
._ The most significant change from the Unix version to the PC version of SPICE2G6 is _he overlaying

of sections of code to allow such a large program to run with 640Kbytes of reel memory. Under

most computers using the Unix operating system, virtual memory eliminates the need for overlaying.
SPICE2G6, however, has been written so that it can be overlayed in a relatively straightforward manner,'
and there are no doubt other versions which use overlaying. Overlaying has been implemented with the

Microsoft linker so that all the SPICE devices are retained while still allowing room for working storage
for the circuit being analysed.

Setting up the overlay mechanism with Microsoft FORTRAN sad the Microsoft linker requires
- determining which sections of code are not needed in memory at the same time and then writing a
- command file for the linker to include this information. The f,les which are to remain in memory at all

times are placed in the "root" of the overlay "tree." The large c¢,mmon 51ock used by the loca/memory

manager must be in the root, which is the critical sise limitation of the code. The different analyses -
ac, dc-transient, noise, etc., can be placed in different overlay "branches," as can the input and output

routines. The latter is possible since SPICE2G6 stores up its output in the dynamically managed large
common block, to be written to a file at the conclusion of the ana/yses. The resultant overlay structure
is contained in file SPICE2G6.LNK, which is listed in Appendix C.

The final step of the porting of the code to run on a PC was actua/]y an enhancement rather than
just a change to allow a previous feature to work. The Unix version of SPICE2G6 contains binary write

statements to output the results of the analyses, as they are in progress , to a file managed by one of
the "c" routines, included in the file "unix.c." The PC implementation of this required writing this
data to a FORTKAN unit (UNIT=IS was chosen) in binary mode. The problem was that _he resulting
output, while containing the information from ali analyses from the SPICE run, was not accessibk to

the postprocessor program NUTMEG. For the data to be used by NUTMEG it first requires conversion
from the "old binary format" output by SPICE2G6 to the new format understood by NUTMEG. This is
accomplished by the program SCONVERT. However, the resulting new format file allows acc-.ss to only
the first analysis of the run. In order to make all analyses in a run accessible, the code in SPICE2G6

- was changed to cause a new file to be opened, complete with the necessary header information, for each

analysis in a run. The names for the raw data files are obtained from command line arguments given
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on _he PC, or from an interactive dialog. The changes in the source code needed to accomplish this
consisted of calling for ouening and closing of the raw data file in the correct places and for the writing
of the header information to eax.h new file when opened. This is the reason the header writing was
moved to the file UNIX.FOR and placed in the root overlay. The details of these code changes may be
seen by examining the "dif"s" in Appendix C.

At the conclusion of the porting process, a version of SPICE2G6 was running on a MSDOS PC with
640K memory and mathematics coprocessor. It was essentially identical to its Unix counterpart except

for the limitation in working memory sise.

2.2 Adding new circuit elements to SPICE2G6

T,ro new circuit elements were added to the code for SPICE2G6. These were a fuse element, based on
the model by Ron Lec and used i_ his FIRESET program[6], and a sz_turating inductor element, based

I, on a hyperbolic tangent model for saturation of magnetisation[9]. These elements require the user to
specify several data items in addition to the node_. Further, the way they have bee_ incorporated into
the existing SPICE2G6 code is by making them spe¢;al cases of already exi._ting circuit elements. The
details, which were different for each of the two devices, are described in the following,

= 2.2.1 Puse elen_,ent

The fuse model due to l_on Lee[6, pages 5-9] yields a value for the resistance _ tween the two nodes
of the element as a function of the action (integral of square of current with resl:_C_ to time) of the
current through the element. In addition, some of the parameters in the model are dependent on the

- initial rate of rise of the current when the fuse i_ placed in a simple RLC circCt. The equations of the
model are[6, pages 7-8]:

I /g/l I/ )]" p = A 1 - _ .:h + B exp - g "_g._____o, (2.1)

go=Co(Vo/KL)e , = So(Vo/KL/'. (2,2)

- Eq.2.1 gives the resistivity of the fuse in terms of four parameters:

A the resistivity after fusing

B the peak resistivity

go the specific action to point of fusion

8 the width of the resistivity peak.

The independent variable determining the resist',vity p is the specific action g.
Specific action is the time integral of current density, just as resistivity is electric field intensity

= divided by current density. For use in SPICE, the geometry of the fus_ element must also be supplied
so that current and voltage information can be related to the normalised values of eq.2.1.

- The constants Go and So, used in eqs.2.2, are material'properties. The factor which multiplies each
of them to get the parameters in eq.2.1 is i_termined by fitting to data for fuses placed in simple series

: RLC circuits. In such a circuit Vo is the initial voltage on the capacitor while L is the inductance. The

ratio of these is the initial rate of rise of current. K and P are parameters determined by fitting the
data. (See the FIRESET paper for more details and typical values[6, pages 8-9].)

_ When the fuse is placed in a complex circuit, rather than a simple RLC one, it is not clear what
L value should be used in piace of Vo/L. For the first implementation of the model in SPIC. ?G6, the

dimensional equivalent of eq.2.1 was used, and the ceeflicients were calculated by hand for entry to
"_ the program. This allowed comparison of the results using SPICE to those using FIRESET. However,
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" a more robust method was needed for genera] circuit analysis. This more general method has been
_ implemented i:' the version identified as SPICE2G6-SB2. Here the input line to SPICE for the fuse

ele ment must give the material constants A, B, G0, So in addition to the dimensions for the fuse element,
• which is _ssumed to be a rectangular box. The power P must also be input, as well as the constant K.

In carrying out the calculations, the ratio of V'o/L is replaced dynamically by the following scheme:

• If the parameter P is omitted from the input line then the dynamic c_Iculation of the Vo/L factor
is not done And the parameter input as K is taken to be a constant scale factor to be used in
piace of th_. factor [Vo/(KL)] P.

• When both K and P axe included on the input line, then the code, contained in SUBROU-

- TINE FUSE1 (which is listed in Appendix D), proceeds to replace Vo/L at each time step by
CMAX/TMAX, where CMAX is the maximum magnitude of current through the element up to
the present time, the time of the maximum being TMAX.

The code must update CMAX and TMAX at each step, and must also keep a numerical integration
going for the action. Details of how this is accomplished may be seen in the code listing in Appendix D.

SPICE2G6-SB2 must be able to determine from the input line for a circuit element what routines
to call to calculate currents and voltages. This was accomplished/or the fuse element by making it a
special case of a nonlinear voltage controlled current source. In the unmodified SPICE2G6, if the first
parameter to a voltage controlled current source is POLY then the calculation proceeds as if the source
function were a polynomial one. The modified SPICE2G6-SB2 has the input line tested to see if the first
polynomial coefficient has the (unlikely otherwise) value of -1234. If so, it is taken to be a fuse element,
the remaining parameters axe the fuse parameters, and the correct subroutines are called to calculate
current-voltage relationships. This interfacing to the original SPICE2G6 code required modifications
to several code modules. These can be seen in the "difl"s" given in Appendix D.

._ One additional feature was included with the fuse element. The FIRESET program writes out the
information of the time when a fuse melts and also displays this point on graphical output. With the use

-- of the NUTMEG program, the time of "_hefuse melting can be seen as a peak when the fuse resistance
is plotted as a function of time on the same axes as the other variables of interest. To provide that

- information in the printed output, the program stores the time when the specific action first exceeds
the value to melt, go, and then sets a flag to cause the routine doing the time stepping to print out the
parameters at the time of the fuse's melting to the standard output file.

2.2.2 Saturating inductance

SPICE2G6-SB2 also contained a modified inductor circuit element which represented saturation of the

m_gnetization of a ferromagnetic core as a hyperbolic tangent function. The equations of this model
are as follows:

F = I,(L, - Lo){tanh[(I/I,)N]} 1/_ + LoI, (2.3)

where F is the effective flux linkage due to current I in the inductance, so that the voltage across the
inductance is V = dF/dt, and where/', is the current at the knee of the magnetization curve, Li is the
small signal inductance, Lo is the inductance of the same winding with an air core, and N is the power
that specifies the sharpness of the corner in the magnetization curve. (For more details on this model,

see the discussion in section V of the previous report.J9])
The inteffa_:e of this function to the original code for inductors in SPICE2G6 was made by treat-

ing the saturating inductance as a special case of a nonlinear inductor. SPICE2G6 allows nonlinear
inductors to have their inductances given as polynomials in the current through them. In SPICE2G6-

SB2, when the first polynomial coefficient of & nonlinear inductor has the (unlikely) value -1234 then
the inductor is assumed to have the hyperbolic tangent model, and the following coefficients are the

= parameters of that model.

A few difficulties had to be work,:d out in the numerical calculations using eq.2.3. The derivative of
the flux function must be calculated for use by SPICE. This involves a hyperbolic secant function, which
in turn must be calculated as the inverse of a hyperbolic cosine. When the argument of the hyperbolic
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cosine is too large a nume_cal overflow occurs. This condition ha_ to be tested for and corrective action
taken. In the same way, the raising of too small a number to a power causes an error in FORTRAN, so
cases for small arguments must be tested for and handled separately. Details of how these numerical
problems are handled may be seen in the listings given in Appendix D.

2.3 Testing SPICE

Any program as complicated as SPICE requires extensive testing to insure that the numbers it gives
as output are meaningful. SPICE has been in use for a long time, and so has had extensive testing. In

: this work what remained to be tested was the correctness of the basic SPICE2G6 after porting to the

- PC, and the correctness of the implementation of the new circuit elements.

= 2.3.1 Testing SPICE2G6 on the PC

The SPICE2G6 code comes with a test input file, BENCHMARK.IN, and an accompanying output file,
BENCHMARK.OUT. One tests the port of SPICE2G6 to a new computer system by using BENCH-
MARK.IN as the input file and comparing the output produced to that in BENCHMARK.OUT. This

was done with the versions of SPICE2G6 on the VAX under VMS (the one from W. G. Magnuson,
:Jr., mentioned above), on a Unix system, and on the PC. The resulting output files contained iden-
tical results except for the differences attributable to different numerical precisions on the different

- computers.
The BENCHMARK.IN file contains several separate SPICE "jobs", separated by ".END" lines.

Each of these produced separate raw data files on the implementations where the raw data output-

could not be suppressed. The raw data was not examined, but its output may have caused execution
times to be increased.

The SPICE "jobs" in BENCHMARK.IN could not all be run on the demonstration version of the
PSPICE program which was available to use, but those jobs which could be run on it were done so for-

comparison. Again the results were the same as in the BENCHMARK.OUT file.
The use of the same input for many different types of SPICE analyses on several different computers

provided a way to comparecomputer speeds. A summary of these speed comparisons has been included
_ in Appendix E.

2.3.2 Testing the fuse element implementation

- The implementation of the fuse element was verified by using SPICE2G6-SB2 on the PC to analyze a
circuit having the same components and parameters as used as an example for the FIRESET program.
The parameters of this example are given in the paper by Lee[6, pages 11-13]. The corresponding input
for SPICE2G6-SB2 is given in computer file TFUSEI0.CIR, which also contains extensive comments

explaining the input format. This file is included with the sample inputs near the end of the User's Guide,
given in Appendix F. The output file produced when TFUSEI0.CIR is run is listed in Appendix G (The
output file contains a cor_y of the input.) The numerical values for the time of melt and the current
through the fuse at that time agree to I% with the values from FIRESET. For ease in comparing
the results from SPICE to those from FIRESET, a plot of the current and voltage through the fuse
versus time is shown in Fig.2.1. (This plot was produced by inputting the raw data file from SPICE
to SCONVERT then NUTMEG. The "hardcopy" command of NUTMEG was used to output a file in
Unix "plot" format. All this was done on the PC. The, using a Unix workstation, the "plot" format file
was converted to "fig" format using "plot2figi" Then the "fig_ file wa_ edited to enhance the labeling

u._in8 "xfig." Finally, "transfig" was used to provide a file to include w_th the l_TEXinput that typesets
this report.)

- A test was made of the dynamic adjustment of the scale factors for specific action to melt and peak

resistivity by running the same problem using the fixed scale factor that is used in FIRESET. (This
merely required changing the comments from one form of the fuse input line to the other in the sample
input file.) The results from the fixed scale factor calculation were identical to within 0. I% to the results

_
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"Figure 2.1. Plot of fuse current and voltage versus time from dsta of TFUSEI0.CIR.
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from the calculation using dynamic scaling. This close agreement is due to the melt in this example
_ occuring early in the rise of the current, which causes V/L to be nearly equal to the ratio of current to

time for Ml times prior to melt.
The input file for the test points out several problems that arise when using SPICE in this manner

which had to be resolved in order to get satisfactory results. First, SPICE requires a direct current

path to ground from every node in a circuit. One might think that a fuse would supply such s path,
but the fact that the fuse is implemented as a nonlinear current source means that it appears as an

- open circuit on DC analysis. Thus the fuse must be paralleled with a large resistor (which has no eITect
on the results) to meet this requirement. Second, SPICE requires small time steps near times when
parameter values are changing rapidly, as they do when a fuse melts. The dynamic choice of time steps

- can causeerrorsiflimitsarenot setappropriately.Finally,SPICE2G6 has limitationswhich require

one to add largeresistorsaroundreactiveelementsinsome cases,and oftenexperimentationmust be
done witherrortolerancesand stepsizestofindvalueswhich allowsolutionstoproceedwithouterror.

_

2.3.3 Testingthe saturatinginductorimplementation

A testfileLTANT1.CIR was createdto use _sSPICE inputto checkthe saturatinginductorimple-

mentation.Thisfileisincludedwith the sample inputsnear the end of the User'sGuide,givenin

_ Appendix F. The outputfileproduced when LTANTI.CIR isrun islistedinAppendix G (The output

filecontainsa copyoftheinput.)The inputfilehas extensivecomments which explainhow touse the

_ saturatinghLductanceelement.Similarcomments on choosingstepsizes,placinglargeresistorsin the
circuits,and experimentingwithvariousSPICE controlparameters,applytothiscaseinthesame way

asisdiscussedforthefuseelementintheprecedingsection.

The outputofthetestrun withLTANT1.CIR asinputhas a qualitativelycorrectappearance_To

giveita more specifictest,the NUTMEG program was usedon theraw dataoutput(afterconversion

_ withSCONVERT) toplottheactualfluxversuscurrentforcomparisontothetheoreticalvalues.(In

ordertomake sucha plotpossiblethe fluxwas foundinthecircuitby integratingthe voltageusinga

= capacitor and a controlled current source.) Examination of the resulting plot showed that the circuit
analysis was, in fact, giving correct output. The plot, produced with NUTMEG and edited with "xfig"
is given in Figure 2.2.

4

J
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- Figure 2.2. B-H curve simulation made with SPICE2G6 run on LTANT1.CIR and NUTMEG.



Chapter 3

Development of a PC user interface
for SPICE

The SPICE circuit simulation code is capable of analysis of a great variety of circuits. With the enhance-
ments made to allow fuse elements and saturating inductance elements, the possibilites for simulationsL

are extended even further. Unfortunately, the user interface to this universe of simulation possibilities
_ is quite minimal, especially for SPICE version 2. While SPICE version 3 has made interactive use and

post-processing for graphics possible, the initial input file still must be a "net list" which has been
created with an independent text editor. Since the system developed for firing system analysis makes
use of parts of both SPICE version 2 and version 3, and since it is desirable for the firing system slm-_

ulation code to be accessible to users who sre not "experts" in the SPICE code itself, a flexible user
_ interface has been designed and coded for use on personal computers running the MSDOS operating

system (PC's).
The development of the user interface for SPICE involved three separate activites. The first, which

has already been discussed in the preceding chapter, was to enable SPICE2G6 to output raw data flies
- for each analysis made, and to insure that they could be converted, using the SCONVERT program,
- to a form suitable to input to the NUTMEG program. NUTMEG also had to be ported to run on a

PC, and the bugs present in the port had to be found and fixed or circumvented. The second activity
- necessary for development of the user internee was the design and implementation of a menu-driven,

interactive input-file editor for use with SPICE. This editor, called SPFEDIT, :educes the effort required

to make UP the "net list" for a circuit simulation, and allows changes to be made in existing SPICE
_ input files with a minimum of effort. The third activity in the development of the software package

was to produce a MSDOS batch control file which could integrate the separate executable programs so
that they could be run as a single user command on the PC. This batch control file has been named
SPDRIVER.BAT, so that one wishing to use SPICE on a PC equipped with this software package need
only enter the command "SPDT£IVER" and follow the instructions given with the menus. The final

- activity undertaken was not r,:,rt of the development of the package itself, but was providing a way for
automatically installing the package on a PC. Each of these activites is discussed in a following section.

3.1 SPFEDIT - A menu driven editor for creating and chang-
= ing input files for SPICE

: The SPICE program requires an input file, which contains a "net list," that is a set of instructions
on how to form the, circuit to be simulated, and also contains control lines to specify the analyses to

- be performed on the circuit. The SPICE program itself does not provide any editing facilites to be

-, used to produce the input file, so one must use an independent editor to do it. (A_ editor may be run
interactively from inside the main program of SPICE, version 3, on Unix operating _ystems, but the

_ editor is still a separate program.) The syntax of the SPICE input file is simple, yet the number and

14



= Chapter 3, Development of a F'C user inter/ace t'or SPICE 15

• type of parameters varies with each different circuit element and control instruction, so that to write
an input file for SPICE using a standard text editor requires constant reference to the User's Guide.
Furthermore, the new fuse and saturating inductance elements that were introduced in SPICE2G6-
SB2 require entry of several parametexs having values that are not easily remembered. Thus a special
purpose .ditor has been written that guides the user in the choice of parameters for SPICE elements
and control instructions. This editor, named SPFEDIT, utilizes the windowing routines included with

Borland's TurboC compiler[10] to provide a menu-driven dialog with the user. The entry of the fuse and
saturating inductance elements is also simplified in that settin 8 of many required parameters (to default

_ values) is taken care of by the editor automatically. For all circuit elements and control instructions,
standard default choices are provided for those parameters where they can be reasonably assumed.
When nearly identical circuit elements are required, elements can be duplicated _utomatically. An
on-line, context-sensitive "help" feature, and built-in consistency checking aids the user in writing

- valid input flies without having to make continual reference to the written users' guides. While the
editor cannot eliminat_ all errors the user might enter, it does prevent ones that could otherwise be
troublesome, such as ax:cidenta_ly entering the same node twice for an element, or giving two elements

- the same name. At the conclusion of the menu-driven dialog the user has produced an input file that

has the proper syntax and includes the minimally required cor,trol instructions. This file can be run
with SPICE, and if errors occur, changes _:an b,_ made easily by re-entering SPFEDIT again.

L The SPFEDIT program is written entirely in the "c" programming language. Since function_ in the
TurboC library axe used for producing the windows on the screen for the menus, the code is specialized
to use on a PC. If porting to another operating system were desired, the windowing sections would haver

to be rewritten to use a library supported on that system. The program uses the dynamic memory

management routines which are standard with "c" function libraries. This allows the SPFEDIT program
to utilize as much as is needed of the PC's memory for storage of circuit information without having to
specify a maximum circuit size in advance. The source code of the editor is listed in Appendix H.

_ The written documentation for SPFEDIT is provided by same file that is used to obtain the on-line

help messages. This file, named SPFEDIT.HLP, is listed in Appendix H. The entries in the file are
separated by lines beginning with a question mark. The word following the leading question mark is

• the key that allows the editor to find the help section appropriate for the context. The _first section,
- headed by "?title", is the screen that is displaye d when the program is started. The next section, headed

"?begin", is an introduction to use of SPFEDIT. The other sections apply to specific menus. When a
"help" item is too long to fit on one screen, one screen at a time is displayed, a prompt "-more-" given,
and the next screen displayed when any key is pressed. While one can learn much about SPFEDIT
by reading the "help" file, it is best to actually be using the program on a PC while viewing the help
sections.

3.2 SPDRIVER- A batch driver for circuit simulations using
SPICE

: The software that has been written and collected for the purpose of simulation of firing systems is united
by a control program called SPDRIVER. The structure of this set of software is described in the file

SPDRIVER.DOC , which is listed in Appendix I. The MSDOS BATCH control file, SPDRIVER.BAT,
' was written to allow a user to execute all the separate programs of the circuit simulation software

system through a single command to the PC. This control of the separate programs had to be clone
using BATCH rather than in a more sophistocated way, because of the memory limitations of PC's, The
BATCH driver is built into the basic control program of the operating system for MSDOS. Thus it does
not take up any extra memory. BATCH, in turn, runs each of the programs: SPFEDIT, SPICE2G6-

SB2, SCONVERT, and NUTMEG, at appropriate times, with information being interchanged between
them via disk files. The SPDRIVER program can have optional parameters given on its input line to
bypass parts of the software that have been run before. Following the execution'of the input file by

SPICE, SPDRIVER runs DGREP (a public domain adaptation for PC's of a standard Unix utility) to
_ find any error messages output by SPICE and writes them to the terminal. SPDRIVER also pauses
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_A between major steps of the software operation to allow the user to control the progress. Because of
_ the limitations of MSDOS BATCH, these controls outside of the programs themselves must be kept

minima/. If one enters "SPDRIVER" on the PC, a short help message about its use is written on the

terminal. A listing of the SPD11IVER.BAT file is given in Appendix 3. The listing should be consulted
for more details of SPDRIVER's operation.

3.3 The installation and use of the SPDRIVER system

Installation

In order for SPDRIVER.BAT to carry out its function, the separate programs and files making up the
software system must be located in proper suodirectories in the MSDOS file system, and the proper
PATH must be set in the "environment." This is accomplished if the ,software system is installed from
the floppy _iskette supplied as the software distribution medium, using the INSTALL:BAT batch control
file included on the diskette. The file, README.INS, included on the diskette, should be printed and

_m read before beginning the installation procedure. T_s file is listed in Appendix I. Some of the programs
on the distribution diskette have been altered by a data compression and azchiving program so that less
disk space is required to store them. These f0es are restoxed to the forms needed for execution by other

_ programs included on the distribution diskette. Ii'an earlier version of SPICE has been installed on the

PC system, the installation, program will supercede it, provided the dialog questions in the INSTALL
_rogram are answered accordingly. After the installation has completed, the AUTOEXEC.BAT file

must be changed by the user if the user wishes to have the PATH set automatically for subsequent use.
: The INSTALL.BAT file is listed in Appendix I. It can be consulted for mote details of the installation

procedure, and to see the various utility programs that are provided and utilized, in addition to the
ones described above.

Use

When installation on the PC of the software system for circuit simulation has been completed, one
- begins its use by carrying out the following steps. First, if new to using SPICE, the user should become

familiar with the User's Guide for SPICE2G6-SB2, which is included in this report as Appendix F. This
- Guide w_s modified from the one supplied by U.C.Berkeley[ll, 12] in order to include the information

on fuse elements and saturating inductances. In the process certain editors/changes and comments were
: added to make the guide easier to use end understand. If it is desired to use the NUTMEG program to

,t - view the raw data file and make general plots with it, then the documentation on that program, supplied
with SPICE by U.C. Berkeley,7], should be reviewed. (The NUTMEG "man page" documentation has

_ been reproduced here, for convenience, in Appendix K. The introduction to NUTMEG, supplied by
U.C. Berkeley, has been edited to conform to usage on a PC. The edited version is given _n Appendix L.
Next, the circuit to be simulated should be sketched on paper, and the nodes numbered and elements

- labeled with names and values. Finally, a name should be chosen for this simulation problem, which can
- serve as a file name on the PC. Then one starts the software with the MSDOS command: "SDPRIVER

name", where "name" is the one chosen for the project. The SPFEDIT program will be entered with the
input file name set a_ "name.CIR", and the user can begin to enter the circuit, following the interactive

-' instructions. A "man page" for SPDRIVER is given in Appendix K.

A sample SPICE input file is given for _ problem using a fuse circuit element and for a problem
using a saturating inductor circuit element. These files are listed at the end of the User's Guide in-

- Appendix F. The (line printer) output SPICE produces for these inputs is given in Appendix G.
Due to the interactive and menu-driven nature of the SPFEDIT program, one cannot give a sample

,input/output in written form. The user is encouraged to experiment using the program and examining
_ the output files produced, before making the first SPICE runs.

The computer codes comprising this software circuit simulation system based on SPICE provide a
powerful tool for design of electrical networks containing fuse and saturating inductance elements as

=_ well as the standard elements of SPICE. Improvements will be made and additional elements a_lded to

m
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I this system as experience in its use is gained. The author welcomes comments on these codes and their
use, along with suggestings for further improvements and reports of difficulties or "bugs."

I

!
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; Chapter 4

Development, of a simple model for
" gas discharge switches#.-

Gas discharge switches are often used with firing systems. Thus one needs to be able to model such
- switches for simulation of a firing system circuit. A model for a gas discharge switch, where the

resistance of the switch is given as a function of the action of the current through it, has been proposed
by Martinez, Bryan, and Yactor[13], based on a fit to experimental data taken by the authors. While
this model does fit the data they obtained, the model does not lend itself to use with codes such as
SPICE due to infinities at the start. This could be remedied by modifying the dependence on action in
a manner that would still retain the fit. However, rather than takixtg this approach, it was decided to

try _ much simpler model.
- The simple gas discharge has essentially a constant potential drop across it, regardless of the current,

provided the discharge has been started and that the current remains within limits, Thus the model
for the switch, based on this concept, is that of an ideal switch in series with a constant voltage source.
This model has been analyzed theoretically and calculations have been done with it to compare with
the data in the paper referenced above. The details of this analysis wexe presented in a short paper sent
privately to Ron Lee in February, 1990. This paper is reproduced in the following section. The short

computer code used to make the calculations presented in the paper was written by Steve Warren, and
is listed in &ppendix M. The conclusion reached is that this simple approach to modeling a switch

should be tried in simulation of firing systems, before introducing more complex models into SPICE.

4.1 Test of a switch model for RLC discharges

In a capacitor discharge through an inductance and resistance, the current can easily be calculated
provided the discharge is initiated by an ideal switch. When the switch is not ideal, the non-linear char-
acteristics of the switch must be taken into account, which makes the analysis more complex. Martinez,
Bryan, and Yactor[13] have obtained experimental data on the effect of spark gap type switches on such

_ RLC discharges. Their data shows a "switch voltage," which appears to be a constant regardless of
-' circuit parameters and charging voltage, and a switch resistance proportional to the reciprocal of the

square root of the action.

Since a simple model for a gas discharge is a constant voltage drop for ali currents (once the discharge
is initiated) and since this simple model retains linearity in the circuit, and since this model agrees with
the "switch voltage" aspect of the experimental data, a calculation has been carried out to see if such

a simple model can predict the experimental data as well as one that models switch resistance as
proportional to inverse of square root of action. The conclusion is that a constant voltage drop across
the switch can also fit the data reasonably weil.

Consider the simple ttLC circuit shown in Fig. 4.1. The switch is represented by a voltage of constant
magnitude Vs for times 0 < _ and by an open circuit for times _ ,,_ 0. The initial value of voltage on

18
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T c L

Figure 4.1. RLC circuit with constant voltage switch.

the capacitor is V0. The solution of the differential equation for the current i(t), for times 0 < _ < T/2,
where T is the period of the oscillation (assuming the circuit is underdamped - J.foverdamped there

: is no upper limit for the time), is the same as if the switch voltage were abseht and the capacitor
initial voltage were reduced by Fs. If one defines the damping coefficient as a0 = R/2L __ud the natural

-_ frequency as Wo = I/LVtL"C,then the frequency of oscillation is wr = _./Wo2 - C_o2. The solution for current
for times 0 <: _ < T/2 = _r/wr is

- Vo- vse- o,sin(w, ).
Wr_

The maximum current occurs at a time slightly different from t/4 and has the value

Z,_,zz,=(Vo Vs)_ -_t_n-' _ (4.2)
e loop QO .

The expression for current in eq. 4.1 can be integrated to give the action a_ an analytic formula:

lo' ( ){1 _o
G= Z2(,)dt,= ro-Va 2

wrL 4ao 4(ao2 + w_)

- 1 _2aot[ 1 + 1 ]}+_e -...-._ a_ .w----------_(_0 cos 2w, t - w, sin 2wrt) .

(4.3)

The resistance of the switch in the model represented by these equations is Rs = Vs/I(t). It will
vary with time, and diverge rapidly near time zero and near time T/2. However, it will be nearly the

same between these extremes of time as (a suitably chosen) constant divided by v_, which also diverges

at time zero.
In order to make comparison of the values of Rs and K/v/G without introducing unnecessary

parameterchanges,the equationsof the circuitcan be normalizedso thatthey depend on onlytwo

- parameters. These normalized parameters are. normalized damping coefficient, a = ao/wo, and a
normalized switch voltage, v, = Vs/Vo. The normalizations that accomplish this parameterization

are to normalize time to r = woe and to normalize current to i(r) = I(_)_-_/Vo. (This latter

normalization is actually impedance to _TC and voltage to V0') The action is correspondingly
normalized to

By defining a normalized frequency, w - v_ - a 2, the normalized solutions can be written as
_

_ i('r) - 1 - v.e_ar sin(w'r) (4.4)
W
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-- j

and

= = _o2 4a 4 "t"_e -- +acos2_0ra _sin2wr . (4.5)

If the resistance of the; switch, Rs, were equal to K/V_ then one would have K = Rsv/'G be

a constant with time. The normalised equivalent of K is/c = V_v,/i with normalising factor K =

' k[(LC)X/4Vo].Instead, K will be a function of time. By calculating _(r) mid plotting it versus _"the
two models for switch resi_ttance can be compared.

- Equations 4.4 and 4.5 have been programmed, and values of i, g, and k have been plotted on the
same axes versus r. The results for one case of a and v, are shown in Fig. 4.2. One can see from the
figure that k is not constaat, but does not vary rapidly when away from time zero and time T/2.

- One cannot compare the experimental data in the paper referenced above, directly with these cal-
culations due to a lack of values for specific circuit parameters used with the experiment. However, one
can compare the behaviorof log(Rs) versus log(G) given in the experimental paper to that of - log(i)
versus log(g). The experimental curve was somewhat noisy, but otherwise gave a straight line of slope

: -I/2 over the range shown. The calculated curve is shown in Fig. 4.3. Also on this figure is a llne
of slope -1/2 for comparison. The correct vertical position of the comparison line cannot be known
without specific values of the voltage and attenuation factor in the experimental run. Note that a

- change in the normalized parameter rs will only produce a vertical shift in this logsrithm!'c plot.
must be changed to affect the s,_ope.

In conclusion, it appe_rs that one can model the effect of a spark gap switch in a firing system
as a constant voltage drop, at least as a first approximation. This way of modeling a switch has the
azlva_tage that it can be used with existing circuit simulators without modification and with very little

_ additional overhead in the, calculations, lt will be interesting to simulate firing circuits using both a
simple voltage drop for a ._witch and a resistance modeled as the inverse square root of action to see if

L significant differences in burst time occur.
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' Figure 4.2. Normali_ed, calculated switch model values.



Chapter 4. Developmen_ of a simple model for gas discharge svritches 22
c'q

r

Q.) -o

_ - c,4

• I

" II -?

- c_ " -_

c5 _"© J

_ -'-

_ _ /,._ .
© j

- _ "| •

1

I

(5)5or:0-p_o(!)Sol-
Figure 4.3. Log-log plot of resistance versus sction.

,¥



41

Chapter 5

Study of ferrite properties under
conditions of fast rise of magnetic
field intensity

a

The saturating inductance model used in SPICE2G6-SB2 allows the effect of saturation of the core in
a ferrite coupled transformer to be modeled by t_ae program_ However, in ,_ practical firing system the
current in a transformer has a complicated wave form, and dynamic effects in the core are likely to have
an effect on its performance. Experimental measurements have been carried out to enable observation of
the effect of fast changes in magnetic excitation of such cores. The first measurements were carried out

by 1t. Boberg at Lawrence Livermore National Laboratory during 1987-88.[14] Boberg's measurements
- have been discussed in a previous report[9], and the attempts to fit his data with lineax circuit elements,

with or without saturation in the inductance, were not completely satisfactory, lit has recently been
suggesteJ[15] that the cause of some of the discrepancy between the measured current and the simulated

= ones might be due to slrln effect inthe CVR (current shunt) used in the measurements - but no further
measurements have yet been ma£e to clarify this point.] Due to the interest in having an accurate
model for ferrite cored transformers, a systematic study of the effect of fast rise time pulses on ferrites
has been undertaken.

- During the summer of 1989, (Graduate Research Assistant) Steve W_ren was employed directly by
Lawrence Livermore National Laboratory to make messurments on a set of ferrite materials in the form

of toroidal cores. The cores were excited by a few turns of wire connected to the output of a mercury
- pulser. The data was digitally recorded, using a f_ response time Pearson probe to measure current.

The data was subsequently reduced and examined for dynamic effects. The obvious effect is a delay in
the response of the ferrite magnetization fo]lowin 8 the arrival of the exciting pulse. The details of this

_ study have been reported in a paper given.at the Joint XUSC/LFSC Meeting in November 1989.[16].
_ A written version of this paper is included in this report as Appendix N.

In order to reduce the digitized data from the measurements to the form presented in the paper
in Appendix N it was necessary to write a computer program to interpret the data recorded by the

-- Tektronix oscilloscope. This program output the data in a form suitable for input to the NUTMEG
program, used to plot SPICE simulations. The program was named ADIFNUT, and a listing of it is
included in Appendix O. The digitally recorded data included calibration information, but the format
of the data was not well documented. The resulting code came about from _detective work_ done to

find the reference data in the files. (The converted data was sctuaUy plotted by using the Borland
Quatro program rather than NUTMEG in order to get a better quality plots for the paper presented
at the meeting.)

As noted in the conclusions in the paper in Appendix N, the magnetization is unable to follow a
fast rise time pulse of magnetic field intensity, but is, in a qualitative sense, delayed in response. While
a SPICE simulation of the measurement setup produces output in good agreement when the risetime

23
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is below a thresk:,!d value, for faster risetimes, the simulation cannot follow the actual flux change in

the ferrite. Further studies are bein 8 undertaken to quantify the nature of the response.
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Feasibility study for a
- series-parallel circuit approach to
- firing system simulations

The following report is a reproduction of one submitted in May 1988.
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BASIS FOR ANALYSIS OF A LADDER NETWORK OF CONSTANT INDUCTORS,

NONLINEAR RESISTORS, AND A SINGLE CAPACITOR

i Kenneth H. Carpenter
May 5, 1988

A ladder network consisting of N parallel and series branches containing inductance

_ and resistance in each branch and having a sir.gle capacitor as the source of energy is shown

in Fig. 1. It is assumed that the capacitance and inductances are constant values but the

resistances maybe arbitrary functions of the currents and actions (integrals of currents

squared) of the network. The circuit equations for the ladder network may be written as

P_01 L01 v_ Rf2 LI2 v. RN.I,N LN-I,N vN
Vo+_-4,_----'_ _ _ ,vvv_ ... ___---u'

_, : _L1 . _L2 _L N

- , 111 I i2lfR ' iNl [

Fig. 1 Ladder circuit of resistances and inductances with source capacitor

di k
_ vk = Rki k + Lk--_ , and

N N

p=k+l p=k+l

which on eliminating the voltage variables gives



p=k+l p=k+l

where k - 1,2...N-!. (2)

Two more equations are needed to have a solvable set for the N currents and voltage v 0.
These are

di I N N
ro-Rill-L1-- _ = RO1_ ip + LO1__ . (3)

p=l p=l
and

" N
dv0

C--_- = -_ip. (4)
p=l

_ To obtain the complete set of differential equations needed to solve for the variables

we make the definitions

_ x0= v 0 and x k = i k i k = 1,2...N (5)

along with the action variables xk , k = N+I,N+2.,.2N which satisfy

dXk_ = X_N, k=N+I,N+2...zN. (6)
Thus the set of coupled, first order differential equations satisfied by the circuit becomes



- (I 0 0 ... 0 0 '*ol

0 -(LI+Lo1) 'Lot .... Lo1 -Lo1 _x[

0 Li -(L2+L12)-L12 -L12 _21=

!

!
• _ * o i

j_ o o o ..: LN.r(LN+;N_;N

0 -1 -I .... 1 -1 'xo]

-I (RI+Rot)Rol "' Rol Rol xlI

0 -Ri (R2+R12) Rr2 R12 X2

i

- ! '.. i : (7)
0 0 0 .... RN_1 (RN+RN_1,N) .XNJ

f_
• " " /'l

- RN+I xl

- RN.2 x221

and *N+3 = x321

. . (s)- , "

•2N. x/J

Equations (7) and (8) form the basis for the numerical solution. ;[or the currents.

Once the values of capacitance and inductances are specified as constant values, the matrix

_ on the ,eft of eq.(7) can be inverted and stored. Then when the numerical differential
-

equation solver calls for the time derivatives (the _:values) to be computed, the t_ values

can be computed as functions of the x values, then the R matrix multiplied by the

inverted and stored matrix, and then the i's calculated by multiplying the resultant

matrix times the supplied x values. The initial conditions are set as zero for ali xk

values except for x 0 which has the initial capacitor voltage. Since the matrix inversion,,
- only has to be done once for each circuit the solution should be relatively fast. (If the

inductances were functions of the currents then the matrix on the left of eq,(7) would have

to be inverted on each call for the derivatives by the DE solver.)



i

_ Equations (7) and (8) above can be used as the basis for a ladder net'work circuit

solution problem. The dimensions of the system of equatious is just the number of parallel

branches in the network (plus one). The resistances in each branch may be composed of a

set of linear resistors in series with a set of nonlinear resistors, Even so, the storage

requirements for reasonable sized circuits should be well within the capabilities of a

- personal computer.

i.
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Appendix B " ,,

Correspondence with U. C.
Berkeley concerning use of the
SPICE, code

The following pages contain reproductions of

• A letter sent to the u.C.Berkeley, EECS/ERL Industrial Support Office, and returned by them
along with:

• A letter from D. O. Pederson.

• The general information side of their order blank.

(The order blank was enclosed with a copy of the catalog of the Industrial Liaison Program - Public

Domain Software, dated August 1987, which was also returned with the letter of inquiry.)

tl
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I
,- UNIVEBSITY OF CALIFORNIA, BERKELEY _

BERKELEY . DAVIS • IRVINE • LOS ANGELES • IRF,tE[_SIDE • SAN DIEGO • SA,_" FRANCISCO I__)l SA,_'TA BARBARA . SANTA CRUZ

-_m

COLLEGE OF ENGINEERING BERKELEY, CALIFORNIA 94720

i DEPARTMENT OF ELECTRICAL ENGINEERING

AND COMPUTER SCIENCES

June 1, 1984

To Whom It May Concern:

-_ Programs SPICE have always been in the public domain. SPICE1 was
released in May 1972 and the first issue of SPICE2 was releaseed in
July 1975. We have never requested any royalties or rents with respect

i to the use of SPICE. When we issue a copy, we only make a small charge/

to cover handling and mailing.±

Initially, we issued versions of the program which could be run
only on CDC cyber-type computers. During the period 1980-81, we issued
versions for CDC, IBH and VAX computers; however, this overwhelmed our

- staff who had to handle this task on an available-time basis.
Presently, we issue only versions for VAX computers operating under the

- UNIX operating system. We have made arrangements with several other-t

sources to distribute the program for other computers and operating
Systems. These sources supply the program as a professional courtesy.
(Several. companies have expressed a desire to help distribute SPICE as

: a "thank you" to us for making the program available.)

We have always stated that SPICE must not be sold. There should
be no charge for the use of the program, except for computer usage,
consulting services, etc. Several firms have made what they consider
to be extensive modifications and/or additions to the program. These
firms believe it proper to charge for these additions and

: modifications. Some firms make the modified programs available only on
= their own computer equipment and charge for the computer time which is
. used and a surcharge for the use of the modified program. Other firms

have made the modified versions of the program available for outright
sale. It is emphasized to us that charges are made only for their
efforts; it is emphasized that there is no charge for the native SPICE
code still residing in their versions. The cost tor these programs
varies from $15,000 to $I00,000.

I hope that this note provides you with the information you need.

, D.O. Pederson

Professor and Chairman,
Department of Electrical Engineering
and Computer Sciences

-
=



ORDERING INFORMATION

" 1. Remove theenclosedordcringform and fill it out.

. 2. Specifyclearly whichversionyou Wahl

3. Consulteach informationsheetfor pricesof documentationandprogramsand special
licensing/distributionreslzictions.

4. Mail the completedform with yourpayment(checkor moneyorder) to theaddressindicatedon
"_ theorder form.

{
ml

GENERAL INFORMATION

Source codes and copyright information: The source codes for I_e programs distributed by the ILP
b. are ali in the public domain, except for the 1986 VI,SI Tools, Ditroff/Gremlln, and Smalltalk, which

i have special licensing requirements. The public domain software programsrequite no license to obtain
a tape with tile code. Almost ali the source codes shipped from Berkeley recently have had a copyright
notice placed on them that gives the University ownership of the code. The notices, which are part of a
standard template used to start each file of code, are placed on the mpc at the request of the professor
in charge. Ali student authors include their names on what they have written. Ali the programs are
available free of charge to any interested party; the small charge covers the cost of materials and

_ handlingonly. Thc sale,rcsalc,or useof Lhcprogramsfor profitwithout the expresswritten consentof
the Departmentof Electrical Engineeringand ComputerSciences,Universityof California, Berkeley,
California, is forbidden.

Redistribution: Unlessotherwiseindicated,youarefree to redistributeprogramsto otherU.S.
organizationswithoutUniversitypermission. Tic ILP will not distributetapesoutsidethe United
States. Should you wish to distribute these programsoutside the U.S., it is your responsibility to ensure
compliance with ali government regulations restricting the export of high technology.

- ERL memoranda: The ERL Memoranda distribulcd by the ILP are generally in the public domain.
You and your staff may reproduce and circulate these reports for yourown purposes. However,

4 individualgraduatestudentssometimesreservethe rightsto their reportsfor a year; we recommendthat
you checkthe frontpageof the report for a co[" ,ghL Aftcr the yearhaselapsed,you are free to

_ reproducethe report.

Correspondenceon technical matters: The IndustrialLiaison Programis nota technicalservices
office. The Departmentand theERL do not havethe resourcesto oflcr technicalsupport,althoughthe
graduatestudentauthorsdo appreciatebeingnotifiedof bugs, If youhavea technicalquestionor bug

- to report, you may send a brief dc_ription of the problem in writing to the Industrial Liai_n Program.
Pie.ase include as a minimum the following items:

• Versiono/"the programsufferingthe problem.
• Where yougot yourversion.
• Whetheryou havemadeany local modifications.
• An example inputexhibiting the problem(as short as possible).

• " • The resultingoutputfrom your inpuL
_i • The machineyouare running lhc programon.

We will forwardthe letter to the appropriateprofessoror graduatestudent. However, we cannot
promiseany response,norevenan acknowledgementof receiptof your letter.

Refunds:There are no refundsondocumentation. Defectivetapesmay bereturned for a refund
providedthey arc receivedby otu"office within 60 daysof the date postmarkedfrom UC Berkeley.1

_
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Appendix C

' Source code differences between
Unix and MSDOS versions of
SPICE2G6

= The following pages list the differences required when the Unix FORTRAN code for SPICE2G6 is ported

to run on an MSDOS PC, and compiled using Microsoft FORTRAN, version 4.01. (The file UNIX.C

hacl to be replaced entirely by the file UNIX.FOR, which is also listed.) In addition a listing is given

of a README file,which contains information on how to use these difference files along with the Unix

distribution to obtain the MSFORTRAN version. Also listed are the "make" and linker-response files
needed to automatically compile the code on a PC.

. The files of differences were marie using the Unix "cUff" program, context difference option. The
files are listed in the following order. See the README listing first for more information.

REAl)HE '

blankc, for

] unix.for
acan. f. diff

dcop. f. diff
-__ dctran, f. cliff

, errchk, f .cliff

ovtpvt, f. diff
readin, f. diff

" setup, f. diff

spice, f .dill

" spice2g6. _k
J spi, ce2g6. _aak
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-_ Appendix D

FORTRAN sources for fuse and

saturating inductance modifications
-

to SPICE_

L The following pages give listings of the additions and changes that must be made to the FORTRAN

sources for SPICE2G6 to add fuse and saturating inductance circuit elements. The changes are _iffer-
ences from the version of SPICE2G6 ported to be compiled using MSFORTRAN on a PC, The complete
listings of the subroutines implementing the new circu/t elements are included in the difference files.

The file README is listed first. It explains how to use the others to produce the complete source for
" the program. The "make" and linker-response files are also listed. The sample input files mentioned in

_ README are given in the User's Guide in Appendix F.
The files _re listed in the fo]]owin 8 order:

_ l 0

REIDME

dctrn2s2, dlff

readinls,dlff

- spicels2,diff

_ sp2g6sb2. Ink

sp2g6sb2 .mak

- 61
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Appendix E

Comparisons of execution speed for
SPICE test problems on different
computers

The SPICE2G6 code comes with a set of test inputs included in a file named "benchmark.in'. This file

was used as input to test the port of SPICE2G6 to MSDOS PC's, by comparing its output when run
on a PC to its output when run on Unix computers and on VAX computers using the VMS operating
system. There was also an output file included with the source distribution, but the computer on which
it was made was not known. Ali the outputs agreed within the limits of the numerical precision used.

As a result of making these runs of the test programs, speed of execution data was available for
- several computer systems. This speed data is of interest of itself, and so has been summarized in a

table reproduced on the following page.
_
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Appendix F _:,,

SPICE User's Guide - for version
2G6-SB2

The following pages contain a reproduction of the User's Guide to SPICE, as distributed by U.C.Berkeley,
with modifications added to clarify certain points, and to add documentation for the _use and saturating
inductance circuit elements.
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Appendix G

Output files produced by SPICE
when running test flies for fuse and
saturating inductance elements

The following listings give the output files TFUSE10.OUT and LTANT1.OUT that were produced from
using the correspondinly named input files with SPICE2G6-SB2 on a PC.

G.I TFUSE10.OUT

(The output files contain FORTRAN carriage control characters in the first column. These were removed
before printing the following pages by means of the utility program FORLPT.)
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Append/._ G, Outpu! ft/es prod_uced by SPICE when _unn/ng test ft/es for fuse and _aturating inductance elementslO

G.2 LTANT1.OUT

(The following pages were printed without conversion of the FORTRAN caxriage control ch_scters.)
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Appendix H

Source listings for the SPFEDIT
program

The following pages contain the source listings for the SPFEDIT program. This program is an interactive
editor for circuit input flies for the SPICE program, and allows easy entry of fuse and saturating
inductance circuit elements. The first section below is a listing of the "c" source of the program. The
second section is _ listing of the "help" file used by the program.

H.I The "c" source

The sourceforSPFEDIT was compiledusingversion1.5ofthe BorlandTurboC compiler.The source

was splitintoseveralseparateflieson the PC. Allofthesesourcefliesarelistedon thefollowingpages,
withthecodeforeachnew filebeginningon anew page.The fliesarelistedusingthelineprinterfonton

a HewlettPackardLaserJetprinterso thatthecharactersofthePC screenareaccuratelyreproduced.

The firstfilelistedistheTurboC "projectfile"which shows the dependencerelationshipsbetween
the sourceflies,much as isdone with a "makeflie"under Unix. The secondfilelistedis the ".h"

file,which isincludedby most ofthe othersourceflies.The remainingfliescontainthe "c" source

code.The one additionalfileneededtouse theTurboC integratedenvironmentto buildtheexecutable

SPFEDIT.EXE istheTurboC configurationfile,whichsetscompileroptionsand location_forlibraries,

etc.ltisa binaryfile,and must be tailoredforthemachine on which itisused.The essentialoption

togivethecompileris"largemodel."

The filesfollowinthefollowingorder:

SPFEDIT PRJ 289 8-15-89 12:36p
SPEDIT H 3876 5-02-89 6:14p
SPFEDIT C 3527 6-25-89 5:35p

MENUCALLC 2185 5-04-89 6 :0Sp
TMALLOCC 1724 5-22-89 11:43a

GETOPT C 1983 11-09-88 12:121 )
SWCHAR C 236 11-07-88 1:25p
BRANCH C 13122 5-22-89 11:2la
BRA}]UTIL C 7892 5-22-89 11:24a
FUSE C 8906 5-22-89 11:16a

CVSOURCEC 10074 6-26-89 12:24p
READWR'I'TC 6388 6-25-89 5:40p
ELUTTL C 7390 5-22-89 11:27a

NODCTR C 20340 8-15-89 12:27p
TCMORE C 2916 5-02-89 7 :28p
DISPLAY C 1763 5-02-89 4:51p

!07



Appendix H. Source listings for _he SPFEDIT program 108

CILEATCZRC 780 5-08-89 4:321)
MOREHELPC 9102 5-22-89 11:25a
TLINE C 5426 8-15-89 12:42p
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H.2 The "help" file

The context sensitive help is provided in SPFEDIT by the progr_a's reading through the file SPFEDIT,HLP_
which must be in the current directory or in one given in the PATH environment variable. SPFEDIT
finds the section of the file to use by the key word on a line beginning with a question mark. The order
of these sections in the file is approximately the same as the order in which they are referenced in the
code. The file is listed on the following pages using the line printer font on a Hewlett Packard Laser:/et

printer so that what is seen on the PC screen is accurately reproduced.











Appendix I ,:

Listing of the installation files for
the firing circuit simulation code

The foilowing listings, f, rst of file README.INS, then of file INSTALL.BAT, and finally of file SP-
DRIVER.DOC, explain hew the family of programs making up the firing system simulation code are

loaded onto a PC. One obtains a distribution diskette having all the required fries o_ it, including these

two. One first reads the README file, and follows the instructions in it. The INSTALL.BAT file
utilizes the MSDOS BATCH method to automate nearly all of the installation.

1.1 README.INS

This is the d_stribution diskette for the SPDKIVEK programs:

SPFEDIT - a SPICE input file editor for use with circuits

containing fuse elements
SP2G6SB2 - SPICE2G6 as modified to r_log fuse elements and

satttrat ing inductors

_UTCGI - NUTMEGfox" MSDOS I)c's having CGh graphics
SPDKTVEK - The batch file 1;o invoke the files above.

Several additional auxiliary files are also _ucludod, as gell

as a "sharegare" program, SIMCGI, which allows running MUTCG£

on a aystem vith a "Hercules" type monographic card.

To install the software, be sure your hard drive has at least

: 2 Megabytes free space. Then make the current drive the one -

on which the files are to be installed. Then type the command:

1: INSTALL, to install i_ you have CGA graphics, ez

A:INSTILLH, to install if you have monographics.

After installation is complete a screenful of _ormation will

be present regarding changes needed to youz AUTOEXEC.BAT file.

Make these changes before attempting _o use the programs.

K.H.Carpenter- 151UG89- KSU Dept. of EECE- (913)532-5600

1.2 INSTALL.BAT
_

echo of_
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rem INSTALL.BAT- installation file for SPDKIVnprograms

rem K.H. Carpenter - 15AUG89

rem To use: Place floppy with distributed files in drive a:,
rem make the default drive the one on which the files are to be

rem installed, and enter the command, A:INSTALL

echo SPDKIYEK installation program -

echo This program will make a subdirectory \SPDRIVEK in the current drive

echo (if it is not already present) and also subcLirectories \SPICE3B1
echo and \SPICE2G6.

echo Enter control-c nos to avoid creating these.

pause

mkd/r \apdriver
mkdlr \spdriver\util

mkdir \spice2g6

mkdir \spice3bl

echo Copyin K files to \SPDKIVEK

copy a:spdriver.* \spdriver

copy a:spfedit.* \spdriver

copy a:forlpt.com \spdriver\util

copy a:forlpt.doc \spdriver\util

copy a:dKrep.com\spdriver\util
copy a:_lip.com \spdriver\util

copy a:autoexec.bat \spdriver\util

copy a:config.sys \spdriver\util

rem copy a:nansi sys \spdriver\util

copy a:zoo2Ol.exe \spdrlver\util

rem copy a:iftocrlf.exe \spdrlver\util

rem copy a:tbooz.con \epdriver\utll

echo Creating Z00archiver in \SPDRIVEK\UTIL

echo To get versions from installation disk, anseer "y" to any queries _hat folloe:

cd \spdriver\util
zoo201

cd \spice2g6

copy a:spice2.bat

rem copy a:usersKui.de2

echo Decompressing SPICE into \SPICE2G6

\spdriver\util\zoo eSO a:sp2g6sb2

rem \spdriver\util\tbooz a:sp296862.zoo

echo Decompressing NUTMEG into \SPICE3B1
cd \spiceSbl

\spdrlver\util\zoo xSO a:nutmeg

rem \spdriver\util\tbooz a:nutmeg.zoo
cd \

echo Installation from distribution disk is now complete.

echo Before using these programs you must see that the DOS PATH is
echo set to access the correct files.

echo £ sample IUTOEXEC.BAT file has been placed in \SPDRIVER\_TIL.

echo This file contains a line PATH=... The paths in this line must

echo be included in the AUTOEXEC.BAT file in the root directory on

echo the boot d_sk for access to the SPDEIVER programs to be enabled.
echo See your MSDOS User's Guide for hoe to use AUTOEIEC files and

echo set environments if you do not know ehat all this means!
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rem echo You must also have ANST.SYS included in your CONFIG.STS rilein

rem echo the root directory on the boot disk. Alternatively, if you do.
rea echo not have JNSI.STS, you can use the line in the CONFIG.STS file found

rem echo in \SPDKIVF£\U_IL (or move this file itself to the root directory
rem echo on the boot disk) and move the file NANSI.STS in \SPDKIVER\UTIL

rea echo to the root directory on the boot disk.
rem echo .

echo Tou need to have a buffersffi and files_- line in your config.sys

echo file in the root director 7 to be able to use the SPDKIVEA system.

echo Su_estod values for these lines can be found in the file
echo \SPDKIVER\UTIL\CONFIG.STS,

echo If you do not already have a config.sys file, copy this sample
echo one to your root directory on the boot disk.
echo .

echo When this ham been done and the system rebooted, you may use

echo SPDKIVEA by making the current directory the one on which you

echo gish to store circuit files and outputs, and giving the command,
echo SPDRIVER.

"echo For further information see \SPDKIVER\SPDKIVF_.DOC.

rem pause

1.3 SPDI:LIVER.DOC

SPDRIVEK.DOC - 15AUG89 -- K.H.CARPENTER

SPDKTVER is a system for simplified use of the SPICE2G6 circuit

simulator program as modified to include fuse and saturat_ug inductor

elements. The system consists of the following se_nnents:
1. The batch driver - SPDKIVER.BAT

2. The input file editor - SPFEDIT.EXE
3. The circuit simulator- SP2G6SB2.EXE

4. The interactive graphics p_stprocessor - IUTCGA.EIE

5. The contex_ sensitive, online help file for the editor- SPFEDIT.HLP

6. Other documentation (files ending in .DOC or .MAN).

7. Utility programs utilized either Jn installation of the software
or while running it.

This is a "beta test" version of the software. Updates will be

produced when experience us_ug the current version warrants.
Please keep the author informed of problems encountered with these

pro_ams and with suggestions for improvement. Send your suggestions,
comments, and a description of the problems encountered to:

Kenneth H. Carpenter

Department of Electrical and Computer Engineering
Durland Hall

Kansas State University
Manhattan, Kansas 66506

Specific instructions for use of the SPDRIVER.BAT driver program will be found in the file SP-

, DRIVER.MAN. The following is a general description of the documentation available for _he SP-

DRIVER software package.
The documentation for the SPDRIVER software is in three parts. The first is a set of files suitable

for reading on the PC using the DOS =_dOtt_'" command. These files have extensions oi .vu_ or
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.MAN. These flies also have printed versions (where boldface and underscores emphasize items in a way
that cannot be done on the screen). The second part of the documentation consists of printed reference
documents which do not have versions for reading on the PC. (They do have source documents for a
word processing program available, however, ff one wishes to print their own, or to make changes in
the contents.) The third part of the documentation is on-line help available while using the programs.
Some of this "help _ comes from files which could be read directly, but in so doing the context would be
lost.

The information in the .DOC flies is descriptive in nature, but not to the level of detail that will be
found in the printed reference manuals. The information in the .MAN flies consists of terse explanations
of the commands used with the programs, in the form of the Unix "manual" pages. The Unix manual

format will be familiar to users of that system. For ones not familiar with Unix, the only warning is
that Unix systems are case sensitive, and commands shown in lower or upper case must be entered
the same way to work properly. Also, some of the .MAN flies are merely the ones supplied with the
Berkeley distribution of SPICE, and may not reflect the changes needed to allow operation on a PC. In

particular, not all the commands listed in NUTMEG.MAN are available in the PC version. (Trying to
use these commands will result in harmless error messages.)

The SPFEDIT interactive circuit entry and editing program is primarily documented through its
" context sensitive "help" feature. Merely read the first screen when running the program and follow

the directions to obtain "help" at any point in the program. (This information is all contained in the

SPFEDIT.HLP file. In this file, lines beginning with a "?" are the keys that allow the program to find
the appropriate section. Do not edit this file or you will, in all likelihood, "mess up" the help system.)

The SPICE program, version 2G6-SB2, is documented by the User's Guide. It is aval]able as a
printed document, not in a form for reading on a PC. lt should be read for information on how to use

_eamres of SPICE that cannot be accessed through the SPFEDIT program, and to explain problems
encountered with circuits entered through SPFEDIT. There are textbooks available on use of the SPICE
circuit simulator, but none of them will refer to version 2G6-SB2 specifically, and they wi]/have no
information on the 5_e element. Actually, the User's Guide is all one needs to have, along with a
knowledge of circuit theory, but some patience is needed to read and understand it.

The NUTMEG program is an interactive graphics post-processor for data output by SPICE. lt is
' not mentioned in the SPICE User's Guide, but is documented by NUTMEG.MAN and the printed

Introduction to Nutmeg. The version supplied with this software is named NUTCGA.EXE on the disk

because it requires am IBM-PC Color Graphics adapter compatible graphics card to be used. (This
can be simulated on a system having only a Hercules-type monochrome graphics adapter by use of the
SIMCGA software-- which is pointed out in the REA DME.INS file, which you should have read before

this one!) NUTCGA is merely a compiler and graphics specific version of the program distributed by
UC Berkeley with SPICE3B1. The .MAN file is the unaltered one from Berkeley. The "help" command
inside NUTMEG requires that external "help" flies be available on disk. These take up considerable

disk space, and are not being included with this distribution, with the result that no on-line help is
available. The help flies from Berkeley can be made available on request to those who would like to
have them.

The SCONVERT utility program is needed to convert the format of the raw data files output by
SPICE version 2G6 to the format produced by version 3B1 so that NUTMEG can read them. The
SCONVERT.MAN file contains a description of both formats, and this information is ali that is needed
to write other programs to output data that could be processed by NUTMEG.

SPICE2G6 printer output flies contain FORTRAN carriage control characters. To convert these
control characters to the linefeed or formfeeds needed by most PC printers, the FORLPT utility program
can be used. See FORLPT.DOC for details.

The DGREP utility program is used to search the printer output file from a run of SPICE2G6-SB2
for information on "fuse blowing" and print them for inspection before running NUTMEG. It is called

by the SPDRIVER.BAT file, and no documentation is provided. (DGREP is a public domain version
of the Unix "grep" utility, from DECUS). If you already have a "grep" program on your PC system, it
can be used in piace of DGREP by removing the "D" in "DGREP" in the SPDRIVER.BAT file.
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The ZOO201.EXE file on the distribution disk is a self extracting hmily of archiving programs.

See the file, ZOO.MAN, for more information concerning these programs, ali of which are placed in
\SPDRIVER\UTIL by executing the INSTALL batch file. ZOO.EXE is the arc]fiver needed to unpack
the large files on the distribution diskette. This ZOO software was written by Rahu] Dhesi. It is freely
distributable (no "shareware" payments requred). The utility FLIP is also by the same author, and
can be used to "11ip" between UNIX and MSDOS line end conventions for text flies.

One last wa_ning. The SPICE program uses lots of memory. Your PC must have 640K or more to
run it. If you get "not enough memory" type errors, then remove any memory resident utilities and try
again.

Happy SPICEing! - Ken Carpenter.
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Listing of the SPDRIVER.BAT file

echo off

rem Driver batch file for SPFEDIT, SPICE2G6, and NUTMEG

rem K.H.Carpenter- 25M£T89 - 28SEP89
if 7.1. == . goto help

if .7.1. ---- ?. goto help

if 7.2. == KUI. goto

if 7.2. == run. goto run

if 7.2. == PLOT. goto plot

if _'2. == plot. goto plot
echo Driver program for SPICE - entering editor:

spfedit _,1. cir
echo .

echo To submit 7.1.cir to SPICE, press any key except cntrl-c.

echo To quit SPDRIVEK nos, press cntrl-c.
pause
:run

if not exist 7.1 .cir goto help2

sp2g6sb2 7.1.cir 7.1.out 7.1.rl 7.1.r2 7.1.r3 7.1.r4 7.1.r5 7.1.r6 7,1.r7

goto done

:help2
echo Cannot find 7.1.CIR - cannot run SPICE now.

goto end
: done

rem last argument to sconvert limits output file size

sconvert o 7.1.ri b 7.1.rlb 512

if not errorlevel 1 del _l.rl

dgrep "leERROR" 7.1.out

echo To plot output from 7.1 using NUTMEG, press any key except cntrl-c.

echo To quit SPDRIVER now, press cntrl-c.

pause

:plot

if not exist 7.1.rlb goto he!p3

dgrep " FUSE from" 7.1.out
echo .

echo Basic NUTMEG commands: "display" to show a list of variables

echo "plot ..." to plot variables. See NUTMEG.M£N for more de_ails.

echo To exit from NUTMEGenter "quit"
echo .
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pause

rem setcsa

nutcga -n _l.rlb
rem setmono

gore end

:help3
echo Cannot find%l.K1B - cannot run NUTMEG nee.

gotoend
:help
echo .

echo Correct use is SPDRIVEK NAME (option)

echo where N£ME istho name for the SPICE input file githout any extension,

echo and (option) can be either RUN or PLOT or may be omitted.
echo .

echo If (option) is omitted, SPFEDIT is entered for file NAME.CIK.

echo If (option) is RUN, SPICE is run on file NAME.CIK.

echo If (option) is PLOT, NUTMEGis run on output from previous run of
echo SPICE on NAME.CIR.
echo .

echo SPDKIVEitproceeds to SPICE after SPFEDIT and proceeds to NUTMEG after SPICE.
echo .

:end



,, Appendix K

Unix-style manual pages

The following pages contain reproductions of the Unix-style manual pages for the programs SPDRIVER,
SCONVERT, and NUTMEG. (The latter two are as received with the U.C. Berkeley distribution of
SPICE3BI[7], the first was written in the "man page" style for consistency.)
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SPDRIVER (1) MSDOS manual SPDRIVER (i)

NAME

spdriver - MSDOS batch driver for SPFEDIT, SPICE version
2G6-SB2, and NUTMEG

SYNOPSIS

spdriver circuitfile [<run , plot>]

DESCRIPTION

Spdriver is a MSDOS batch driver for the SPICE, version
2G6-SB2, family of software, lt runs the interactive
editor, SPFEDIT, on "circuitfile.cir", then submits it to
SPICE, converts the raw data to the form required by NUTMEG
and submits the raw data to NUTMEG. The edit and/or run
steps can be bypassed, and descriptive prompts are issuedtoq

the user.

Arguments are:

circuitfile

This is the file specification of the SPICE input and
output files without their trailing "." and extensions.

run (or plot but not both)
If "run" is present as the second argument, then bypass
the editing of the input file and submit it to SPICE as
the first step. If "plot" is present as the second
argument, then bypass the editing and running of SPICE
on the input file and go directly to the post-
processor, NUTMEG, as the first step.

SEE ALSO
SPDRIVER.DOC and documentation mentioned therein

AUTHOR

Kenneth H. Carpenter, Dept. of EECE, Kansas State
University, Manhattan, KS 66506

BUGS

The programs called by the SPDRIVER.BAT file must be in the
default path or in a path given by the MSDOS PATH
environment string.

Page 1 (23 June 1989) (printed 6/23/89)
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Appendix L

A short introduction to using
NUTMEG with SPICE2G-SB2

The foUowing pages give a reproduction of the introductory document to the NUTMEG program,
distributed by U.C. Berkeley,[7] as it has been modified to correspond to use with the SPICE2G6-SB2
program on a PC.
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Appendix,M

Listing of a program to test switch
model equations

/*switch2.c - KHC - 20FEB90*/

/*_ormalized equations for model_ug a switch as a constant voltage
- ,dzop in au KLC circuit.

• KHC 20FEB90 - from S.Warren program
,/

#include <stdio .h>

#include <math.h>

#:include <conio .h>

#define PI 3.1415926536

=a_()
{
JnC choose,j ,quit,time;

double alpha, G, i, k, L, one, r_one, r_two, t, two, Vo, Vs, w;
FILE " *lp;

char file [20] ;

time = 1;

while (1)

{
printf("Entez the item of £nterest (i, G' K) :");

choose = getche() ;
pu_ char ( ' \n' ) ;
svitch(choose) {

" case ' i' :

case ,T,

choose = 1;

break;

case 'g' :
caee _G* :

choose = 2;

break;
case 'k' :

, 180
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/

case _K_ ;

choose = 3;

break;
del ault :

exit(O) ;

if (time== I)J
{
printf("Enter switch values - \n") ;

printf("Vs: ");

scanf("Y,lf" ,Irs) ;
prlntf("alpha: ") ;

scan_ ( '°Y.lf" , &alpha) ;

time = 2;
}

w = sqrt(l. - alpha*alpha) ;

Vo = 1. - Va;

if (choose == 1)

printf("What is the name of the i output file?\n");
if (choose == 2)

printf("What is the name of,,the G output file?\n");
if (choose == 3)

priutf("What is the name of the K output file?\n");
scanl ("Y.s" ,file) ;

fp = fopen(file,"w");

fprintf(fp,"alpha = Y.f, Vs = Y.f\n",alpha,Vs);

for (j=l ;j<=200 ; j++)
{

t = (double)j*(Pl/w)/200;

i = (Vo/w)*exp(-alpha,t)*sln(w,t) ;
one = (-1.O/alpha) + (alpha*cos(2*w*t) - u*sin(2*w*t));

two = 0.25*(1./alpha- alpha/4. +exp(-2.0*alpha*t)*(one));
G = Vo/w;

G *= G;

G *=two ;

k = Vs*sqrt(G)/i;

• if (choose := 1)

fprintf(fp,"Y.e Y.e \n",t,i) ;
if (choose == 2)

fprintf(fp,"Y.e _o \n" ,t ,G) ;
if (choose == 3)

fprintf(fp, "7,e Y.e \n" ,t ,k) ;
}
fclose(fp) ;
}
}
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An Empirical Study of
Magnet izt ion in, Ferrites Excited by
Fast Rise Time Pulses

Abstract

In order to gain a better understanding of the behavior of ferrite cored magnetic couplers when the
driving currents contain frequency components above the rating for the ferrite, we have measured the
B-H curve for several ferrite materials using fast rise time current pulses to provide the H field. When
the current rise time is made sufficiently low, one obtains the DC magneti_tion curve for the material.
As the current rise time is increased the magnetic response of the ferrite appe_s to undergo a time

delay relative to the current. From a sequence of increasing rise time measurements one should be able
to obtain a characteristic time for a given ferrite core which can then be incorporated into a model for

use in circuit simulation. It is hoped that this approach will provide a model more relevant to magnetic
couplers used for high speed transient signals than one that would be based on the hysteresis loops for
different steady state sinusoidal excitations.

Data will be presented for measurements of dynamic magnetisation curves for Ferroxcube ferrite
types 3C8, which is indicated in the manufacturer's data to be u_ble up to 100KHz; 4C4, which is

indicated to be usable up to 20MHz; and 3E2, which is indicated to be usable up to 200MHz.

N.1 Ferrite limitations

Ferrite materials are designed for use over a limited frequency range and for a limited a=_plitude of
magnetic flux density. When either of these limits is exceeded in a transformer core, strange behavior

' may be expected. When using a ferrite core _o enhance coupling for thin film transformers, which were
of reasonably high coupling coefficient even when alr-cored, the effects of _'xceeding the design limits on

- the ferrite are hard to predict. Simulation of circuits containing such transformers is needed to allow
optimization of design of systems, and simulation requires adequate modeling of tJte components. Thus
we have undertaken to obtain experimental data, appropriate to this application, for typical ferrites.
This data will allow us to evaluate existing models for ferromagnetism and to derive improved models
for their behavior when driven into saturation with fast rise time pulses.

N.2 Experiment requirements

The experiment must achieve both saturation of the ferrite and also have a fast enough rise time for
magnetic field intensity to exceed the rated frequency response. Rise time and frequency response can

i
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EXPERIMENTAL SETUP

ferrite core

to pulser Lair i____

-__ Pearson.

to scope Ch.l

to scope Cb. 2 .

Fig. 1

be related for a sinusoidal field with an amplitude approaching the saturation value. However, we have
chosen to use a fast puls_ system to achieve the needed excitation of the ferrite.

" The experimental _et up consists of a mercury pulser having a fast switching ability, along with
a charge line of sufficient length to produce a pulse of enough volt-seconds to saturate the ferrite's

inductance. The pulser is connected through a delay line to a winding of a few turns (often just a single
turn) through a toroidal core. The voltage across the winding is measured with a digitizing oscilloscope,
which has a 50 Ohm input that.serves to terminate the delay line. The current through the core is
determined by means of a current transformer, called a Pearson probe, which is also connected to the
digitizing oscilloscope. These are illustrated in Figs. 1 and 2.

N.3 Explanation of pulse application

The action of the pulser on the ferrite is fairly complex, and requires an analysis of transmission lines
under transient conditions to be understood. The initial charge on the charge line connected to the
switch in the pulseT splits into waves of half the charging voltage moving to the right and the left whoa
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the switch is closed. The left moving w_ve is reflected at the open circuit end of the charge llne, so
the pulse applied to the delay line has half the amplitude but twice the length of the charge line initial
values. The rise time of this pulse is extremely fastt since the inductance and capacitance that would
slow the rise time in simple circuits are all included in the transmission line .itself. The rise time is

essentially limited by the switch closing characteristics, and for the pulser used, was faster than the
fastest digitising interval of the oscilloscope.

When the fast rising pulse of voltage reaches the end of the delay line, if only the 50 Ohn_ terminating
resistor were present, it would be totally absorbed by the resistor, and the voltage across the resistor

would be just a square pulse. With sn inductance in parallel with the resistor, having an initial zero
current, the current through it must remain uero initially - hence it is just as if only the resistor were
present. However, as the voltage remains on the inductor, its integral with respect to time gives a
current through the resistor, and this current causes the delay line to behave as if its load were reduced
below the characteristic impedance, which in turn causes a negative reflection of part of the voltage.
Eventuany, the entire current flows through the inductor with the voltage across the resistor dropping
to zero -- until the next reflect'on from the other end of the delay and chat'ge line reaches the inductor.

This is shown (in Fig. 3) in a SPICE simulation of the set up, using a small linear inductor as the load.

The fast rise time obtained with the set up described above provides one data point for each ferrite
material to be tested. To obtain other data points with slower rise times, fixed, air-cored inductors are

placed in series between the end of the delay line and the winding through the ferrite. Using inductances
between I and 40 microhenries enables driving the ferrites * magnetizations at rates from far faster than
they can respond to rates where the response is nearly that of the static magnetization.

N.4 Experimental data

" The set up described above was used to obtain data for three commercial ferrites - Ferroxcube 3C8,

3E2, and 4C4. The data to be presented here is for just three rise times, _one, called "fast", which
results with no air-cored inductance in series, one, called "dow", which results with 37#h inductance in
series, and one, called "moderate _, which results with 10#h inductance in series. The fast data shows

the effect of driving the ferrite too fast for its magnetisation to be able to follow, the slow data shows
essentially the static characteristics, and the moderate data shows a case somewhat in between the
other two.

N.4.1 Initial magnetization and hysteresis curves

First note the initial magnetization and hysteresis curves obtained with the slow rise time for the
magnetic field intensity. These show the differences in the three ferrites in their saturation levels and

permeabilities at below the usual frequency limits. [These are shown in Figs. 4-6.]
Next, note the way these magnetization curves chauge when the initial current rise is faster. [Cases

for 3C8 only are shown in Figs. 7-9.] Only the initial magnetization is affected since on subsequent
parts of the curve the rate of change of current is much dower.

The magnetic field intensity versus time is presented for the fast, moderate, and slow cases for 3C8
material in Figs. 10-12. These figures can be related to the magnetization curves to see how fast the

' field intensity is changing on each part.

N.4.2 Rate of rise of field and flux

Plots have been made (on the s_e axes) of the initial rise of magnetic field intensity and magnetic
flux density for each of the materials for each of the rise times. Only the three curves for the 3C8

material are shown here (in Figs. 13-15). We can see from these curves how the flux rate of increase
o cannot keep up with the rate of increase of the field as it becomes faster -d faster. This is the effect

that must be modeled to supplement the modeling of the saturation effect in order to obtain adequate
circuit simulations.
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SP'ICE INPUT FOR 3C8 SIMULATIO_ - FAST CURRENT RISE

Inductor test simulation with saturating inductance
RBIG 1 9 IE+010
T1 1 0 2 0 Z0 50 TD ._?-007 IC 2000 0 2000 0
LO 2 3 IE-009
T2 3 0 5 0 Z0 50 TD 2E-007
VIL 5 6 DC 0
L1 6 0 POLY-1234 3.25E-006 IE-009 18.3 3
RL 5 0 50
GINT 0 l0 6 0 1
CINT i0 0 1
RINT i0 0 1000000
.TRAN IE-007 2E-006 0 5E-009 UIC
.END

Table 1

SPICE INPUT FOR 3C8 SIMULATION - SLOW CURRENT RISE

i

Inductor test simulation with saturating inductance
RBIG i 0 IE+OI0
T1 i 0 2 0 Z0 50 TD IE-006 IC 2000 0 2000 0
LO 2 3 IE-009
T2 3 0 4 0 ZO 50 TD 2E-007 IC 0 0 0 0
LA 4 5 37E-06
VIL 5 6 DC 0
LI 6 0 POLY -1234 3.25E-006 IE-009 18.3 3
RL 5 050
GINT 0 i0 6 0 1
CINT i0 0 1
RII_T l0 0 lO00000
.TRAN IE-007 4E-006 0 iE-008 UIC
•END

Table 2

N.5 SPICE simulations of saturation without risetime effects

The special version of the SPICE circuit simulation code (a modification of the original version 2G6 by
UC Berkeley) that was produced tc, allow modeling the saturation in ferrites, but as yet does not model
the fast rise time effects, has been used to simulate the experimental situation.

The 3C8 ferrite, formed into a (nominal) 1 inch toroid, has a low frequency inductance, for small

signa/s, of about 3 _h. This, alon 8 with the saturation current observed, allowed setting the model

parameters. (The input for the SPICE runs is shown in Tables 1 and 2.) The result of simulating the

"fast" and "slow" rise times is interesting. In the fast case, the H versus time plot is not the same
as the experimental one, indicating the need to take the delayed response of the ferrite into account.

However, in the slow case the simulation follows the experimental data quite closely. (See the plots of

H vs time for both simulations in Figs. ]6 and 17 - and superpose them with the experimental cases
for comparison.)
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N.6 Summary- and work to be done

We have obtained much data on ferrites in addition to that present:d here. [Some of this data still
needs to be analyled.] There are stm other experimental configurations to use to give additional
data relcvant to the intended use of the ferrites. These configurations will involve different shapes of
pulses and different sises and shapes of the ferrites themselves; but the results are expected to remain

qualitatively the same as those given above.
The 4C4 ferrite has much lower permeability than the 3C8 and 3E2 varieties, and so dees not show

such a marked change in behavior on fast rise time (i.e., the behavior was not so good to begin with).
The 3C8 and 3E2 suffer a time delay on the order of a hundred nanoseconds between the application
of a magnetic field intensity and the production of magnetisation. This delay needs to be modeled into
circuit simulations in order to determine if it is a significant factor in the use of these materials.



Appendix 0

Source listing of the ADIFNUT
program

The program ADIFNUT was written to convert data files transferred from a Tektronix digital oscil-
loscope to an MSDOS PC into a form that could be plotted or further manipulated by NUTMEG or
similar programs. A listing of the source code for ADIFNUT follows.
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