Table of Contents

N

ITN Customer Login

Home | Companies | eCatalog | Interviews | Downloads | News | Jobs | Resources | Universities | Books
Check Mail | Submit Material | [{lfiEWJ | Events | Membership | Fun Stuff | Advertise | e-Catalog Signup
Browse eCatalog:

PCBCafé.com.

Sponscred By ALk TN

e-Catalog Design Services Manufactur. Cat. Search: IPCBcafe | I | | oo |

- pcBCafé.com.

bwith Preclence™solutions TRECIENCE

Demo it now... @
and WIN! virtualoacars

PCBCafe - Sponsored by Asia ITN, Ltd.

The SPICE Handbook of 50 Basic Circuits MR

Steven M. Sandler and Analytical Engineering, Inc.
Expedition” Series

Table of Contents

Acknowledgments

Chapter 1 Introduction

Chapter 2 Description of ISPICE, PSPICE, and Micro-Cap Simulators

Basic overview of SPICE

SPICE syntax and tutorial

Simulation types and data acquisition

Convergence Problems

Chapter 3 Filter Circuits

1 4th Order Butterworth Low Pass Filter

2 4th Order Butterworth High Pass Filter

3 4th Order Butterworth Band Pass Filter

4 Bessel- Thompson Delay Low Pass

5 Bessel-Thompson Delay Low Pass w/ pulse shaper

6 Inverted Bessel Thompson Delay High Pass Filter

7 Chebyshev Band Pass

8 Chebyshev Low Pass
9 Chebyshev High Pass
10 EMI Filter

http://www.pcbcafe.com/BOOKS/SpiceHandBook/ (1 of 3) [19/01/2002 22:00:26]


http://www.aitn.com/
http://www.aitn.com/
http://www.pcbcafe.com/
http://www.pcbcafe.com/
http://www.pcbcafe.com/
http://ecat.pcbcafe.com/php/corplist.php?category_id=54,55,56,62&alpha=0-Z&cat_name=PCB%20Design%20Tool%20Vendors
http://ecat.pcbcafe.com/PCB_Design_Tools/index.php
http://www10.pcbcafe.com/interview/
http://www.pcbcafe.com/Downloads
http://www.pcbcafe.com/NEWS
http://www.careerscafe.com/index.php?site=EDA
http://www.pcbcafe.com/TECHNICAL
http://www.pcbcafe.com/UNIVERSITY
http://www.pcbcafe.com/BOOKS/
http://www10.pcbcafe.com/cafe_mail/mail_login.php
http://www.pcbcafe.com/SUBMIT.php
http://www10.pcbcafe.com/NEWSGROUPS/?site=PCB
http://www10.pcbcafe.com/EVENT/
http://www.pcbcafe.com/Membership.php
http://www10.pcbcafe.com/fun_stuff.php
http://www.pcbcafe.com/Advertise.php
http://www.pcbcafe.com/eCATALOG/
http://ecat.pcbcafe.com/PCB_Design_Tools/index.php
http://ecat.pcbcafe.com/PCB_Design_Tools/index.php
http://ecat.dacafe.com/PCB_Design_Tools/index.php
http://www10.pcbcafe.com/mc/index.php
http://www10.ibsystems.com/BANNER/common/ad_tracker.php?image_id=1020&tsp=200201191258481
http://www10.ibsystems.com/BANNER/common/ad_tracker.php?image_id=826&tsp=200201191258482
http://www10.ibsystems.com/BANNER/common/ad_tracker.php?image_id=776&tsp=200201191258483
http://www10.ibsystems.com/BANNER/common/ad_tracker.php?image_id=1053&tsp=200201191258491

Table of Contents

Chapter 4

Chapter 5

Chapter 6

Chapter 7

Chapter 8

Chapter 9

Power Conversion Circuits

11 LM117 Three Terminal Linear Regulator

12 LM78S40 Simple Switcher DC to DC

13 UA723 Hysteretic Converter

14 1524 Buck Regulator

15 Low Drop Out Regulator
16 STR 660

Electronic Load Circuits

17 Power Section of an Electronic Load

18 Positive DC to Negative DC Comparator

19 Built in Variable Electronic Load

20 Electronic Load using Power BJT Transistors

Instrumentation
21 555 Timer
22 555 Missing Pulse Detector

23 Operational Amplifier Adder
24 Class AB Amplifier

25 Window Detector

26 Voltage Clamp
27 Resistance to Voltage Converter

28 Polarity Gain

Logic Circuits
29 Binary Counter

30 Binary Decoder
31 Set Reset Latch

32 Stair Case Generator

33 Phase Lock Loop

Resonator/Oscillator Circuits

34 555 Timer Oscillator

35 4 th Order Butterworth Low Pass Oscillator

36 Hex Inverter Oscillator

37 4 th Order Butterworth no Ofset Lowpass Oscillator

38 Harmonic Neutralized Sine Wave

39 Colpits Oscillator

40 Schmidt Trigger Oscillator

41 LM111 Oscillator

Driver Circuits
42 UC1846 50% Duty Cycle Gate Drive

43 Waveshaped
44 Zero-100% Duty Cycle

http://www.pcbcafe.com/BOOKS/SpiceHandBook/ (2 of 3) [19/01/2002 22:00:26]



Table of Contents

Chapter 10 Voltage Multiplier Circuits

45 AC to DC Voltage Doubler

46 Cascade Doubler

47 Bridge AC to DC Doubler

48 AC to DC Quadrupler

49 AC to DC Octupler

50 High Voltage High Current DC to DC

Copyright 2002, PCBCafe.
1-888-44-WEB-44

http://www.pcbcafe.com/BOOKS/SpiceHandBook/ (3 of 3) [19/01/2002 22:00:26]



ITN Customer Login

Acknowledgements

=>FIIN

PCBCafé.com.

Home | Companies | eCatalog | Interviews | Downloads | News | Jobs | Resources | Universities | Books

Check Mail | Submit Material | [{lfiEWJ | Events | Membership | Fun Stuff | Advertise | e-Catalog Signup
Browse eCatalog:

£-Catalog Design Services Manufactur. Cat. Search: | PCBCafe |l | |_oo |

Demo it now...
and WIN! virualoicaie

bringing the meeting to you®

PCBCafe - Sponsored by Asia ITN, Ltd.

@0 iy
Acknowledgements @—*@

Expedition” Series

Large efforts seldom occur without assistance. The authors would like to
graciously thank the efforts of those who, without their help, this book
would not have been possible.

Andy Thompson from Spectrum, and Charles Hymowitz from Intusoft for
providing full versions of their simulators for use in this book.

Steve Chapman, Editor at McGraw Hill for his guidance and support.

Paul Greenland from Allegro for providing STR 6600 data for use in the
circuits of this book.

Barbara Sandler, for her patience, guidance, and management.

And to our customers, who keep us going.

To our loved ones:
Barbara, Shanna, and Rachel
Sonya and Kynlee

Nicolle

http://www.pcbcafe.com/BOOKS/SpiceHandBook/01_ack.php (1 of 2) [19/01/2002 22:00:30]


http://www.aitn.com/
http://www.aitn.com/
http://www.pcbcafe.com/
http://www.pcbcafe.com/
http://www.pcbcafe.com/
http://ecat.pcbcafe.com/php/corplist.php?category_id=54,55,56,62&alpha=0-Z&cat_name=PCB%20Design%20Tool%20Vendors
http://ecat.pcbcafe.com/PCB_Design_Tools/index.php
http://www10.pcbcafe.com/interview/
http://www.pcbcafe.com/Downloads
http://www.pcbcafe.com/NEWS
http://www.careerscafe.com/index.php?site=EDA
http://www.pcbcafe.com/TECHNICAL
http://www.pcbcafe.com/UNIVERSITY
http://www.pcbcafe.com/BOOKS/
http://www10.pcbcafe.com/cafe_mail/mail_login.php
http://www.pcbcafe.com/SUBMIT.php
http://www10.pcbcafe.com/NEWSGROUPS/?site=PCB
http://www10.pcbcafe.com/EVENT/
http://www.pcbcafe.com/Membership.php
http://www10.pcbcafe.com/fun_stuff.php
http://www.pcbcafe.com/Advertise.php
http://www.pcbcafe.com/eCATALOG/
http://ecat.pcbcafe.com/PCB_Design_Tools/index.php
http://ecat.pcbcafe.com/PCB_Design_Tools/index.php
http://ecat.dacafe.com/PCB_Design_Tools/index.php
http://www10.pcbcafe.com/mc/index.php
http://www10.ibsystems.com/BANNER/common/ad_tracker.php?image_id=1020&tsp=200201191258541
http://www10.ibsystems.com/BANNER/common/ad_tracker.php?image_id=826&tsp=200201191258542
http://www10.ibsystems.com/BANNER/common/ad_tracker.php?image_id=808&tsp=200201191258543
http://www10.ibsystems.com/BANNER/common/ad_tracker.php?image_id=1053&tsp=200201191258541

Acknowledgements

Karen, Barry, and Carole

Copyright 2002, PCBCafe.
1-888-44-WEB-44

http://www.pcbcafe.com/BOOKS/SpiceHandBook/01_ack.php (2 of 2) [19/01/2002 22:00:30]



Table of Contents

N

ITN Customer Login

Home | Companies | eCatalog | Interviews | Downloads | News | Jobs | Resources | Universities | Books
Check Mail | Submit Material | [{lfiEWJ | Events | Membership | Fun Stuff | Advertise | e-Catalog Signup
Browse eCatalog:

PCBCafé.com.

Sponscred By ALk TN

e-Catalog Design Services Manufactur. Cat. Search: IPCBcafe | I | | oo |

- pcBCafé.com.

bwith Preclence™solutions TRECIENCE

Demo it now... @
and WIN! virtualoacars

PCBCafe - Sponsored by Asia ITN, Ltd.

The SPICE Handbook of 50 Basic Circuits MR

Steven M. Sandler and Analytical Engineering, Inc.
Expedition” Series

Table of Contents

Acknowledgments

Chapter 1 Introduction

Chapter 2 Description of ISPICE, PSPICE, and Micro-Cap Simulators

Basic overview of SPICE

SPICE syntax and tutorial

Simulation types and data acquisition

Convergence Problems

Chapter 3 Filter Circuits

1 4th Order Butterworth Low Pass Filter

2 4th Order Butterworth High Pass Filter

3 4th Order Butterworth Band Pass Filter

4 Bessel- Thompson Delay Low Pass

5 Bessel-Thompson Delay Low Pass w/ pulse shaper

6 Inverted Bessel Thompson Delay High Pass Filter

7 Chebyshev Band Pass

8 Chebyshev Low Pass
9 Chebyshev High Pass
10 EMI Filter

http://www.pcbcafe.com/BOOKS/SpiceHandBook/01_TOC.php (1 of 3) [19/01/2002 22:00:35]


http://www.aitn.com/
http://www.aitn.com/
http://www.pcbcafe.com/
http://www.pcbcafe.com/
http://www.pcbcafe.com/
http://ecat.pcbcafe.com/php/corplist.php?category_id=54,55,56,62&alpha=0-Z&cat_name=PCB%20Design%20Tool%20Vendors
http://ecat.pcbcafe.com/PCB_Design_Tools/index.php
http://www10.pcbcafe.com/interview/
http://www.pcbcafe.com/Downloads
http://www.pcbcafe.com/NEWS
http://www.careerscafe.com/index.php?site=EDA
http://www.pcbcafe.com/TECHNICAL
http://www.pcbcafe.com/UNIVERSITY
http://www.pcbcafe.com/BOOKS/
http://www10.pcbcafe.com/cafe_mail/mail_login.php
http://www.pcbcafe.com/SUBMIT.php
http://www10.pcbcafe.com/NEWSGROUPS/?site=PCB
http://www10.pcbcafe.com/EVENT/
http://www.pcbcafe.com/Membership.php
http://www10.pcbcafe.com/fun_stuff.php
http://www.pcbcafe.com/Advertise.php
http://www.pcbcafe.com/eCATALOG/
http://ecat.pcbcafe.com/PCB_Design_Tools/index.php
http://ecat.pcbcafe.com/PCB_Design_Tools/index.php
http://ecat.dacafe.com/PCB_Design_Tools/index.php
http://www10.pcbcafe.com/mc/index.php
http://www10.ibsystems.com/BANNER/common/ad_tracker.php?image_id=1020&tsp=200201191258581
http://www10.ibsystems.com/BANNER/common/ad_tracker.php?image_id=826&tsp=200201191258582
http://www10.ibsystems.com/BANNER/common/ad_tracker.php?image_id=776&tsp=200201191258583
http://www10.ibsystems.com/BANNER/common/ad_tracker.php?image_id=1053&tsp=200201191258581

Table of Contents

Chapter 4

Chapter 5

Chapter 6

Chapter 7

Chapter 8

Chapter 9

Power Conversion Circuits

11 LM117 Three Terminal Linear Regulator

12 LM78S40 Simple Switcher DC to DC

13 UA723 Hysteretic Converter

14 1524 Buck Regulator

15 Low Drop Out Regulator
16 STR 660

Electronic Load Circuits

17 Power Section of an Electronic Load

18 Positive DC to Negative DC Comparator

19 Built in Variable Electronic Load

20 Electronic Load using Power BJT Transistors

Instrumentation
21 555 Timer
22 555 Missing Pulse Detector

23 Operational Amplifier Adder
24 Class AB Amplifier

25 Window Detector

26 Voltage Clamp
27 Resistance to Voltage Converter

28 Polarity Gain

Logic Circuits
29 Binary Counter

30 Binary Decoder
31 Set Reset Latch

32 Stair Case Generator

33 Phase Lock Loop

Resonator/Oscillator Circuits

34 555 Timer Oscillator

35 4 th Order Butterworth Low Pass Oscillator

36 Hex Inverter Oscillator

37 4 th Order Butterworth no Ofset Lowpass Oscillator

38 Harmonic Neutralized Sine Wave

39 Colpits Oscillator

40 Schmidt Trigger Oscillator

41 LM111 Oscillator

Driver Circuits
42 UC1846 50% Duty Cycle Gate Drive

43 Waveshaped
44 Zero-100% Duty Cycle

http://www.pcbcafe.com/BOOKS/SpiceHandBook/01_TOC.php (2 of 3) [19/01/2002 22:00:35]



Table of Contents

Chapter 10 Voltage Multiplier Circuits

45 AC to DC Voltage Doubler

46 Cascade Doubler

47 Bridge AC to DC Doubler

48 AC to DC Quadrupler

49 AC to DC Octupler

50 High Voltage High Current DC to DC

Copyright 2002, PCBCafe.
1-888-44-WEB-44

http://www.pcbcafe.com/BOOKS/SpiceHandBook/01_TOC.php (3 of 3) [19/01/2002 22:00:35]



ITN Customer Login

Introduction

==—I|IN
password |

PCBCafé.com.

Home | Companies | eCatalog | Interviews | Downloads | News | Jobs | Resources | Universities | Books

Check Mail | Submit Material | [{lfiEWJ | Events | Membership | Fun Stuff | Advertise | e-Catalog Signup

Browse eCatalog:

e-Catalog Design Services Manufactur. Cat. Search: | PCBCafe Al I

Demo it now... a U m o
! component obsolescence problems 1 e
and WIN! diudm - i = : PRECIENCE
I IeCencegiSolutons - bringing the meeting to you®

PCBCafe - Sponsored by Asia ITN, Ltd.

Q0o

SRR
Introduction @—*@

Expedition” Series

Since the introduction of SPICE in 1971, the simulation program has
become one of the most popular analog simulation tools. In the last 10
years, we have seen explosive growth of SPICE, with the addition of
SPICE 3 syntax, providing support for mixed mode simulation
[Kielkowski, 1994]. We have also seen many new companies emerge as
manufacturer’s of SPICE simulation software, most of which is currently
available for the PC platform.

Each vender of SPICE simulation software has added features, such as
Monte Carlo functions, Schematic editor and Post Graphic processing, as
well as substantial component libraries. In some cases, the
manufacturers have modified the algorithms for controlling convergence
and have added new parameters or syntax for component models.

We have also seen component manufacturer’s providing their support.
Many component manufacturer’s provide models of components such as
Mosfet’s, transistors, Operational Amplifiers. Most of these models are
available, free, via Internet Web sites.

The abilities of computers to model electronic circuits are increasing
every day. The often quoted "Moore’s Law" states that the speed of
microprocessors doubles nearly every 18 months. As computers are
becoming more powerful and more capable, computer simulation can
become a more important tool in the design process.

Unfortunately, there is an unwillingness in the electronic design
community to embrace the abilities of computers to model circuits.
Many engineers still think of SPICE (Simulation Program of Integrated
Circuit Electronics) simulation as a toy. The typical attitude of the design
engineer, upon being shown a SPICE model of the impeding failure of
his/her circuit will reply, "That’s nice, but lets see what the hardware
does." Even when the hardware fails, the engineer is more likely to
investigate the charred and smoking breadboard than the SPICE model
that predicted the result.

The purpose of this book is to show the abilities of SPICE and equivalent
circuit simulation tools to accurately predict the behavior of electronic
hardware circuitry. The emphasis of this book is on how well the
simulation stacks up against real measured hardware. The uses of
circuit simulation are well documented (Sandler 1996).
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Introduction

The speed a simulation can be performed is orders of magnitude faster
than building the circuit on a lab breadboard.

The simulation can be run through any number of environments with
ease.

Circuit tolerances and the effect on the operation of the functionality of
the circuit can be easily evaluated.

There are still limitations to the capabilities of SPICE and similar circuit
simulators. While the sophistication of simulation increases, the lab
breadboard will still remain a necessary step in the design process. This
book will aid the engineer in using SPICE simulation as a very powerful
tool in the design process.

Simply, this book is a compilation of all manners of electronic circuits.
Such compilations are not unusual, in fact, there are several excellent
circuit encyclopedias on bookshelves. However, this book goes one step
further. Instead of simply presenting the circuit to the reader, a SPICE
schematic and the equivalent hardware performance is also provided,
along with an explanation of the intricacies of the development of an
accurate SPICE model for the circuit in question. This format benefits
the reader in numerous ways. The reader can emulate the correlation
techniques introduced in this book in order to make their own specific
SPICE models accurately mimic the behavior of their hardware.

SPICE as a tool can give the design engineer a vast array of data that
can ensure a successful and optimal design for their hardware. The
designer has a hardware design that they know operates correctly, and
they also have a SPICE model that can accurately reflect that designs
behavior at the click of a mouse button. Clearly, SPICE modeling can be
a much more integral step in the design process and prove its worth to
engineers of any circuit discipline.

The book is structured intuitively, minimizing searching time and
maximizing efficiency. The beginning of the book concentrates on the
basics of computer simulation of circuits. An overview of the three most
popular SPICE programs are provided, along with their differences and
peculiarities.

We have selected a broad cross section of analog and mixed mode
designs, which we have simulated as well as constructed. The circuits
are grouped into logical chapters. Generic topics such as oscillators,
amplifiers/receivers, power converters, filters, etc. all head their own
chapter. Each chapter starts with a brief overview of the function of the
circuits in that chapter. This is followed by each design type featured in
this book that performs that function. For example, in the chapter on
Reference Circuits, the beginning of the chapter details what reference
circuits are and their uses in the system level. This is followed by a
detailed discussion on a single type of reference circuit, the band gap
reference.

Each circuit has a discussion of the theory of operation, followed by the
SPICE model schematic, the simulation results, and a comparison to
laboratory data. Advantages and disadvantages to each circuit are
added, along with any tips or hints used to model the circuit accurately.
We have attempted to perform each simulation using several
manufacturer’s versions of SPICE for comparison. Also included are the
simulation run times for each circuit.

Three simulation programs were used to simulate the circuits in this
book. IsSpice v7.60 , Pspice Evaluation v6.30 , and Micro-Cap V v2.00 .

The simulations in this book were computed using three PC desktop
computers. The computers utilized 133 Mhz Inteld Microprocessors, 48
Meg RAM, and Windows NT 4.00 . The computers were connected to a
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local network of six computers. The run times of the circuits are
dependant on the capabilities of the computers running them as well as
the .OPTIONS statements in the simulation. This being said, the
simulation times noted after the simulations are reasonably accurate.
Don’t expect your computer will run at these times. Any simulation
software can be made to run faster or slower than any other software!
Just by changing the .OPTIONS statements, simulations have been
shown to run 14 times faster [Sandler, 1996]. Each circuit can be
optimized for speed differently. Tricks that speed up simulations in one
circuit may not work in another, or even have the opposite effect on
speed. SPICE simulations are a trade off between simulation speed,
accuracy, and convergence [Kielkowski, 1994]. We have made a
reasonable effort to make an apples to apples comparison between the
simulation speeds of the software in this book. The reader will notice
that it is not predictable which software package will run the fastest on
any single circuit. The real purpose of including the run times is to
provide the user with a guess as to how long the circuit will take to
simulate on their own computer, nothing more.

The reader will also note that in some circumstances, one or more of the
simulation software results will not match with the hardware results. We
have attempted to explain the reasons for this in each of the circuits
where this occurs. Bear in mind, SPICE is one of those tasks in life
where you get out of it what you put into it. If you put very little effort
into understanding what the model or circuit is doing, chances are your
simulation accuracy will reflect that.

The CD ROM contains three folders, one for each of the three
simulators. Each folder contains the .CIR files of that particular
simulator. The circuit names are provided in the document for that
circuit. For example, Circuit #1, a 4th Order Butterworth Low Pass Filter
list the file names for that circuit as: Ip_fltr (Ispice), Ipflt (Micro-Cap),
Ip_fit (Pspice).

The schematics for most of the circuits contained in this book can be
entered into the simulator in several minutes. The .CIR files can be cut
and paste into the text editor and ran, or more importantly, the
simulation control parameters can be viewed.

The options useful in helping to resolve non-convergence issues.

We have put a great deal of effort into the construction of this book. It
is our sincere hope that the reader benefits from our hard work.

References

Kielkowski, Ron M. 1994. Inside Spice. New York: McGraw
Hill.

Sandler, Steven M. SMPS simulation with SPICE. 1996.
McGraw Hill.
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Description of Ispice, Pspice, and Expedition™ Series
Micro-Cap Simulators

The development of SPICE was instigated by Ron Rohrer, a junior faculty
member at the University of California, Berkely. Rohrer was teaching a
class on circuit simulation, in which he and Larry Nagel developed a
simulator, in FORTRAN source code, that was to be named CANCER
(Computer Analysis of Nonlinear Circuits Excluding Radiation). Due to
the difficulties in testing circuits of the small sizes of IC’s, SPICE was
thought to be an answer to the quick and reliable design of integrated
circuits. Larry Nagel increased the capabilities of CANCER by increasing
the 400 component/or 100 node limit, adding new and improved
components, and macromodels. In 1971, Nagel released this improved
version of CANCER as SPICE1 (Simulation Program with Integrated
Circuit Emphasis). In 1975 SPICE2 was released, which offered equation
formulation for voltage defined elements as well as increased simulation
speed. This was achieved through the developments of timestep control
algorithms. Eventually, the capabilities of SPICE grew with the
capabilities of computers. In 1983, SPICE2G.6 was released, which has
become the cornerstone of many vendor-offered versions of SPICE
compatible circuit simulation programs. SPICE2G.6 has been the
industry standard for many years. Motivated by the increased use of
UNIX workstations, SPICE2 was converted into C source code and
released as SPICE3. Although SPICE3 is not backwards compatible with
SPICE2, the new features far out weigh this drawback. SPICE3 has a
technical advantage of being readily modified because it is written in
modular C code. SPICE3 also offers more and improved device models
and analysis. A major advantage is the addition of a graphical post
processor, which graphically presents and facilitates waveform
computation of simulation results. As SPICE3 provides more of the
features offered in SPICE2G.6, it becomes a more viable replacement of
SPICE2G.6. [Kielkowski]

Understanding the development of SPICE is useful in making a
worthwhile comparison of vendor-offered simulation software. The
foundation of many vender-offered simulators is Berkely SPICE3F.5. This
is the simulator engine that dictates the algorithms used to generate a
solution for a given simulation.

Three of these software manufacturers: Microsim (Pspice), Intusoft
(IsSpice), and Micro-Cap V (Microcap) have their products featured in
this book. These software manufacturers took the Berkley core program
SPICE3F.5 and created a shell program around it. The shell creates the
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Description of Ispice, Pspice, and Micro-Cap Simulators

schematic using a sophisticated set of CAD tools. The shell then
translates the schematic into the language of SPICE. The circuit is
processed by SPICE and an answer is generated. The shell then takes
the result from SPICE and passes it into a graphics post processor in
order to view the answer in a meaningful form.

Because of this symbiotic relationship between the core SPICE program
and the shell, each of the three programs have roughly the same
structure. Four separate modules are utilized.

The first module is the schematic capture program. Originally, using
SPICE meant translating a schematic by hand into the SPICE
programming language for calculation. The schematic capture program
allows the user to pull down parts from a menu, wire the components
using a mouse, and click a button to start the simulation. The abilities of
the schematic capture program are beginning to approach those of true
CAD programs, indeed, Pspice offers a tool for routing printed circuit
boards. The schematic building feel of the schematic capture programs
helps the SPICE user to quickly translate their circuit ideas into a
schematic compatible with SPICE.

A text editor is also included with the shell packages. The text editor is
invaluable for viewing the text generated output files of SPICE as well as
investigating syntax errors and other subtleties of the SPICE
programming language. The text output of SPICE is in an excellent
format for exporting to other useful engineering tools such as Excel or
Mathcad.

The third module is the simulator itself. As stated earlier, each of these
programs use the core code from Berkely to iterate solutions of the
circuit using mesh equations.

The fourth module is the graphics post processor. This module has
the feel of an oscilloscope, with the output of the SPICE program being
translated into waveforms that fit the user’s idea of how the circuit
should behave. Many different mathematical operations can be
performed on these waveforms, making the most use out of the results
of SPICE.

Schematic Text Editor Simulator Graphical
Capture

Post Processor

Allows users to Examine output Performs Converts output of

quickly files from SPICE numerical Simulator into more

generate SPICE iteration of meaningful graphs and

compatable . circuit to waveforms

program Egggng;is;ltii determine

raphicall . solutions -

grap y by Schematic Has the ability to
Capture program perform complex

Allows for the numerical calculations

construction of on waveforms

symbols used
for generating
new circuit
models for
components
and for IC’s.

Table 2-1: The four Modules and their functions

A difference between these simulators is how the user interfaces with
the simulator engine, and the features offered by the other modules of
the individual vendor program. A user can create libraries, but most of
the time will depend on the libraries that are provided by a vendor.
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Libraries are a distinguishing characteristic of a simulator. Libraries may
be included or libraries can be purchased that are compatible with the
simulator. The libraries of each of the three simulators are unique to that
particular simulator. However, in many cases a bulk of the models in the
library have been provided by the component manufacturer. These
models are available free over the internet. The library governs the
accuracy of the simulation in which they are used. It is very important to
test and qualify models in a library, rather than assuming that they are
accurate. Just because a model is in a library does not mean that it
provides correct results.

Each of the three simulators have a schematic editor program, which is
used to enter the circuit into the simulator. Accessing the overall quality
of a particular schematic editor comes down to preferences. Even though
an assessment may be made by the number of keystrokes or clicks of
the mouse required to enter a circuit, a users effectiveness is a function
of familiarity and comfort. Maximizing the performance of a schematic
editor is dependant on the user and is difficult to determine.

The same can be said when evaluating the performance of the post
processor of a simulator. Familiarity governs the ability of a user to
manipulate the output data into a desirable viewing form. All of the post
processors perform similar features and therefore accessing the
performance of a particular post processor is inherent to the preferences
of the user.

Copyright 2002, PCBCafe.
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Basic Overview of SPICE @—*@

SPICE starts by making an initial guess at the circuits node voltages, Expeditian"' Series
and then using nodal equations of the circuit, calculates the mesh
currents. The mesh currents are then used to recalculate the node

voltages and the cycle begins. This iterative process continues until the
nodal equations have been solved within specified limits. These limits
can be set by using .OPTION parameters (Reltol, Vntol, and Abstol). As
the difference between each iteration approaches zero, the simulation
approaches convergence. SPICE uses the Newton-Raphson algorithm to
solve the matrix of nodal equations if the circuit contains a nonlinear
device. For a circuit containing only linear devices, SPICE use Gaussian
elimination to solve the matrix.

Copyright 2002, PCBCafe.
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SPICE Syntax and Tutorial @-’@

The first line of any SPICE text program is the title of the program. This Expeditian"' Series
line is completely ignored by SPICE. The next few lines of code usually
tell SPICE which analysis will be performed and what the bounds of that

analysis will be. For example, we may be requesting a time domain
analysis of a circuit (called a transient analysis). The information as to
how long, what increments, and what section of the waveform is of
interest is defined in this section of the code. Also defined here are
global constants, subcircuits (models) used repeatedly in the main
circuit, and instructions on which nodes are of interest in the final
solution.

*EXAMPLE CIRCUIT #1

.TRAN 1U 100U 10U 2U UIC

.OPTIONS METHOD=GEAR

.PRINT TRAN V(2)

JAC V(7)=12

Table 2-2: Typical lines of the beginning of a SPICE program

The middle section of the code defines the circuit itself. The structure of
each component is roughly similar. The first variable is the reference
designator. The next variables are the node numbers that the

component is connected to. The remaining variables define the
parameters of that component.

A simple example is a resistor:
R1 1 2 100K

In this line, a resistor with name R1 is defined, connected from node 1
to node 2 with a value of 100 Kohms. Several rules apply to defining
components. The node number zero is reserved for ground. All circuits
must have at least one ground connection. Also, reference designators
are limited to alpha-numeric characters. Longer statements may be
continued on the following line by using a + symbol as the first
character to indicate a continuation from the previous line.

R1 1 0 100K

L11210U
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SPICE Syntax and Tutorial

Q1 2 3 4 2N2222A
V_INPUT 4 0 10
1_OUT 3 0 PULSE O 1 1U 100N 100N 10U 20U

Table 2-3: Typical lines of the middle of a SPICE program
The final line of any SPICE program must be the .END statement.

There are several basic analysis that are primarily used in the this book.
An explanation of each is given in the following paragraphs. To modify
the simulation controls in Micro-Cap V simply select the options button
on the tool bar and select global settings. In Pspice click on the analysis
button on the tool bar, select set up, and then choose options. In Ispice
Click on the file button on the tool bar, select edit controls, at this point
you can write your own .OPTIONS statement, or select the help button
in the edit controls box and then click on options for help in selecting a
.OPTIONS statement.

DC Analysis

Before SPICE performs any specified simulation, a DC operating point
analysis, .OP, is performed. This establishes the DC bias point of the
circuit. There must be convergence of this simulation before any other
specified simulation can be performed. SPICE calculates the DC
operating point by replacing all of the inductors with shorts, and all of
the capacitors are open circuit. SPICE must determine the DC operating
point within a specified number of iterations, otherwise a
nonconvergence warning is generated, and the simulation is aborted.
The default .OPTIONS statement used to determine the DC iteration
limit is:

.OPTIONS ITL1=100

For nonconvergence, the value of ITL1 should be increased to greater
than 500, which increases the maximum allowed number of iterations to
determine the solution.

A . NODESET statement can also be used to reduce the number of
iterations required for convergence. The DC voltage of a node can be
specified by the user, and will be used by SPICE in the initial guess of
the simulation. This can greatly reduce the number of iterations that are
required for convergence.

If convergence is not attained through the use of a nodeset and
increasing the ITL1 statement, then an ITL6 statement can be used. By
setting ITL6=100, or any non-zero value, a source stepping algorithm is
used, which decrements the voltages sources down to zero, or until
convergence is reached and then they are stepped back up to their
assigned voltage level. This appears to be the solution to all DC bias
point convergence problems. However, there are bugs associated with
the ITL6 function and should be used only as a last resort.

If the circuit contains semiconductor devices, then the circuit contains
regions of zero conductance. This can result in a divide by zero error. To
eliminate this problem, every PN junction in every SPICE semiconductor
device has a GMIN transconductance in parallel with every PN junction.
GMIN is assigned globally and has a default value of 100pmhos. The
larger the value of GMIN, the faster the Newton-Raphson algorithm will
converge to a solution. Raising GMIN decreases the size of the shunt
resistor. The accuracy of the simulation is not effected as along as the
current generated in the shunt resistors are lower than the relative error
tolerance current resolution. [Kielkowski] A suggested value for setting
GMIN is given in the following statement:
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.OPTIONS GMIN=1n or 1u

Transient Analysis

A transient time domain analysis begins with a DC operating point
analysis. SPICE calculates the DC operating point by replacing all of the
inductors with shorts, and all of the capacitors are open circuit. SPICE
must determine the DC operating point within a specified number of
iterations, otherwise a nonconvergence warning is generated, and the
simulation is aborted. The solution to the DC operating point determines
the node voltages at the time T=0. SPICE then assigns the
instantaneous |-V relationship of inductors or capacitors and uses a
numeric integration routine to create and equivalent nodal matrix. The
nodal matrix changes for every time step in the transient analysis. Each
following Newton-Raphson iteration starts with an initial guess
consisting of the previous set of node voltages. This expedites the
iterative process, which continues until the solution is found or the
maximum allowed iterations is exceeded. The maximum number of
iterations is determined by the setting .OPTIONS statement ITL4. The
default .OPTIONS statement is given below:

.OPTIONS ITL4=10

When the simulation steps to the next point in time, the transient solver
determines the operating point at that moment in time. If the simulation
does not reach convergence at this point in time, then the time step is
reduced by one eighth. This is repeated until convergence is achieved or
the maximum number of times that the time step can be reduced, which
is specified by ITL4 is reached. A large time step, which is also user
defined, in a transient simulation can result in convergence difficulties.
This is particularly true for switching circuits. The time step must be
small enough to provide enough resolution to identify switching voltage
levels. Large voltage transitions, or device model discontinuities must be
taken into account when assigning the transient simulation parameters.
An Example of a transient simulation statement is given below:

.Tran Tstep Tstop Tstop Tmax UIC
.Tran 10u 10m 0O 20u UIC

The Time step Tstep=10u determines each point in time starting from
zero that the transient solver will calculate a solution. A safe estimation
of the time step is an order of magnitude less than the period of a
switching waveform. For example, when selecting the time step for a
100KHz oscillator (period=10usec), the time step should be
approximately lusec. Tmax, the maximum time step can be left out (at
default), or specified to increase (decrease TMAX), or decrease (increase
TMAX) simulation accuracy. This allows the simulator to take larger
steps when the voltage levels in the circuit experience little change. A
transient time domain analysis can prove to be the most difficult to get
to converge.

AC Analysis
An AC analysis begins by determining the DC bias point of the circuit.
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This can be critical, because it determines the state of the active
devices. For instance, the output of a linear regulator or operational
amplifier is different if it is operating in the linear region, or if it is
operating in the saturated region. After SPICE determines the DC
operating point, the large signal transistor and diode models are
converted into linear small signal models. All nonlinear effects of the
circuit will not be accounted for in the AC frequency sweep, which
generates a Bode plot/frequency response. Magnitude, phase, real, or
imaginary data is produced.

Copyright 2002, PCBCafe.
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Simulation Types and Data @—*@

Acquisition Expedition™ Series
All of the simulators have the ability to perform the following analysis:

DC Operating Point Analysis
DC Small signal Transfer Function
DC Sweep Analysis
Sensitivity Analysis

AC Analysis

Noise Analysis

Distortion Analysis
Pole-Zero Analysis
Transient Analysis

Fourier Analysis
Temperature Analysis

The reference manual that accompanies a particular simulator provides
sufficient information to perform any of the above analysis.

Copyright 2002, PCBCafe.
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Convergence problems can be the most perplexing aspect of performing Expeditian"' Series
a simulation. There is a methodology that comes with experience. This
secton of the text will provide a structured attack that should cure most

convergence problems. The convergence suggestions should be
performed in the order that they are listed. They are prioritized manner
that should be of the most benefit. Begin with the obvious.

Common mistakes:

« Verify that all circuit connections are valid, proper component
polarity, and a DC path from every node to ground. RENET, or
REDRAW.

« Verify that all components have the correct values (i.e. MEG
instead of M(milli) for 1E6). Components with no assigned value
may be set to a default value determined by the simulator.

. Verify that all model parameters are realistic; especially if the
model was created or altered by you.

. Verify that every node has two connections.

. Verify that voltage or current generators have the correct syntax
and appropriate values.

« Use a series equivalent in place of capacitors or current sources
that are placed in series.

« Verify that the letter zero was not used in place of zero (0).

. If B elements are used in the circuit, verify that division by zero
cannot occur.

. Verify that dependant source gains are correct.
[Hymowitz]

DC Convergence Solutions

http://www.pcbcafe.com/BOOKS/SpiceHandBook/03_chapter02-05.php (1 of 5) [19/01/2002 22:01:01]


http://www.aitn.com/
http://www.aitn.com/
http://www.pcbcafe.com/
http://www.pcbcafe.com/
http://www.pcbcafe.com/
http://ecat.pcbcafe.com/php/corplist.php?category_id=54,55,56,62&alpha=0-Z&cat_name=PCB%20Design%20Tool%20Vendors
http://ecat.pcbcafe.com/PCB_Design_Tools/index.php
http://www10.pcbcafe.com/interview/
http://www.pcbcafe.com/Downloads
http://www.pcbcafe.com/NEWS
http://www.careerscafe.com/index.php?site=EDA
http://www.pcbcafe.com/TECHNICAL
http://www.pcbcafe.com/UNIVERSITY
http://www.pcbcafe.com/BOOKS/
http://www10.pcbcafe.com/cafe_mail/mail_login.php
http://www.pcbcafe.com/SUBMIT.php
http://www10.pcbcafe.com/NEWSGROUPS/?site=PCB
http://www10.pcbcafe.com/EVENT/
http://www.pcbcafe.com/Membership.php
http://www10.pcbcafe.com/fun_stuff.php
http://www.pcbcafe.com/Advertise.php
http://www.pcbcafe.com/eCATALOG/
http://ecat.pcbcafe.com/PCB_Design_Tools/index.php
http://ecat.pcbcafe.com/PCB_Design_Tools/index.php
http://ecat.dacafe.com/PCB_Design_Tools/index.php
http://www10.pcbcafe.com/mc/index.php
http://www10.ibsystems.com/BANNER/common/ad_tracker.php?image_id=1020&tsp=200201191259231
http://www10.ibsystems.com/BANNER/common/ad_tracker.php?image_id=826&tsp=200201191259232
http://www10.ibsystems.com/BANNER/common/ad_tracker.php?image_id=776&tsp=200201191259233
http://www10.ibsystems.com/BANNER/common/ad_tracker.php?image_id=1053&tsp=200201191259231

Untitled
1. Set ITL1= 400 in the . OPTIONS statement.

This setting increases the number of iterations that SPICE will
perform before

generating a none convergence warning and aborting the
simulation.

2. Add .NODESETs.

Voltages can be assigned to the nodes of the top level schematic.
The initial guess

made by SPICE to determine the DC bias point incorporates the
nodsets. This can

greatly reduce the number of iterations required to converge,
increasing the

probability of a simulation converging. Improper nodesets can
result in inaccurate

results. Care should be taken in setting the .NODESET
statements.

3. Use pulse statements to turn on DC power supplies
Example: V1305 DC
Becomes: V1 3 0 PULSE 0 15

This allows the user to turn on the power supplies. A rise time
may also be used to

provide a realistic turn on.
4. Set Gmin in the .OPTIONS statement.

Set GMIN=1n, or GMIN=1u. This sets the minimum conductance
across all

semiconductor devices.
5. Set RSHUNT in the .OPTIONS statement.

This option places a resistor, with the value assigned globally by
RSHUNT, from

every node in the circuit to ground. A solution obtained using this
convergence

technique could be made at an incorrect operating point. The
solution should be

carefully examined.
6. Set ILT6=100 in the .OPTIONS statement.
Source stepping decreases all of the DC stimulus until a DC bias point is
determined, or they are reduced to zero volts. The voltages are then

gradually
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stepped from the DC bias point that converged, which may be at
ground, back to

the assigned value. The source stepping algorithm uses gradual
increases in

voltage, to establish a new DC bias point, using the previous DC bias
point as the

initial guess. This process continues until a DC bias point has been
establish for

the assigned values of the stimulus of the circuit.

Transient Convergence Solutions
1. Verify that DC convergence has been achieved.

View the error statements in the text editor to verify that that the
convergence

problem pertains exclusively to the transient simulation.

2. Verify that the time step provides an appropriate
resolution.

The time step must be small enough to provide appropriate
resolution of the

switching waveforms generated by the simulation. The time step
should be

assigned to an order of magnitude smaller than the shortest
period in the

simulation. For example, in a 100KHz oscillator the period is
10uSec. The time

step should be set to 1uSec.
.TRAN 1u 3m

Other factors such as the on time or the duty cycle should be
considered when

determine the time step. Once convergence has been achieved
this value can be

maximized to reduce simulation time.

3. For oscillating or switching circuits, set METHOD=GEAR in
the .OPTIONS statement.

This statement selects the type of integration method that SPICE
uses to solve the

transient equations. Gear integration should be used for all
switching circuitry.
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The default integration, trapezoidal, has a tendency to produce
oscillations.

4. Add UIC (Use Initial Conditions) to the .TRAN statement.

This statement causes SPICE to bypass the DC operating point
analysis. Initial

conditions should be placed on capacitors at there expected
operating voltage. Just

as with the use of nodesets, initial condition statements can
produce incorrect

solutions. Results should be verified for validity.
5. Set ITL4=500 in the .OPTIONS statement.

This statement increases the number of iterations performed by
SPICE, before a

nonconvergence warning is issued and the simulation is aborted.
6. Set RELTOL=.01 in the .OPTIONS statement.

This statement decreases the accuracy of the simulation by
increasing the relative

error tolerance required for convergence. This statement should
not be set lower

than .01. The simulation run time is also reduced by increasing
RELTOL. As a

general rule, every order of magnitude decrease of the relative
tolerance results in

doubling the simulation run time.
7. Reduce the rise and fall times of PULSE sources.

Drastic changes in voltage can result in nonconvergence
problems. Soften the

edges of the pulse source by increasing the rise time and fall time
of the pulse

waveform.
8. Set TRTOL=40 in the .OPTIONS statement.

This statement is proportional to the step size used when
performing a transient

simulation. The accuracy of the simulation can be compromised
by changing the

TRTOL from the default of setting of TRTOL=7.

9. Reduce the accuracy of ABSTOL/VNTOL if current and/or
voltage levels permit.

The default value of ABSTOL=1pA, and VNTOL=1uV, should be
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set to about

eight orders of magnitude below the level of the maximum
current and voltage.

10. Set the RAMPTIME=10nS in the .OPTIONS statement.

This statement ramps all independent sources up from zero at the
beginning of the

transient analysis. This statement is beneficial if the transient analysis
will not

begin. Take care to allow enough time for sources to ramp up, otherwise
this

statement could do more harm than good.

AC Convergence Solutions
1. Do not use steps 3-5 of the DC convergence solutions.

Using these steps may not produce a valid DC operating point, which is
essential for SPICE to linearize the circuit. See the AC analysis
description. Once DC convergence is achieved, the AC analysis will also
converge.

Convergence failures are not always a function of SPICE, and can not be
fixed using .OPTIONS statements or other convergence techniques.
Convergence failures may result from hardware problems.

References
Sandler, Steven M. SMPS simulation with SPICE. 1996. McGraw Hill.

Kielkowski, Ron. Inside SPICE. 1995. McGraw Hill.
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Filter Circuits Expedition™ Series

Filter circuits form the initial building block for many different circuits.
Communications circuits require only certain frequency signals be
passed onto transmitter and receiver circuits. Power converters use
filters on the input bus to filter out spurious noise and on the output line
to smooth the rectified signal. Digital logic circuits use bypass capacitors
and RC networks to filter supply voltages that must travel some distance
before reaching the IC. Delays required in some circuitry can be
provided by filters. Filter circuits are so important to these and many
other circuits because of the simple function they perform. Filters allow
signals of desirable frequencies to pass, while blocking signals of
undesirable frequencies. For most of the circuits, the transient response
of the filter is matched to hardware results. For a select few filters a
network analyzer was utilized to measure the response of the filter.

Although filters perform a simple function, the amount of circuits and
design parameters used to design filters are much more complex. Filters
can be optimized for a low Q in the pass band (Butterworth type) or a
high attenuation in the stop band and steeper rolloff near the cutoff
frequency (Chebyshev type). Filters that are used primarily for delays in
circuitry might use the Bessel-Thomson type of filter. The large
applications of the filter circuit equates to the equally large filter design
types for the engineer.
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#1: 4th order butterworth low pass filter @—’w

The first filter of the chapter is one of the most popular. The schematic of the E;..q;:penjitig;q.nTII Series
4th order butterworth response low pass filter is shown in Figure 1-1. The .
response of the filter to an AC sweep is shown in Figure 1-2. Notice the flat

response in the pass band and the stop band frequency of 100 Khz.

Figure 1-1: Schematic of 4th order Butterworth low pass filter

2000

Gainin dB (ValE)

-100 oo

[ 10K 100K MES
FREQUENCY inHz

Figure 1-2: AC filter response

Unfortunately, the lab used in the creation of the circuits in this book closely
resembles the lab of other engineering companies around the world. We use 5%
tolerance resistors and 10 % tolerance capacitors either soldered to a vector
board or plugged into a solderless breadboard. This introduces various paracitics
and inaccuracies to our result. In order to more capably show the use of SPICE
simulation software, we will frequently run the simulations with the exact values
of the resistors or capacitors being used in our lab breadboard. The measured
resistors and capacitors of Figure 3-1 are shown in our breadboard configuration
in Figure 1-3.

Figure 1-3: Breadboard configuration of 4th order Butterworth filter

In order to correlate the breadboard to the SPICE circuit, a 5 volt pulse was
applied with a 100 nSec rise time using the following command in a V source:
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order butterworth low pass filter

PULSE 0 5 750U .1U

This creates a delay of 750 uSec to allow the filter to be at steady state when
the pulse is applied. The step response of the breadboard circuit is shown in
Figure 1-4A, while that of the IsSpice model is shown in Figure 1-4B. The top
trace is the 5 volt pulse, while the bottom trace is the filter response measured
at the output of the X5 Op-Amp.

o Spice tip: Some convergence problems or problems in results are
caused by attempting to run two different types of analyses in the
same model at the same time. This phenomenon was noticed while
simulating this circuit. If the AC simulation was performed at the
same time in IsSpice, the operating point caused a convergence
problem in the transient simulation. This can sometimes be
remedied by manipulating .OPTIONS lines and adding IC (Initial
Condition) statements to parts.

Tek SITIH 200K5/S 4564 Acqs
i F T-
H 18 '

Thi— 5V GH TV MI50ps ChZ 7 1.985V

5 Nov 1997
14:37:20

Figure 1-4A: Breadboard filter response to step input
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Figure 1-4B: IsSpice filter response to step input

The circuit was also simulated on Microcap and Pspice. The Microcap results are
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shown in Figure 1-5A and 1-5B, while the Pspice results are shown in Figure 1-
6A and 1-6B.

o Simulation tip: Notice in the results of the Microcap voltage step
response simulation the magnitude of the output voltage was
incorrect. The reason for this is unknown, however the lesson here
is you must know the limitations of your models. Many times,
these libraries can be provided by IC manufacturers or the
software company. It is very important to remember that these
models may not be accurate for the parameter that you are
interested in. People make models to model different aspects of
the part. For example, some models may have noise rejection
modeled accurately, or AC characteristics, or input current draw, or
some may not model any of these. If the model does not
accurately reflect the characteristic you are interested in, this does
not necessarily mean the model is useless or wrong (although this
is a possibility).

n.oo

LPFLT.CIR Temperature = 27

-30.00

-R0.00

-50.00

-12000

-150.00

100 1 0k 100k M
db(wE

Figure 1-5A: Microcap AC filter response

200 . ‘ ‘ L?FLT.C\R Terlnpemme = 2.7

0.50m 1.00m 1.50m 2.00m 2.50m 3.00m

Figure 1-5A: Microcap filter response to step input
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Figure 1-6A: Pspice AC filter response

6.8V
4.6V
28U~
LR
-2.8U0 -—— R
a.5ms 1.8ms 1.5ms 2.8ms 2.5ms 3.8ns)
o U(U3:0UuT) .
TIN_E
Figure 1-6B: Pspice filter response to step input
Run Time Summary
IsSpice v 7.6 PsPice v 6.3 Micro-Cap V v2
17.016 Sec 1.36 Sec 30.59 Sec

Advantages: Moderate parts count, flat response in the pass band

Disadvantages: Filter Q greater than other filter types

Filenames: Ip_fltr (IsSpice) Ipflt (Micro-cap) Ip_flt (Pspice)
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#2: 4th order butterworth high pass filter @—’w

A quick modification to the circuit in figure 2-1 produces a high pass filter E;..q;:penjitig;q.nTII Series
response. The schematic for the high pass filter is shown in figure 2-1 and the
AC response of the filter is shown in figure 2-2.

)
N 201U C1.005U
I}

4 5 T
PR T X4 OPAVP
il &)
213K 213K < B 01U €5 005U
J—= " XB OPAMP
B s -5.99M -110M
T

V)
our

Figure 2-1: Schematic of 4th order Butterworth high pass filter

00 /

todB ofOUTin 4B (VolE)

-1z

1 1 100K
FREQUENCY inHz

Figure 2-2: AC filter response

The same pulse in the low pass filter was applied to the high pass filter. The
breadboard results are shown in figure 2-3. These may be compared to the
IsSpice results shown in figure 2-4. The top trace is the 5 volt pulse, while the
bottom trace is the filter response measured at the output of the X6 Op-Amp.
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Figure 2-3: Breadboard filter response to step input
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Figure 2-4: IsSpice filter response to step input

This circuit was also simulated using Microcap and Pspice. The results of these
simulations are shown below.

| |
-100+---------- o o g opeeee oo |

" - - 4 . r
300Hz 1.0KHz 3.0KHz 16KHzZ 30KHzZ 168KHz 300KHz  1.6HHZ
= db(U{U3:0UT))

Frequency

Figure 2-5: Pspice AC filter response
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o U(U3:0UuT)
Time
Figure 2-6: Pspice filter response to step input
40,00 . — - ‘ ‘ HI?F\TT ‘Clr_“‘T:allfnperaturEIZZTI

0.o0

-40.00

-50.00

-120.00

100 T 10K 100K 1

Figure 2-7: Microcap AC filter response
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Figure 2-8: Microcap filter response to step input
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Run Time Summary

IsSpice v 7.6 PsPice v 6.3 Micro-Cap V v2

21.566 Sec 0.71 Sec 37.76 Sec

Advantages: Moderate parts count, flat response in the pass band

Disadvantages: Filter Q greater than other filter types

Filenames: hp_fltr (IsSpice) hpflt (Micro-cap) hp_flt (Pspice)

Copyright 2002, PCBCafe.
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#3: 4th order butterworth band pass filter

The schematic in Figure 3-1 shows the configuration for a butterworth band E:||:|::|e|:iiti«:q.nTII Series
pass filter. The AC characteristic of the filter is shown in Figure 3-2.

Figure 3-1: Schematic of 4th order Butterworth band pass filter

om0 / \

t0dB of OU T in dB (Valk)
&
5
P

100 I3 10K
FREQUENCYIinHz

Figure 3-2: AC filter response

The breadboard circuit was pulsed with a 5 volt step. The results of the band
pass filter to the input step are shown in Figure 3-3. The top trace is the input
step and the bottom trace is the filter response at the output of X5. The IsSpice
circuit response to the input step is shown in Figure 3-4.
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order butterworth band pass filter
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Figure 3-3: Breadboard filter response to step input
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Figure 3-4: IsSpice filter response to step input

This circuit was also simulated using Pspice and Microcap. The results of these
simulations are shown below.

-100+---------- oo : : —mm oo - EERGEEE Tt rommmmmmmo- rommmmooee
16Hz 36Hz 186Hz 300Hz 1. BKHzZ 3. BKHZ 18KHz 36KHz  108KHZ
a db(U(U3:0UT))

Frequency

Figure 3-5: Pspice AC filter response
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Figure 3-6: Pspice filter response to step input
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Figure 3-7: Microcap AC filter response
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Figure 3-8: Microcap filter response to step input

Run Time Summary
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IsSpice v 7.6 PsPice v 6.3 Micro-Cap V v2

28.216 Sec 1.45 Sec 57.98 Sec

Advantages: Moderate parts count

Disadvantages: Filter Q greater than other filter types

Filenames: bp_flt (IsSpice) bpflt (Micro-cap) bp_flt (Pspice)

Copyright 2002, PCBCafe.
1-888-44-WEB-44
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#4. Bessel-Thompson Delay low pass filter %ﬁv

The primary purpose of this filter is to add a delay to a pulse or data sequence. Expeditian"' Series
The use of the RC time constant allows this delay to be added to both the rising
and falling edge of the pulse. The ideal response of the filter is a perfect

reproduction of the input delayed by a specified time constant. The time delay
of the Bessel-Thompson is measured by the time the pulse occurs until the time
the response is 50% of the input step height.

A Bessel-Thompson filter was designed to close to 500 us of delay. The design
procedure followed gave exact values for all of the capacitors and resistors.
These values are rounded to the nearest value of capacitor available. The three
spice packages are used to determine what the implemented delay will be.
Measured values of all the components used in the hardware are used. The
schematic and the breadboard results are shown as figure 4-1and figure 4-2
respectively.

3
q ! .-.-._

Figure 4-1: Bessel-Thompson Delay filter
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Figure 4-2: Breadboard filter response to step input

IsSpice had a built in LM124 model. The simulation response to a step input is
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Bessel-Thompson Delay low pass filter

shown in figure 4-3, the AC simulation results are shown in figure 4-4.
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Figure 4-3: IsSpice filter response to step input
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Figure 4-4: IsSpice AC filter response

The evaluation version of Pspice has a model for the LM324, but the default
model had an error in it. The UA741 opamp model was used in its place. The
operation amplifier does not play a critical role in this circuit because of the slow
response of the circuit. The limiting parameter of the delay time is the RC time
constant and not the slew rate or drive capability of the operational amplifier.
The Pspice model response to a step input is shown in figure 4-5, and the AC
results are shown in figure 4-6.

A1 = 491.667u, 1.0039
A2 = 1060.8006u, -650_3065u

dif=_391.AA70. 1. ARLS

Bs 8.1ms 8.2ns 8.3ms 8.4ns 8.5ns 9.6ms 8.7ns 8.8ns 8.9ns

Time

Figure 4-5: Pspice filter response to step input
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Figure 4-6: Pspice AC filter response

Micro-cap V also had an LM124 model. The model response to a step input is
shown as figure 4-7, and the AC results are shown as figure 4-8.
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Figure 4-7: Microcap filter response to step input
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Figure 4-8: Microcap AC filter response
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Run Time Summary

IsSpice v 7.6 PsPice v 6.3 Micro-Cap V v2

5.6 Sec 2.37 Sec 16.5 Sec

Advantages: Adds controlled delay to a given signal with moderate parts
count.

Disadvantages: Rounds off signal and places importance on detection device.

Filenames: bessel (IsSpice) besmc5 (Micro-cap) bes_ps (Pspice)

Copyright 2002, PCBCafe.
1-888-44-WEB-44
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#5: Bessel-Thompson Delay low pass filter @—’w

with pulse shaper Expedition™ Series
A simple pulse shaping modification can be added to the Bessel-Thompson delay

filter using an additional operational amplifier. Using resistors to divide down
the supply voltage to half the output voltage of the delay filter, then comparing
it to the delay filters response results in a time delayed square wave. The
schematic of this circuit is shown in figure 5-1. This simulation also allows us to
compare the operational amplifier models that came with each software
package. The response of this circuit is driven from rail to rail providing the
saturation voltages of the models. Also the slew rate of the output should be
consistent with the measured and published data. Keep in mind that these
parameters may not be consistent between brands and between lots, and they
should be consistent with the average data from the manufacturer designed
after.

Figure 5-1: Bessel-Thompson delay filter with shape reformation

The parameters that will be measured in each of the software packages and the
hardware are the minimum and maximum voltages, the rise and fall time of the
output, and the effective pulse width. The results of the IsSpice model is shown
as figure 5-2. Micro-cap V results are shown as figure 5-3. The Pspice results
are displayed as figure 5-4, and the hardware measurements are shown as
figure 5-5.
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Bessel-Thompson Delay low pass filter with pul se shaper
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Figure 5-2: IsSpice simulation results

Note:Outmax=8.4, Outmin=-10.7, Rise time=53.3u, fall time=53.3u, pulse

width=890u
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Figure 5-3: Microcap simulation results

Note: Outmax=7.4, Outmin=-10.7, Rise time=49u, fall time=52u, pulse

width=833u:

AU oo
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Figure 5-4: Pspice simulation results

Note: Outmax=9.08, Outmin=-10.47, Rise time=84u, fall time=71u, pulse

width=851u:
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Figure 5-5: Breadboard data

Note: Outmax=9.1, Outmin=-10, Rise time=49u, fall time=50u, pulse

width=780u:
Run Time Summary
IsSpice v 7.6 PsPice v 6.3 Micro-Cap V v2
38.6 Sec 2.05 Sec 67.4 Sec

Advantages: Moderate part count pulse delay and reshaper

Disadvantages: May require additional voltage source and opamp package to
reshape voltage to a specification.

Filenames: bessel (IsSpice) bes_mic5 (Micro-cap) bes_ps (Pspice)

Copyright 2002, PCBCafe.
1-888-44-WEB-44
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#6: Inverted Bessel-Thompson Delay High %ﬁv

pass filter Expedition™ Series
A quick modification to the Bessel-Thompson filter leaves us with a high pass

filter. This filter does not have the built in delay like the low pass version, but it
does provide an interesting response. The schematic and the breadboard results
are shown in figure 6-1 and figure 6-2 respectively. The measurements that will
be made for comparison purposes are the step response height and the time
until the second cross of the zero axis.

Figure 6-1: High pass filter inverse Bessel-Thompson

t

Tek BEl 1Ms7s I3 ACas
: [--F

ak
MW
=)
<<

1

Chi TV TV WM SOpS ChT & 2.28V

Figure 6-2: Breadboard results of step response

For each filter an AC analysis was run for comparison between the different
software packages. These results are displayed along with the step response
from each of the filters for comparison between the software packages. The
results of the IsSpice model are displayed as figure 6-3 and figure 6-4. The
Pspice results are shown as figure 6-5 and figure 6-6. The results from the
Microcap model are shown as figure 6-7 and figure 6-8.
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Inverted Bessel-Thompson Delay High pass filter
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Figure 6-3: IsSpice results of step response
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Figure 6-4: IsSpice AC filter response
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Figure 6-5: Pspice results of step response
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Figure 6-6: Pspice AC filter response
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Figure 6-7: Microcap results of step response
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Figure 6-8: Microcap AC filter response

Run Time Summary

IsSpice v 7.6 PsPice v 6.3 Micro-Cap V v2

2.25 Sec 1.01 Sec 18.8 Sec

Advantages: Moderate parts count

Disadvantages: Under damped response.

Filenames: hpbessel (IsSpice) bes_mic5 (Micro-cap) bes_ps (Pspice)
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#7: Chebyshev Bandpass Filter @—’w

The Chebyshev filter response offers higher attenuation and a steeper roll-off Expeditian“ Series
near the cutoff frequency, than the Butterworth filter response. There is a

tradeoff to achieve the higher attenuation. The cost of utilizing a Chebysheuv filter
is higher values of Q, which leads to difficulties in hardware realization, and

nonlinear phase characteristics, which can result in difficulties in predicting

circuit performance. The following Mathcad file was used to design a Chebyshev

bandpass filter with unity gain in the passband. A friend circuit was used in each

stage of the filter.

Design specifications in rad/sec, where rad/sec=2m*Hz:

& g =2R502-m

-5::!4::35[”]2-??
O g e = -

£y =20502-m

w3::1jnnz-n
o:mj-n:zﬂ

2-—

L Rl
i

1]

i =

Oftreq 2

Lt g - @y
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Chebyshev Bandpass Filter
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Round up to an interger.
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Chebyshev Bandpass Filter
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The schematic in Figure 7-1 of the Chebyshev bandpass filter utilized the
predicted values from the mathcad file, where lab resources allowed. Close
approximations were used, which the circuit performance was extremely
sensitive to. Any deviations from the values predicted in the mathcad file
resulted in gain in the passband. Using SPICE to test possible circuit realizations
greatly reduces the time to implement hardware. SPICE will predict if a given
circuit realization will perform as desired with available parts, before actual
hardware measurements are made. This is helpful because Chebyshev circuit
realization can be difficult, small changes in the circuit elements can result in
undesired performance. The simulated AC results from Ispice, Pspice, and Micro-
Cap V are shown in Figure 7-2 through Figure 7-4 respectively. The measured
breadboard AC response of the filter is shown in Figure 7-5, and the measured
transient response in shown Figure 7-6. The simulated transient response is
shown in Figure 7-7 through Figure 7-8. All of the simulators correlated well to
the hardware.

Figure 7-1: Chebyshev Bandpass Filter
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Chebyshev Bandpass Filter
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Figure 7-2: Ispice Simulated Chebyshev Bandpass Filter Response

Figure 7-3: Pspice Simulated Chebyshev Bandpass Response
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Figure 7-4: Micro-CapV Simulated Chebyshev Bandpass Response
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Chebyshev Bandpass Filter
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Figure 7-9: Pspice 2500Hz Square Wave Input, and Sine Wave Output

Table 7-1: Summary of Results
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Condition Hardware Micro-Cap V Ispice Pspice
Center Frequency 2.45 KHz 2.42KHz 2.4 KHz 2.44 KHz
Maximum 0 dB 0.316 dB 0.44 dB 0.886 dB
Attenuation

File Name NA BP Chebyl BP_n2




Chebyshev Bandpass Filter

0.65 Sec 0.84 Sec

Run Time AC NA 2.816 Sec
Analysis

For more accuracy increase the number of points per division.

Copyright 2002, PCBCafe.
1-888-44-WEB-44
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#8: Chebyshev Lowpass Filter @—’w

The Chebyshev lowpass filter shown in Figure 2 was constructed in all three

h - aur cons ¢ Expedition” Series
simulators as well as in hardware. The circuit values in Figure were used in all

cases. A Mathcad file that was utilized to design the Chebyshev lowpass filter is
located in the Chebyshev directory of the CD which accompanies this book. This

file can easily be modified to accommodate designs which utilize a Sallen-Key
circuit for the stages in the filter. The Sallen-Key Circuit used for each stage of the
filter is shown in Figure 8-1. The schematic of the circuit that was used in each
simulator is shown in Figure 8-2. The measured breadboard results are shown in
Figure 8-3, and the simulated results are shown in Figure 8-4 through Figure 8-6.

1
AN

V21 1/2Q
VIN

Sallen-Key Circuit

Vout

Figure 8-1: Sallen-Key Circuit

Figure 8-2: Chebyshev Lowpass Filter
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Figure 8-6: Micro-Cap V Chebyshev Lowpass Filter Results

Table 8-1: Spi

ce Statistics

Simulator File Name Maximum Attenuation Run
Time
Hardware NA 2.03dB at 2.76KHz NA
Pspice Lp_2 2.22dB at 2.75KHz 1.05sec
Micro-Cap V Lp 2.13dB at 2.67KHz 3.2sec
Ispice Lp_n5 2.18dB at 2.70Khz 1.133sec

Copyright 2002, PCBCafe.
1-888-44-WEB-44

http://www.pcbcafe.com/BOOKS/SpiceHandBook/04_chapter03-09.php (3 of 3) [19/01/2002 22:02:18]



http://www.pchbcafe.com/BOOK S/SpiceHandBook/Image929.gif

e =AR502-m

http://www.pcbcafe.com/BOOKS/SpiceHandBook/Image929.gif [19/01/2002 22:02:18]



http://www.pcbcafe.com/BOOK S/SpiceHandBook/Image930.gif

g =35002-m

http://www.pcbcafe.com/BOOKS/SpiceHandBook/Image930.gif [19/01/2002 22:02:19]



http://www.pchbcafe.com/BOOK S/SpiceHandBook/Image931.gif

http://www.pcbcafe.com/BOOKS/SpiceHandBook/Image931.gif [19/01/2002 22:02:19]



http://www.pchbcafe.com/BOOK S/SpiceHandBook/Image932.gif

W =20502-m

http://www.pcbcafe.com/BOOKS/SpiceHandBook/Image932.gif [19/01/2002 22:02:19]



http://www.pchbcafe.com/BOOK S/SpiceHandBook/Image933.gif

{5 =15002-m

http://www.pcbcafe.com/BOOKS/SpiceHandBook/Image933.gif [19/01/2002 22:02:19]



http://www.pchbcafe.com/BOOK S/SpiceHandBook/Image934.gif

mmm:zzz

http://www.pcbcafe.com/BOOKS/SpiceHandBook/Image934.gif [19/01/2002 22:02:20]



http://www.pchbcafe.com/BOOK S/SpiceHandBook/Image935.gif

2

http://www.pcbcafe.com/BOOKS/SpiceHandBook/Image935.gif [19/01/2002 22:02:20]



http://www.pcbcafe.com/BOOK S/SpiceHandBook/I mage936.gif

“ooT s

http://www.pcbcafe.com/BOOKS/SpiceHandBook/Image936.gif [19/01/2002 22:02:21]



http://www.pchbcafe.com/BOOK S/SpiceHandBook/Image938.gif
“7

2 ==
Oftreq 911

http://www.pcbcafe.com/BOOKS/SpiceHandBook/Image938.gif [19/01/2002 22:02:21]



http://www.pcbcafe.com/BOOK S/SpiceHandBook/I mage940.gif

by El g -y

http://www.pcbcafe.com/BOOKS/SpiceHandBook/Image940.gif [19/01/2002 22:02:21]



http://www.pcbcafe.com/BOOK S/SpiceHandBook/Image942.gif

http://www.pcbcafe.com/BOOKS/SpiceHandBook/Image942.gif [19/01/2002 22:02:22]



http://www.pcbcafe.com/BOOK S/SpiceHandBook/Image943.gif
@

|:1|: e
g —

http://www.pcbcafe.com/BOOKS/SpiceHandBook/Image943.gif [19/01/2002 22:02:22]



http://www.pchbcafe.com/BOOK S/SpiceHandBook/I mage945.gif
g — W

ﬂs:—
iy — iy

http://www.pcbcafe.com/BOOKS/SpiceHandBook/Image945.gif [19/01/2002 22:02:22]



http://www.pchbcafe.com/BOOK S/SpiceHandBook/Image947.gif

e )
-m2J+mn

mz'(mz-ml}

ﬂp =-

http://www.pcbcafe.com/BOOKS/SpiceHandBook/Image947.gif [19/01/2002 22:02:23]



http://www.pchbcafe.com/BOOK S/SpiceHandBook/Image949.gif

[ 1
A
cosh |n-acosh|—] + 10

y;

1n P

0l 4

cash [f-acosh _F

L
o =10+ P =
1 109

http://www.pcbcafe.com/BOOKS/SpiceHandBook/Image949.gif [19/01/2002 22:02:23]



http://www.pcbcafe.com/BOOK S/SpiceHandBook/I mage950.gif

http://www.pcbcafe.com/BOOKS/SpiceHandBook/Image950.gif [19/01/2002 22:02:24]



http://www.pchbcafe.com/BOOK S/SpiceHandBook/Image9d51.gif

2

1
g i (lﬂ-am“;l b g
Ity cosh |n-acosh ﬂ_ 10 + 1 - cosh|n-acosh ﬂ_

Oy gy = 10 E E

min 17 10)

http://www.pcbcafe.com/BOOKS/SpiceHandBook/Image951.gif [19/01/2002 22:02:24]



http://www.pchbcafe.com/BOOK S/SpiceHandBook/Image952.gif

4 :I:'I:'I.:i.t'.l.= 22

http://www.pcbcafe.com/BOOKS/SpiceHandBook/Image952.gif [19/01/2002 22:02:24]



http://www.pchbcafe.com/BOOK S/SpiceHandBook/Image953.gif

1
14

acosh

http://www.pcbcafe.com/BOOKS/SpiceHandBook/Image953.gif [19/01/2002 22:02:24]



http://www.pchbcafe.com/BOOK S/SpiceHandBook/I mage954.gif

n=2975

http://www.pcbcafe.com/BOOKS/SpiceHandBook/Image954.gif [19/01/2002 22:02:25]



http://www.pcbcafe.com/BOOK S/SpiceHandBook/I mage955.gif

ced( 1) =3

http://www.pcbcafe.com/BOOKS/SpiceHandBook/Image955.gif [19/01/2002 22:02:25]



http://www.pchcafe.com/BOOK S/SpiceHandBook/I mage956.gif

1= ced )

http://www.pcbcafe.com/BOOKS/SpiceHandBook/Image956.gif [19/01/2002 22:02:26]



http://www.pcbcafe.com/BOOK S/SpiceHandBook/Image957.gif

Ell!ll = E:I f' E:ﬂgnr E
21 2 2
E:I othervase
fn

http://www.pcbcafe.com/BOOKS/SpiceHandBook/Image957.gif [19/01/2002 22:02:26]



http://www.pchbcafe.com/BOOK S/SpiceHandBook/I mage958.gif

Y =6l

http://www.pcbcafe.com/BOOKS/SpiceHandBook/Image958.gif [19/01/2002 22:02:26]



http://www.pchcafe.com/BOOK S/SpiceHandBook/Image959.gif

g
v wmn

http://www.pcbcafe.com/BOOKS/SpiceHandBook/Image959.gif [19/01/2002 22:02:27]



http://www.pchcafe.com/BOOK S/SpiceHandBook/I mage960.gif

y=1.0

http://www.pcbcafe.com/BOOKS/SpiceHandBook/Image960.gif [19/01/2002 22:02:27]



http://www.pchbcafe.com/BOOK S/SpiceHandBook/Image961.gif

1

a
Tria
10

http://www.pcbcafe.com/BOOKS/SpiceHandBook/Image961.gif [19/01/2002 22:02:28]



http://www.pchbcafe.com/BOOK S/SpiceHandBook/I mage963.gif

q,=2.732

http://www.pcbcafe.com/BOOKS/SpiceHandBook/Image963.gif [19/01/2002 22:02:28]



http://www.pcbcafe.com/BOOK S/SpiceHandBook/I mage964.gif

agirh |1

1
a.=—
1 £

http://www.pcbcafe.com/BOOKS/SpiceHandBook/Image964.gif [19/01/2002 22:02:28]



http://www.pcbcafe.com/BOOK S/SpiceHandBook/I mage966.gif

0 ¢ = |sint( )]

http://www.pcbcafe.com/BOOKS/SpiceHandBook/Image966.gif [19/01/2002 22:02:28]



http://www.pcbcafe.com/BOOK S/SpiceHandBook/I mage968.gif

0y 1= |- sinh(a)-cos() |

http://www.pcbcafe.com/BOOKS/SpiceHandBook/Image968.gif [19/01/2002 22:02:29]



http://www.pcbcafe.com/BOOK S/SpiceHandBook/Image970.gif

0y = |cosh(a)-sin(¥)]

http://www.pcbcafe.com/BOOKS/SpiceHandBook/Image970.gif [19/01/2002 22:02:29]



http://www.pchbcafe.com/BOOK S/SpiceHandBook/Image972.gif

ﬂh = cosh ;-acnsh !

P cedl 1) £

http://www.pcbcafe.com/BOOKS/SpiceHandBook/Image972.gif [19/01/2002 22:02:29]



http://www.pchcafe.com/BOOK S/SpiceHandBook/Image974.gif

x= ||’Jk|

http://www.pcbcafe.com/BOOKS/SpiceHandBook/Image974.gif [19/01/2002 22:02:30]



http://www.pchbcafe.com/BOOK S/SpiceHandBook/Image976.gif

ﬂ::|mk|

http://www.pcbcafe.com/BOOKS/SpiceHandBook/Image976.gif [19/01/2002 22:02:30]



http://www.pchbcafe.com/BOOK S/SpiceHandBook/Image978.gif

¢ =3 L0l

http://www.pcbcafe.com/BOOKS/SpiceHandBook/Image978.gif [19/01/2002 22:02:30]



http://www.pchcafe.com/BOOK S/SpiceHandBook/I mage980.gif

23
9

D

http://www.pcbcafe.com/BOOKS/SpiceHandBook/Image980.gif [19/01/2002 22:02:30]



http://www.pchbcafe.com/BOOK S/SpiceHandBook/Image982.gif

E;:4+i
2
He

http://www.pcbcafe.com/BOOKS/SpiceHandBook/Image982.gif [19/01/2002 22:02:31]



http://www.pcbcafe.com/BOOK S/SpiceHandBook/I mage984.gif

G =B - 4D°

http://www.pcbcafe.com/BOOKS/SpiceHandBook/Image984.gif [19/01/2002 22:02:31]



http://www.pchbcafe.com/BOOK S/SpiceHandBook/I mage986.gif

1
= |Z(E4+ 0
Q Er:+)

1 .
D

http://www.pcbcafe.com/BOOKS/SpiceHandBook/Image986.gif [19/01/2002 22:02:31]



http://www.pcbcafe.com/BOOK S/SpiceHandBook/Image988.gif

.20
He

http://www.pcbcafe.com/BOOKS/SpiceHandBook/Image988.gif [19/01/2002 22:02:31]



http://www.pchcafe.com/BOOK S/SpiceHandBook/Image990.gif

WozK 4 4K o 1

http://www.pcbcafe.com/BOOKS/SpiceHandBook/Image990.gif [19/01/2002 22:02:32]



http://www.pcbcafe.com/BOOK S/SpiceHandBook/Image992.gif

lf-'.:'DE ::W'{-::'D

http://www.pcbcafe.com/BOOKS/SpiceHandBook/Image992.gif [19/01/2002 22:02:32]



http://www.pcbcafe.com/BOOK S/SpiceHandBook/I mage994.gif

9
QD::_C

Ta

http://www.pcbcafe.com/BOOKS/SpiceHandBook/Image994.gif [19/01/2002 22:02:32]



http://www.pchbcafe.com/BOOK S/SpiceHandBook/I mage996.gif

1
oy =i
o1 W I

http://www.pcbcafe.com/BOOKS/SpiceHandBook/Image996.gif [19/01/2002 22:02:32]



http://www.pchbcafe.com/BOOK S/SpiceHandBook/Image998.gif

o=t

http://www.pcbcafe.com/BOOKS/SpiceHandBook/Image998.gif [19/01/2002 22:02:33]



http://www.pchcafe.com/BOOK S/SpiceHandBook/Image999.gif

1

| = - @

ml

http://www.pcbcafe.com/BOOKS/SpiceHandBook/Image999.gif [19/01/2002 22:02:33]



http://www.pcbcafe.com/BOOK S/SpiceHandBook/Image1001.gif

1

K - -
20, Cog

ma:

http://www.pcbcafe.com/BOOKS/SpiceHandBook/Image1001.gif [19/01/2002 22:02:33]



http://www.pcbcafe.com/BOOK S/SpiceHandBook/I mage1003.gif

1

| = - @

ma

http://www.pcbcafe.com/BOOKS/SpiceHandBook/Image1003.gif [19/01/2002 22:02:34]



http://www.pcbcafe.com/BOOK S/SpiceHandBook/I mage1005.gif

Ry=(T Ky

http://www.pcbcafe.com/BOOKS/SpiceHandBook/Image1005.gif [19/01/2002 22:02:34]



http://www.pcbcafe.com/BOOK S/SpiceHandBook/I magel1007.gif

—

http://www.pcbcafe.com/BOOKS/SpiceHandBook/Image1007.gif [19/01/2002 22:02:34]



http://www.pchbcafe.com/BOOK S/SpiceHandBook/I mage1009.gif

__ 2
Ry =408 K

http://www.pcbcafe.com/BOOKS/SpiceHandBook/Image1009.gif [19/01/2002 22:02:34]



http://www.pchbcafe.com/BOOK S/SpiceHandBook/Imagel011.gif

Ra=ToE g

http://www.pcbcafe.com/BOOKS/SpiceHandBook/Image1011.gif [19/01/2002 22:02:35]



http://www.pchbcafe.com/BOOK S/SpiceHandBook/Imagel1013.gif

—

http://www.pcbcafe.com/BOOKS/SpiceHandBook/Image1013.gif [19/01/2002 22:02:35]



http://www.pchbcafe.com/BOOK S/SpiceHandBook/Imagel1015.gif

2
Rg=dl g Ky

http://www.pcbcafe.com/BOOKS/SpiceHandBook/Image1015.gif [19/01/2002 22:02:35]



http://www.pcbcafe.com/BOOK S/SpiceHandBook/Imagel017.gif

Ryp=(TghKy-

http://www.pcbcafe.com/BOOKS/SpiceHandBook/Image1017.qgif [19/01/2002 22:02:36]



http://www.pchbcafe.com/BOOK S/SpiceHandBook/Image1019.gif

—

http://www.pcbcafe.com/BOOKS/SpiceHandBook/Image1019.qgif [19/01/2002 22:02:36]



http://www.pcbcafe.com/BOOK S/SpiceHandBook/Imagel1021.gif

__ 2
Rg:=4Q%K

http://www.pcbcafe.com/BOOKS/SpiceHandBook/Image1021.gif [19/01/2002 22:02:36]



http://www.pcbcafe.com/BOOK S/SpiceHandBook/Imagel1023.gif
(5)

AU +
[L_,® C) 10
! AU
[|__,® C12
RI0 ; 8 I 1u
| ] 19
13.68K 1
2 2 sV
=AM B - R15 R1B V()
WEC 288k 377K WCC
+ [ord . V _ 17 | | 15 _ Rl
|
C) RI1 AU vEE o vee 1374K -
431 + U AAY ' 1
— R14 ' VEE o1
- 767 + T
p— — R -
- — - 295
h ¥i3)
— VEE
Y3
- VEE

http://www.pcbcafe.com/BOOKS/SpiceHandBook/Image1023.gif [19/01/2002 22:02:36]



http://www.pcbcafe.com/BOOK S/SpiceHandBook/I magel1024.gif

o

-20.00
=
S _40.00
=
T
N

-E0.00

-80.00

200 500 1K 2K 5K 10K 0K 80K
FRECQILEMCY in Hz

.881 dB Maximum Ax=87 55K Ay =-1202

http://www.pcbcafe.com/BOOKS/SpiceHandBook/Image1024.qgif [19/01/2002 22:02:37]




http://www.pchbcafe.com/BOOK S/SpiceHandBook/I magel1025.gif

|

A1 = 2.4492K, 134.398m
A2 = 2.4692K, 134.398m
dif= A. AAA. A.AARA

CB8EdE Maximum

[ R L I
1808Hz J88Hz 1.8KHz 3.8KHz 18KHz 38KHz 188KHz
o UDB{U9:0UT)
Frequency

http://www.pcbcafe.com/BOOKS/SpiceHandBook/Image1025.gif [19/01/2002 22:02:37]



http://www.pcbcafe.com/BOOK S/ SpiceHandBook/I mage1026.gif

e e U0 PR U RO Uy U I S R Ny

e e e e L L L L e Lo_L_1_1_

[

F-----------F------7-=---°q---3--°3--7

[ P

U U S [ B

O U O U | [ [ [,

i Bl m B e E e R e e e e e e

I Ity A e e

- TS ST T T TTrT T TS TTTTTTTAT TR TAT T T T AT

q------------pF--#---p----p---r--1

F------=-----"F--=---=7-=--°q--=°3--=°3--7v-°--°

T T S

100K
Slope
-1.233e-03

20,00

-20.00

-40.00

Delta
S120.265

Right
119,949
100.000K

Left
0316
2424\

dh (i3

1.000e00

97 57K

http://www.pcbcafe.com/BOOKS/SpiceHandBook/Image1026.gif [19/01/2002 22:02:37]



http://www.pchbcafe.com/BOOK S/SpiceHandBook/Imagel027.gif

REF LEVEL /DIYV MARKER 2 448.723Hz
0.000dB 10.000d8 MAG (A/R) —1.164dB

PoEE Bl

s - Rt Koy -~ B aats N - i s e ™ 1 R S e &
r ] ! ¥ Ty i !
i H '
f e :
e i ] —  —— p— | | e
i o T
[n . :
L
= }
i :
) ! :
<% -
3 .
— b
l_
- .
o :
al i
= — _—
=5 .
H

o Wl
: B o
= 100 1K 10K 100K
3 START 100.000HzZ STOP 100 000.000Hz

http://www.pcbcafe.com/BOOKS/SpiceHandBook/Image1027.gif (1 of 2) [19/01/2002 22:02:38]



http://www.pchbcafe.com/BOOK S/SpiceHandBook/Imagel027.gif

=

http://www.pcbcafe.com/BOOKS/SpiceHandBook/Image1027.gif (2 of 2) [19/01/2002 22:02:38]



http://www.pcbcafe.com/BOOK S/SpiceHandBook/I mage1028.gif

Tek Run: 500kS/s  Average [NEFKY
{ [
i L

T..-]

f 1

240

“M100ps Ch2 - 720mv

http://www.pcbcafe.com/BOOKS/SpiceHandBook/Image1028.gif [19/01/2002 22:02:38]

3 Feb 1998
13:27:08



http://www.pchbcafe.com/BOOK S/SpiceHandBook/I mage1029.gif

G 000 12.00
2000 2000
H
5 2 10
= £
= E
CLRI00 5 4000 e e
E E A
= (] X OB.325M ]
= 3234 =
-6.000 o ]
X 6.525M :
= -32AT =
e
-10000 -4.000 o
fi 138 338 6 538 fi 738 6 235

WiFM.Z2 CQUTPUT w=. TIME in =ecs
Axo= 200,00 Ay = 6461

http://www.pcbcafe.com/BOOKS/SpiceHandBook/Image1029.gif [19/01/2002 22:02:38]



http://www.pcbcafe.com/BOOK S/ SpiceHandBook/I mage1030.gif

BP.CIH Termperature = 27 Case= 1

5.19 : : — ! : !

3.47

1.75

0.0z

-1.70

-3.43 : : : :
B.02m B.21m B.41m B.60m 5.80m B.9%m

Left Right Delta Slope

[ 10) 5§.000 2474 -2.526 4. 74502
=i -3.232 0.794 4026 -7 BE3e02
T B.523m 1.200rm -£.323m 1.000=00

http://www.pcbcafe.com/BOOKS/SpiceHandBook/Image1030.gif [19/01/2002 22:02:38]



{ B

http://www.pcbcafe.com/BOOK S/SpiceHandBook/Imagel1031.gif

T r I
6. 8ns 6.1ms 6.2ms 6.3ms 6. 4ms 6.5ms
o U{R?:2) - U{UD:+)

i|

Time

http://www.pcbcafe.com/BOOKS/SpiceHandBook/Image1031.gif [19/01/2002 22:02:39]

6.6ms

.
6.7ms

[

-
6.8ms

________ L e e e ________I________-I

-

N



http://ww. pcbeafe.com/BOOK S/SpiceHandBook/04_chapter03-10.php

ITN Customer Login

PCBCafé.com.

Home | Companies | eCatalog | Interviews | Downloads | News | Jobs | Resources | Universities | Books

Check Mail | Submit Material | [{lfiEWJ | Events | Membership | Fun Stuff | Advertise | e-Catalog Signup

Browse eCatalog:

£-Catalog Design Services Manufactur. Cat. Search: | PCBCafe |l | |_oo |
veno 1z now... (g | T <
: “obsolescence problems I "-’_'_4_: . PCB
a ﬂ d H I H !. dmm - w&th QC'E‘I’I{QW :SID'IJI"DFIS "f_‘,'{},ﬂc‘ Le '.comh

PCBCafe - Sponsored by Asia ITN, Ltd.

QR0

SR
#9: Chebyshev Highpass Filter @—’w

The Chebyshev filter response offers higher attenuation and a steeper roll- Expeditian"' Series
off near the cutoff frequency, than the Butterworth filter response. There
is a tradeoff to achieve the higher attenuation. The cost of utilizing a

Chebyshev filter is higher values of Q, which leads to difficulties in
hardware realization, and nonlinear phase characteristics, which can
result in difficulties in predicting circuit performance.

A Chebyshev highpass filter was constructed with the component values
that are shown in the schematic in Figure 9-1. The measured results are
shown in Figure 9-2, and Figure 9-3.
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1.32K

V(6)
vCC

c3
U c4 +
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Figure 9-1: Chebyshev Highpass Filter
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Figure 9-2: Chebyshev Highpass Filter Measured Results
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Figure 9-3: Chebyshev Highpass Filter Measured Results

The results of the three simulators are shown in Figure 9-4 through Figure
9-7. All of the simulators accurately predict the phase and gain of the
Chebyshev highpass circuit.
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Figure 9-6: Pspice Chebyshev Highpass Filter
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Figure 9-7: Micro-Cap V Chebyshev Highpass Filter

Table 9-1: Spice Statistics

Simulator File Name Run Time
Pspice hp_2 2.93 Sec
Micro-Cap V hp 1.728 Sec
Ispice hp_n2 1.166 Sec
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#10: Electromagnetic Interference (EMI) @—’@

Filter Expedition™ Series
The last filter that will be looked at in this book is the EMI filter. This filter is

commonly used on the input of a power circuit to reduce conducted and
reflected emissions. For instance, a flyback converter can draw current from the
bus that looks like a sawtooth waveform with a peak amplitude that is
dependent on the load. An EMI filter can be designed to smooth these large
spikes down to where they are nearly invisible to the bus. The EMI presented in
this chapter is designed for the flyback topology which converts as low as a 10
volt input to a 5 volt output.

Their are several concerns when designing an EMI filter. The parameters of the
EMI filter examined in this book reflect these concerns. If the EMI filter is to be
used on a converter, the input impedance of the converter must be greater then
the output impedance of the filter at all frequencies. It is good practice to allow
6 dB of margin for this parameter. If the output impedance of the filter gets too
close to the input impedance of the converter, it can cause problems with the
stability of the converter. It may be important to note here that this output
impedance is sensitive to the effective series resistance (ESR) of the output
capacitors. For the hardware data taken for this unit, tantalum capacitors were
used which have unspecified ESR. The ESR of a similar capacitor was measured
for the simulations.

Other important characteristics of the converter are the reflected ripple
attenuation, and the turn on characteristics. It is expected that the turn on
characteristics will be difficult to simulate due to the non-linear characteristics of
a saturating core. A non-saturating core is simply described by faradays law,
and should be easily modeled by any of our spice simulators. The model used
for the EMI filter is shown in Figure 10-1, and the results of each of the
simulators output and the measured impedance plots are shown as Figure 10-2
through 10-5.
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Electromagnetic Interference (EMI) Filter
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Figure 10-1: EMI filter model (linear)
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Figure 10-2: IsSpice non-linear core results of output impedance
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Figure 10-3: Measured results of filter output impedance
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Figure 10-4: Pspice filter output impedance results
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Figure 10-5: Microcap filter output impedance results

The inrush current of an EMI filter is usually examined to insure no parts are
overstressed during power up. If the inductor does not saturate, the inrush
current is described by faradays law and can easily be modeled by mathematics
or a simple spice model. It is also not to difficult to determine if a core is
saturated during turn on. A slightly more difficult calculation is to determine
what the maximum current will be under a given turn on condition. The
hardware used for measurements used a transformer made of two stacked
55025 cores with 40 turns around them. This was modeled in IsSpice as shown
in Figure 10-6.
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Figure 10-6: IsSpice Non-linear Core Model
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Figure 10-7: IsSpice result of non-linear model for Inrush Current simulation
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Figure 10-8: Measured results of Inrush current

Note on measured response: A current probe was used to measure
the inrush current. It was set on 10 mA/mV setting which means
the plot above y axis settings are in 5 amps/div.

This filter was designed to have an attenuation of 60 dB. The attenuation is
calculated as 20*Log(A lout/A lin). Figure 10-11 shows the input verses output
current waveforms to demonstrate the lowest reported attenuation.
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Figure 10-11: IsSpice attenuation results (Non-linear model)

Note: Only the saturating model from IsSpice results are shown
because they are the worst case attenuation. This figure is shown
to give a visual representation of the effects of an EMI filter.
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Comp arison of Results
Farameter |[Conditions IsSpwg (non- |1 &pice . Papice Mictocap ¥ Hardware
saturating) (Baturating) Data
Ctat 1174dB | 1165dB | 1171dB | 117d6 | 11.1dB
im pedance
Dlaximum
inrush Turn on 6.17 amps | 2233 amps [ 611 amps| 6.16 amps | 23.6 amps
Current
Freg=170 kH=
Attenuation |Tout=2.5 A moax 56.7 dB 467 dB 382 dB 524 dB 593 dE
Duty=50%
Table 10-1: Comparison of results
Run Time Summary
IsSpice v 7.6 Pspice v 6.3 Micro-Cap V v2
15.98 sec 18.52 sec 43.45 sec

Advantages: Attenuates noise on bus for power converters.

Disadvantages: Requires an inductor which is physically a large and
expensive part.

Filenames: Filter (IsSpice), non_emi (IsSpice), PS_emi (Pspice), MIC_emi
(Microcap)

Copyright 2002, PCBCafe.
1-888-44-WEB-44
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Power Conversion Circuits

Power converter circuits are often the most overlooked aspect of a system. During the engineering phase, power
is not a concern. There are plenty of bench power supplies scattered around the laboratory for use in
breadboards. Even in SPICE, the trusty voltage source element provides infinite voltage and infinite current for
new circuit designs.

Unfortunately, when the time comes to put the system together, it is remembered that without circuits to
condition the power to the system, the system is of little use to anyone. Operational amplifiers frequently need
positive and negative DC voltages to operate correctly; amplifiers need both AC and DC voltages, sometimes at
high currents, in order to perform their functions. Window comparators and precision sensors need highly
accurate AC and DC voltages for the circuit to succeed in it’'s mission. What will power the system when the
bench supplies are gone?

Luckily, there are circuits that fill all of the power requirements listed above and more. Also, SPICE can be a
valuable tool in aiding the engineer in designing, troubleshooting, and characterizing power conversion circuits.

A simple definition of a power conversion circuit is a circuit that converts power source of a certain characteristic
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(110 VAC, Battery voltage, Spacecraft bus) into power sources with a more desirable characteristic for an
individual circuit (regulated + 5 VDC for digital logic, constant current sources). A wide variety of these circuits
are presented in this chapter.

#11: LM117 Three Terminal Linear Regulator

Three terminal linear regulator devices have been popular for some time. The combination of simplicity, small
package, good regulation, versatility, and reasonable price is attractive to engineers looking to optimize designs.
When examining the operation of a three terminal regulator, simulation may not make much sense. An input
voltage begets a regulated output voltage. Why simulate this? The answer may be explained below.

The following circuit (Figure 11-1) is a typical application configuration for an LM117 circuit. The input voltage is
22 volts DC. Resistors R1 and R2 set the regulated output voltage at 16.7 volts.

i LM 117 or .
+ + ADJUST +

VIN -T- ) R1 T RLOAD
22 C4 270 C_Load 33K

10 uF =

- C_COMP_|
TBD T R2
3.3K

Figure 11-1: Typical application for an LM117 Three terminal linear regulator

One interesting measurement that can be made on this component would be the stability. In order to measure
the stability in the lab, a special test configuration was used. This test set up is shown in Figure 11-2. The
injection signal must be kept very small (700 uV is suggested) and the measurement probes should be placed at
R and A on the diagram in Figure 11-2 as shown, with the ground referenced to the output (make sure the
power supply in not tied to earth ground).

V4 =
22

O||+

4 7 : @ (A) R8 _E_Load ? 13?<

10uF R_INJ 6.8

:

Oscillator

Figure 11-2: Stability measurement setup for three terminal regulator
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Using the test set up in Figure 11-2, several configurations were measured on the breadboard. The cases will be
measured one at a time, with comparisons to the SPICE results at each case. The first case is the recommended
operational use by the Linear Technology [0 databook [page 4-137, Linear Technology]. Linear recommends a 1
uF tantalum input bypass capacitor, a 1 uF capacitor at the output, and a 10 uF capacitor at the adjustment pin.
The recommended type of capacitor is a solid tantalum. The SPICE configuration for testing stability is shown in
Figure 11-3.

Click Here to see the larger Image

Figure 11-3: SPICE Stability measurement setup for three terminal regulator

The resulting breadboard measurement is shown in Figure 11-4. The IsSpice result at the same test
configuration is shown in Figure 11-5.

[~28- 98
s AEF LEVEL /DIV MARKER 27 720 .429Hz Viw = 2210
] 0 .000dB 10 .000dB MAG (A/R) 0.0994dB8 v, = 642
- o.odeg 60.000deg MARKER 27 720.429Hz C v
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(AR A Ty FE B S S e b Ty vy S
Corp = 100F qur

ANALYTICAL ENGRG

01/28/19% 1301 6028307138

START 100.000Hz STOP 14 00O 000 .OOOHZ

Figure 11-4: Breadboard bode plot (C_Comp=10uF)
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Figure 11-5: IsSpice bode plot (C_Comp=10uF)

Comparing the results of Figure 11-4 and 11-5, the phase margin is 21.4 degrees in the breadboard plot,
compared to 15.85 degrees in the IsSpice plot. The crossover in the breadboard plot was 27.7 Khz, compared to
53.7 Khz in the IsSpice plot. The general shapes of the curves are also very similar.

o SPICE tip: Interestingly, there are three models of the LM117 in the Intusoft model library. One
model gave the correct DC output voltage and the correct bode response. One model gave an
incorrect DC output voltage but the correct bode response, and one model didn’t converge.
Surprisingly, all three models are transistor level. This is just another example of the necessity of
testing previously unused models against their datasheet performance in order to ensure model
accuracy. Incidentally, the model used in these simulations is the LM317TI model.
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The LM117 configuration was also tested without a C_COMP capacitor. The breadboard results are shown in
Figure 11-6. The IsSpice results are shown in Figure 11-7.

V2% -3
= REF LEVEL DIV MARKER 7 453.169Hz VvV, -2\
o] o .ocooaB 10 .000dB MAG (A/R) —o.o7sas
= o.odeg 60 .000deg MARKER 7 453 . 169Hz Vo= v 6.
PHASE (A/R) 6 .992deg - . v
r oot [ R R R [ AR 8 A R S B
! : ; i B i i : i ! Cromy = Lof waer
1‘ Cene = o0ctr

ANALYTICA. ENGRG

100 3
START 2100 .000H=z= STOP 4 000 000 .O00CH=Z

01/26/1998 13:01 602897198

Figure 11-6: breadboard bode plot (C_Comp=open)

[
ain in 4B (o lf)

7 10K [
FREGQUENCY inHz o

Figure 11-7: IsSpice bode plot (C_Comp=open)

The bread board phase margin and crossover frequency is 7 degrees and 7.4 Khz. The SPICE simulation phase
margin and crossover frequency is 1.7 degrees and 14.7 Khz. Good engineering practice suggests a minimum
phase margin of 45 degrees. The final configuration approaches this value. The C_COMP capacitor is changed to
4700 pF. The breadboard measurements are shown in Figure 11-8 while the IsSpice results are shown in Figure
11-9.

1-28-1%
= REF LEVEL /DIV MARKER B8 354.62S5Hz Vs 22
) 0 .000d8s 10 .000dB MAG (A/R) o.370d8B N, 5 1 Cec
" O.o0deg 60 .000deg MARKER 8 354.625Hz ° o

PHASE (A, R} 41 .752deg
[ R R e e e M L

(RS RE S Covnpz ToF 2m

i I
!
s “Foorf

ANALYTICAL ENGRG

6028987198

01/28/1998 13:01

START 100.000Hz STOP 4 000 00O .O0OOr=z

Figure 11-8: Breadboard bode plot (C_Comp=4700 pF)

http://www.pcbcafe.com/BOOKS/SpiceHandBook/04_chapter03-12.php (4 of 20) [19/01/2002 22:03:47]



http://www.pcbcafe.com/BOOK S/SpiceHandBook/04_chapter03-12.php

2
qain in 48 (olis)

' I

FREQUENC Y in Hz

Figure 11-9: IsSpice bode plot (C_Comp=4700 pF)

The breadboard phase margin and crossover frequency is 41.7 degrees and 8.3 Khz. The IsSpice simulation
results show a phase margin of 44.6 degrees and a 11 Khz crossover. Examining the results of the testing and
simulation, we can conclude there is an optimal value of the C_COMP capacitor value in order to maximize phase
margin and create an optimally stable three terminal regulator. An excellent tool for determining this optimal
capacitance is SPICE.

o SPICE tip: The optimizer function of the SPICE simulators is tailor made for this problem. The
optimization feature can be performed in Microcap by using the STEPPING feature in the AC menu
and Pspice by using the PARAMETRIC sweep in the setup dialogue box. In IsSpice, the
OPTIMIZER sweep menu is selected by selecting the SIMULATION CONTROL item in the ACTIONS
menu of ICAP.

The resulting graph from the optimizer sweep is shown in Figure 11-10. Notice the optimal capacitance value is
approximately a 6.8 nF capacitor which produces a phase margin of 66.5 degrees.

20.00
_X_7.000M .
<TEEET S

) [ \
E
5 00

10004 30.00H S0.00N T0.00N 80.00N
phase vs. CAP

Figure 11-10: Optimizer sweep to determine optimal C_COMP capacitance

Simulations of this circuit were also performed in Microcap. The configuration shown in Figure 11-3 was
simulated with a C_COMP value of 4700pF. The resulting Microcap Bode plot is shown in Figure 11-11.
Simulation of the LM317 circuit in Pspice was attempted, however, the netlist contains too many transistor
elements for the evaluation version.
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Figure 11-11: Microcap results with C_COMP=4700 pF

Run Time Summary

IsSpice v 7.6

PsPice v 6.3

Micro-Cap V v2

1.033 Sec

XXX Sec

0.704 Sec

rejection

Advantages: low parts count, inexpensive, good accuracy, good ripple

Disadvantages: excessive power dissipation at higher currents, not as
efficient as other topologies (due to headroom requirements).

Filenames: 117Bod, 1170opt (IsSpice) 117bod2 (Microcap) 117bod3 (Pspice)

#12: LM78S40 Simple Switcher DC to DC converter

Many semiconductor manufacturers make an IC that encompasses all of the necessary logic and analog circuitry
required to construct a switching regulator circuit. An example of this universal approach to design is the
National 0 LM78S40 IC. This IC contains an oscillator, temperature compensated precision voltage reference,
Mosfet driver logic, current limiting, error amplifier, and even a built in rectifying diode. IC’s like this one are
excellent for DC to DC applications that require more power than a three terminal linear regulator can provide,
but do not require isolation. The block diagram and connection diagram for this IC is shown in Figure 12-1. The
schematic for our test circuit IC is shown in Figure 12-2. The test circuit takes a DC 20 volt input and provides a

regulated 10 volt DC output.
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Figure 12-1: Block and Connection Diagrams for LM78S40 IC (Reprinted with permission from National Semiconductor O
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Figure 12-2: Test Schematic for 78540 Simple switcher IC

The SPICE equivalent circuit schematic is shown in Figure 12-3. Notice the DCR (DC Resistance) of the inductor
L1 has been added (R_DCR) to the circuit. Also added to the circuit is a voltage source added between the
inductor and the output in order to measure current. The input voltage is pulsed from O volts to 20 volts in order
to aid in convergence.
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Figure 12-3: SPICE equivalent schematic for 78540 Simple switcher IC

Also to aid in convergence, the following .OPTIONS statement is included:

.OPTIONS ABSTOL=1U ITL4=1000 ITL6=100 METHOD=GEAR

The transient simulation is run from 2.15 mSec to 2.35 mSec with a minimum time step of 50 nSec and a
maximum time step of 100 nSec. The transient line also contains the UIC statement which will use the initial
conditions specified in the schematic and not attempt to find a DC operating point.

The results of the breadboard waveforms and the IsSpice waveforms are compared side by side in Figures 12-4
and 12-5. Figure 12-4 shows the output ripple voltage on top, with the inductor voltage on the bottom. Figure
12-5 shows the oscillator frequency on top, with the inductor voltage on the bottom. The output voltage of the
IsSpice model was 9.872, while the output voltage of the Breadboard was 9.78 volts.
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Figure 12-4A: IsSpice LM78S40 waveforms (top - output ripple, Bottom - inductor voltage)
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Figure 12-4B: Breadboard LM78S40 waveforms (top - output ripple, Bottom - inductor voltage)

1000

-200 0W

-600 0hd

SWITCH in Volls

AN
I

EREEY] 221 2351 2291 235
TIME in Secs

Figure 12-5A: IsSpice LM78S40 waveforms (top - Oscillator voltage, Bottom - inductor voltage)
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Figure 12-5B: Breadboard LM78S40 waveforms (top - Oscillator voltage, Bottom - inductor voltage)

SPICE TIP: SPICE models for the LM78S40 were not provided in the Microcap or Pspice evaluation
version software packages. This circuit was simulated using IsSpice only.

IsSpice v 7.6

207.3 Sec

PsPice v 6.3

XXX Sec

Run Time Summary

Micro-Cap V v2

XXX Sec

Advantages: medium parts count, good output voltage line and load

regulation, versatile, can provide step up or step down voltages

Disadvantages: No isolation from input to output

Filenames: 7840_1 (IsSpice)
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#13: UA723 Hysteretic Buck Regulator

The UA723 can be configured to form a simple, low parts count Buck regulator. The UA723 is designed for use in
positive or negative power supplies. This type of regulator is popular because it has excellent dynamic response.
It can be configured as a series, switching, shunt, or floating regulator. The circuit has variable frequency,
because it essentially an uncompensated oscillator. The output ripple is a function of the hysteresis. This comes
at a cost, which is a decrease in the ability to maintain regulation. The schematic is shown in Figure 13-1. The
breadboard data is shown in Figure 13-2 and Figure 13-3. The Ispice simulated data is shown in Figure 13-4 and
Figure 13-5.
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Figure 13-1: Schematic for UA723 Buck Regulator
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Figure 13-2: Breadboard Collector Voltage of UA723 Buck Regulator
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Figure 13-3: Breadboard UA723 waveforms (top - output ripple, Bottom - inductor voltage)
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Figure 13-4: Ispice UA723 waveforms (top - output ripple, Bottom - inductor voltage)
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Figure 13-5: Ispice Collector Voltage of UA723 Buck Regulator

Transient domain models of a switching power supplies are extremely sensitive to the transistor model, as well
as the edit controls used to govern the simulation. The turn on and turn off characteristics of the transistor
model must be accurate to gain any useful information from a simulation, especially at higher frequencies.
Convergence can be a major factor in the simulation of a transient domain model. By loosening the restraints on
the numeric integration process (RELTOL, VNTOL, ABSTOL), convergence may be achieved, as well as a faster
simulation times, at the expense of accuracy. Once convergence and proper simulation results has been
established, simulation accuracy can be increased over a shorter run time to obtain accurate results, which was
done in the previous simulation results. The simulation was performed substituting transistor TIP-42, with a
QSB1071A. The results of this simulation, which is shown in Figure 13-6 and Figure 13-7 correlate better to the
measured data. The only difference is the transistor model. To illustrate the importance of the .OPTIONS
statement, the original simulation of circuit shown in Figure 13-1 was simulated with the following .OPTIONS
statement:

.OPTIONS METHOD=GEAR RELTOL=.01 GMIN=1N
This was changed from the previous .OPTIONS statement of :
.OPTIONS METHOD=GEAR RELTOL=.001

The results of this simulation are shown in Figure 13-8. Notice the shape of the TIP-42 collector wave form.
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Figure 13-6: Ispice Collector Voltage of UA723 Buck Regulator With QSB1071A
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Figure 13-7: Ispice UA723 waveforms (top - output ripple, Bottom - inductor voltage) With QSB1071A
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Figure 13-8: Ispice UA723 waveforms (top - output ripple, Bottom - inductor voltage) With TIP-42

Condition Breadboard TIP-42 TIP-42* QSB1071A
Frequency 27.82KHz 15.49KHz 14.29KHz 16.72KHz
Vout pk-pk 244mV 422mV 626mV 376mV
Vout 522V 527V 528V 524V
Inductor 308mA 517.6mA 550.8mA 494.7mA
Current
Run Time NA 82.93 Sec 27.31 Sec 68.42 Sec

Table 13-1:Summary of Results
*.OPTIONS METHOD=GEAR RELTOL=.01 GMIN=1N

The results indicate a trade off between simulation run time and simulation accuracy. Also, the selection on the
transistor can have dramatic effects on the results of the simulation.
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The simulation results do not correlate well to the hardware. A possible cause is the ESR of a Mallory
TDC106K505WSG 10uF capacitor, C2. The feedback loop is originated at the collector of the PNP transistor to
avoid sensitivity to the ESR of the output capacitor. However, investigation into the poor correlation indicates
that the circuit is sensitive to the ESR of capacitor C2. A measurement of the ESR was made using a HP 3577A
network analyzer, which is shown in Figure 13-10.

The setup to make the measurement of capacitor C2, inverted the signal, which is why the ESR measurement is
inverted. The ESR of capacitor C2 is dependant on frequency. The hardware frequency is approximately 27KHz.
The ESR at this frequency is approximately 386 mOhms.

Another schematic, which reflects the appropriate ESR of C2 and the DCR of inductor L1, is shown below in
Figure 13-9. The schematic includes the circuitry that was used to measure the transient response of the
hardware.

The measured and simulated data is shown in Figure 13-10 through Figure 13-15.
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Figure 13-9: UA723 Buck Regulator with Measured ESR and DCR.
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Figure 13-10: Measured ESR of C2

A precarious dilemma results when creating a model that can accurately depict a transient response of the
converter as well as the output ripple. The ESR of capacitor C2 is a function of frequency. When simulating the
output ripple of the converter, the frequency is essentially constant, approximately 25KHz. However, when the
converter encounters a transient, the response is at a much lower frequency, approximately 5KHz. ESR for the
transient response simulation is different from the output ripple simulation. The solution is to either create a
capacitor model that has ESR, which varies with frequency, or change the ESR to the appropriate value for each
simulation. The ESR of capacitor C2 maintains relatively constant from 5KHz through 20KHz, but varies
immensely outside of these frequencies.

In correlating to the transient response, many difficulties arose. The ESR of C2 determines the magnitude of the
transient response, as well as the frequency of the output ripple. Varying the ESR of C2, varies where in the
period of the output ripple that the transient occurred. A larger magnitude of the transient response corresponds
to the transient occurring while the transistor is conducting, which indicates that the simulation results are
dependent on when the transient occurs.
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Figure 13-11: Measured UA723 Buck Regulator Transient Response
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Figure 13-12: Ispice UA723 Buck Regulator Transient Response
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Figure 13-15: Micro-Cap V UA723 Buck Regulator Transient Response
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Figure 13-3: Breadboard UA723 waveforms (top - output ripple, Bottom - inductor voltage)
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Figure 13-13: Ispice UA723 Buck Regulator Output Ripple
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MCF23 CIR Temperature = 27 Case=1
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Figure 13-14: Micro-Cap V UA723 Buck Regulator Output Ripple

Condition Breadboard Ispice Micro-Cap
\%
Frequency 27.82KHz 21.3KHz 22KHz
Vout (pk-pk) 244mV 246mV 292mV
Vout (Avg) 5.22V 5.21 5.11
Inductor Current 308mA 395.9mA 396mA
Transient Response (pk- 1.6V 1.63V 1.39v
pk)
Response Duration 90usS 97uS 88uS
Run Time of NA 147.88 74.56 sec
sec
Transient Response

Table 13-2: Summary of Results
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The circuit consisted of too many nodes for the Pspice evaluation version.
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Power Conversion Circuits Expedition™ Series

Power converter circuits are often the most overlooked aspect of a
system. During the engineering phase, power is not a concern. There
are plenty of bench power supplies scattered around the laboratory for
use in breadboards. Even in SPICE, the trusty voltage source element
provides infinite voltage and infinite current for new circuit designs.

Unfortunately, when the time comes to put the system together, it is
remembered that without circuits to condition the power to the system,
the system is of little use to anyone. Operational amplifiers frequently
need positive and negative DC voltages to operate correctly; amplifiers
need both AC and DC voltages, sometimes at high currents, in order to
perform their functions. Window comparators and precision sensors
need highly accurate AC and DC voltages for the circuit to succeed in it's
mission. What will power the system when the bench supplies are gone?

Luckily, there are circuits that fill all of the power requirements listed
above and more. Also, SPICE can be a valuable tool in aiding the
engineer in designing, troubleshooting, and characterizing power
conversion circuits.

A simple definition of a power conversion circuit is a circuit that converts
power source of a certain characteristic (110 VAC, Battery voltage,
Spacecraft bus) into power sources with a more desirable characteristic
for an individual circuit (regulated + 5 VDC for digital logic, constant
current sources). A wide variety of these circuits are presented in this
chapter.
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#11: LM117 Three Terminal Linear %ﬁv

Reg ulator Expedition” Series
Three terminal linear regulator devices have been popular for some time. The

combination of simplicity, small package, good regulation, versatility, and
reasonable price is attractive to engineers looking to optimize designs. When
examining the operation of a three terminal regulator, simulation may not make
much sense. An input voltage begets a regulated output voltage. Why simulate
this? The answer may be explained below.

The following circuit (Figure 11-1) is a typical application configuration for an
LM117 circuit. The input voltage is 22 volts DC. Resistors R1 and R2 set the
regulated output voltage at 16.7 volts.

LM 117
1 ouT 3
+ + ADJUST +

VIN C) - ) R1 o RLOAD
29 C4 270 C_Load 33K

10 uF 1UF

- C_COMP _|
TBD - R2
3.3K

Figure 11-1: Typical application for an LM117 Three terminal linear regulator

One interesting measurement that can be made on this component would be
the stability. In order to measure the stability in the lab, a special test
configuration was used. This test set up is shown in Figure 11-2. The injection
signal must be kept very small (700 uV is suggested) and the measurement
probes should be placed at R and A on the diagram in Figure 11-2 as shown,
with the ground referenced to the output (make sure the power supply in not
tied to earth ground).
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LM2117 Three Terminal Linear Regulator

LM 117
¢ Im ouT 5

ADJUST

4 7 —& ® R8 e Loaa> RO

1 [+

N
N
O||+

270 3.3K
10 uF R INJ 6.8 1 uF

TBD

+
| Oscillator |

Figure 11-2: Stability measurement setup for three terminal regulator

Using the test set up in Figure 11-2, several configurations were measured on
the breadboard. The cases will be measured one at a time, with comparisons to
the SPICE results at each case. The first case is the recommended operational
use by the Linear Technology [0 databook [page 4-137, Linear Technology].
Linear recommends a 1 uF tantalum input bypass capacitor, a 1 uF capacitor at
the output, and a 10 uF capacitor at the adjustment pin. The recommended
type of capacitor is a solid tantalum. The SPICE configuration for testing stability
is shown in Figure 11-3.

Click Here to see the larger Image

Figure 11-3: SPICE Stability measurement setup for three terminal regulator

The resulting breadboard measurement is shown in Figure 11-4. The IsSpice
result at the same test configuration is shown in Figure 11-5.

[~23-95
8 AEF L.EVEL /DIV MARKER 27 720.428Hz V4,4 = 2210
<] O .000dB 10 .000d4dB MAG (A/R) 0 .099dB v, = (64
= O .Odeg 60 .000deg MARKER 27 720.428Hz (4 - v
PHASE (A/R) 21 .410deg
P ceyepm R Tt R RS SN
C 0.F qar

ANALYTICAL ENGRG

R o1 . |
10K
START 100 .000HZ STOP 1 00O 000.00O0Hz

01/28/13%8 13:01 6028307138

Figure 11-4: Breadboard bode plot (C_Comp=10uF)
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Figure 11-5: IsSpice bode plot (C_Comp=10uF)

Comparing the results of Figure 11-4 and 11-5, the phase margin is 21.4
degrees in the breadboard plot, compared to 15.85 degrees in the IsSpice plot.
The crossover in the breadboard plot was 27.7 Khz, compared to 53.7 Khz in
the IsSpice plot. The general shapes of the curves are also very similar.

o SPICE tip: Interestingly, there are three models of the LM117 in
the Intusoft model library. One model gave the correct DC output
voltage and the correct bode response. One model gave an
incorrect DC output voltage but the correct bode response, and
one model didn’t converge. Surprisingly, all three models are
transistor level. This is just another example of the necessity of
testing previously unused models against their datasheet
performance in order to ensure model accuracy. Incidentally, the
model used in these simulations is the LM317TI1 model.

The LM117 configuration was also tested without a C_COMP capacitor. The
breadboard results are shown in Figure 11-6. The IsSpice results are shown in
Figure 11-7.

\—2% -93
= REF LEVEL /DIV MARKER 7 453.169Hz vV, -2\
<] O .oo0o0dB 10 . 000dB MAG (A/R) —0 .075d8
= O .Odeg 60 .000deg MARKER 7 453. 169H=zZ V - \g «3

PHASE (A./R)
Ty e B S

L

6 .992deg °
L R

ANALYTICH. ENGRG

START 100 .000H= STOP 4 000 000 .000OH==

01/28/19%8 13:01 6028907198

Figure 11-6: breadboard bode plot (C_Comp=open)

Erd 000

o
Gain in 4B (Volks)

T 3 00K,
FREQUENC Y inHz [

Figure 11-7: IsSpice bode plot (C_Comp=open)

The bread board phase margin and crossover frequency is 7 degrees and 7.4
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Khz. The SPICE simulation phase margin and crossover frequency is 1.7 degrees
and 14.7 Khz. Good engineering practice suggests a minimum phase margin of
45 degrees. The final configuration approaches this value. The C_COMP
capacitor is changed to 4700 pF. The breadboard measurements are shown in
Figure 11-8 while the IsSpice results are shown in Figure 11-9.

|-28-1¢
S REF LEVEL  /DIV MARKER 8 354.625Hz Yz 2l
4 0.000dB 10.000dB MAG (A/R) 0.370d8B [= 106
B 0.0deg 60.000deg MARKER 8 354.625Hz \ o
PHASE (4,'R} 44.752deg
A B S S R L A A A IR A Clvnp o e
; Cu/\/ S "1700,F

ENGRG

ANALYTICAL

6028907198

©1/28/1998 13:61

START 100.000Hz STOP 41 000 000.000Hz

Figure 11-8: Breadboard bode plot (C_Comp=4700 pF)

4.0 40.00
300.0 20.00
H H
H =
P §
» 1900 ‘: o
£ £
0w mm ﬂj@
- -4100 [ \ﬂ
1 100K

FREQUENCY inHz

Figure 11-9: IsSpice bode plot (C_Comp=4700 pF)

The breadboard phase margin and crossover frequency is 41.7 degrees and 8.3
Khz. The IsSpice simulation results show a phase margin of 44.6 degrees and a
11 Khz crossover. Examining the results of the testing and simulation, we can
conclude there is an optimal value of the C_COMP capacitor value in order to
maximize phase margin and create an optimally stable three terminal regulator.
An excellent tool for determining this optimal capacitance is SPICE.

o SPICE tip: The optimizer function of the SPICE simulators is tailor
made for this problem. The optimization feature can be performed
in Microcap by using the STEPPING feature in the AC menu and
Pspice by using the PARAMETRIC sweep in the setup dialogue
box. In IsSpice, the OPTIMIZER sweep menu is selected by
selecting the SIMULATION CONTROL item in the ACTIONS menu of
ICAP.

The resulting graph from the optimizer sweep is shown in Figure 11-10. Notice
the optimal capacitance value is approximately a 6.8 nF capacitor which
produces a phase margin of 66.5 degrees.
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Figure 11-10: Optimizer sweep to determine optimal C_COMP capacitance

Simulations of this circuit were also performed in Microcap. The configuration
shown in Figure 11-3 was simulated with a C_COMP value of 4700pF. The
resulting Microcap Bode plot is shown in Figure 11-11. Simulation of the LM317
circuit in Pspice was attempted, however, the netlist contains too many
transistor elements for the evaluation version.

4000 50.00 117B0OD2 CIR Temperature = 27

360,00 30.00

24000 1000

12000 -10.00

0.0 -30.00

-120.00 -50.00

100 3
dbiv(3 7)) phiv(a 7))

Figure 11-11: Microcap results with C_COMP=4700 pF

Run Time Summary

IsSpice v 7.6 PsPice v 6.3 Micro-Cap V v2

1.033 Sec XXX Sec 0.704 Sec

Advantages: low parts count, inexpensive, good accuracy, good ripple
rejection

Disadvantages: excessive power dissipation at higher currents, not as
efficient as other topologies (due to headroom requirements).

Filenames: 117Bod, 1170opt (IsSpice) 117bod2 (Microcap) 117bod3 (Pspice)
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#12: LM78S40 Simple Switcher DC to DC
converter

Many semiconductor manufacturers make an IC that encompasses all of the
necessary logic and analog circuitry required to construct a switching regulator
circuit. An example of this universal approach to design is the National O
LM78S40 IC. This IC contains an oscillator, temperature compensated precision
voltage reference, Mosfet driver logic, current limiting, error amplifier, and even
a built in rectifying diode. IC’s like this one are excellent for DC to DC
applications that require more power than a three terminal linear regulator can
provide, but do not require isolation. The block diagram and connection diagram
for this IC is shown in Figure 12-1. The schematic for our test circuit IC is shown
in Figure 12-2. The test circuit takes a DC 20 volt input and provides a
regulated 10 volt DC output.

Expedition” Series

request a free CD loday »

COMPARATOR ~ COMPARATOR TIMING )
DRIVER SWITCH
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. & e
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OSCILLATOR ' OP AMP OUT =1 4 13 Vi
' OP ANP
' suppLy =15 12 TiMin
1
. 0P AMP +IN—] 6 11f=anp
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E
&

REFERENCE OP AMP OP AMP OP AMP

OP AMP
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SUPPLY out

SWITCH  DIODE DIODE
EMITTER  ANODE CATHODE

TL/H/10057-2

| Ordering Information

92/@89/1998 11:34

Part Number NS Package Temperature Range
é LM78S40J J16A Ceramic DIP o o
2 LM785400/883 |  J16A Ceramic DIP ~55Cto +125°C
© LM78S40N N16E Molded DIP —40°Cto +125°C
LM78S40CJ J16A Ceramic DIP " .
LM78S40CN N16E Molded DIP 0°Cto +70°C

permission from National Semiconductor O )

Figure 12-1: Block and Connection Diagrams for LM78S40 IC (Reprinted with
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LM7840 Simple Switcher DC to DC converter

V(11)
L1 239U SWITCH
15~y
V(15)
VOUT _|__ anode\JsNitch C—J
— 11 cathode  driver C|
c2 | L emitter | sen:
gzzK §RLOA au T c3 s o
. 25 1U amp out Vin Vi)
— — amp vee Ct QsG + V1
h h z amp + d im 0
— o
_ 8 ?— 2.35N
R3 V(13) ——amp- comp -
1.18K VREF 13 —
wref comp + — -

Figure 12-2: Test Schematic for 78540 Simple switcher IC

The SPICE equivalent circuit schematic is shown in Figure 12-3. Notice the DCR
(DC Resistance) of the inductor L1 has been added (R_DCR) to the circuit. Also
added to the circuit is a voltage source added between the inductor and the

output in order to measure current. The input voltage is pulsed from O volts to
20 volts in order to aid in convergence.

V(11)
L1 239U SWITCH
1
+
1(V3) R_DCR
V(5) L 5
VOUT _|__ anOdE\szitch C—J
5 — M cathode  driver C
C2 L L emitter | sen:
Nk SRLOAS> 47U c3 . s
’ 25 1U amp out Vin V3
1 3 QSG +
— — amp vec Ct \C V1
B B 7 c PULY
—jamp + gnd 1
—_ 8 ?— 2.35N
R3 V(13)  ——amp- comp -
1.18K VREF 14 D
wef comp + — _

Figure 12-3: SPICE equivalent schematic for 78540 Simple switcher IC

Also to aid in convergence, the following .OPTIONS statement is included:

.OPTIONS ABSTOL=1U ITL4=1000 ITL6=100 METHOD=GEAR

The transient simulation is run from 2.15 mSec to 2.35 mSec with a minimum

time step of 50 nSec and a maximum time step of 100 nSec. The transient line
also contains the UIC statement which will use the initial conditions specified in
the schematic and not attempt to find a DC operating point.

The results of the breadboard waveforms and the IsSpice waveforms are
compared side by side in Figures 12-4 and 12-5. Figure 12-4 shows the output
ripple voltage on top, with the inductor voltage on the bottom. Figure 12-5
shows the oscillator frequency on top, with the inductor voltage on the bottom.
The output voltage of the IsSpice model was 9.872, while the output voltage of
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the Breadboard was 9.78 volts.
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Figure 12-4A: IsSpice LM78S40 waveforms (top - output ripple, Bottom - inductor
voltage)
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Figure 12-4B: Breadboard LM78S40 waveforms (top - output ripple, Bottom - inductor

voltage)
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Figure 12-5A: IsSpice LM78S40 waveforms (top - Oscillator voltage, Bottom - inductor
voltage)

http://www.pcbcafe.com/BOOKS/SpiceHandBook/05_chapter04-03.php (3 of 4) [19/01/2002 22:04:05]



LM7840 Simple Switcher DC to DC converter
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Figure 12-5B: Breadboard LM78S40 waveforms (top - Oscillator voltage, Bottom -
inductor voltage)

o SPICE TIP: SPICE models for the LM78S40 were not provided in
the Microcap or Pspice evaluation version software packages. This
circuit was simulated using IsSpice only.

Run Time Summary
IsSpice v 7.6 PsPice v 6.3 Micro-Cap V v2

207.3 Sec XXX Sec XXX Sec

Advantages: medium parts count, good output voltage line and load
regulation, versatile, can provide step up or step down voltages

Disadvantages: No isolation from input to output

Filenames: 7840_1 (IsSpice)

Copyright 2002, PCBCafe.
1-888-44-WEB-44
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UA723 Hysteretic Buck Regulator
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#13: UA723 Hysteretic Buck Regulator | =5

The UA723 can be configured to form a simple, low parts count Buck regulator. The UA723 is designed for use in positive or negative power supplies. This type of regulator is popular because it has excellent dynamic response. It can be configured as a series, switching, shunt, or floating regulator. The circuit has variable frequency, because it
essentially an uncompensated oscillator. The output ripple is a function of the hysteresis. This comes at a cost, which is a decrease in the ability to maintain regulation. The schematic is shown in Figure 13-1. The breadboard data is shown in Figure 13-2 and Figure 13-3. The Ispice simulated data is shown in Figure 13-4 and Figure 13-5.

Expedition™ Series|

request a free CD loday »

V(3)
VSWITCH

X2 L1 362U

RS V1 Y TIP42 3~y
219K 1me4pu L NS

_ 1 C2
1 T 10U R6

_/\/\/\/_. DN5811 20
T 16

R597.8
X1 UAT23 R9

— INC NG ——
cL FRCO 5
10 | s VCC+ 6 _T_
IN- e 8

v(4)

. IN+ VouT 2 V(8)
BASE

VREF NC L

R1
vee- NC

R7 2R::?K V(10)
982 : VOUT

V(11) 11
CAP

C1

AU T 5 5ek

http://www.pcbcafe.com/BOOKS/SpiceHandBook/05_chapter04-04.php (1 of 7) [19/01/2002 22:04:17]



http://www.aitn.com/
http://www.aitn.com/
http://www.pcbcafe.com/
http://www.pcbcafe.com/
http://www.pcbcafe.com/
http://ecat.pcbcafe.com/php/corplist.php?category_id=54,55,56,62&alpha=0-Z&cat_name=PCB%20Design%20Tool%20Vendors
http://ecat.pcbcafe.com/PCB_Design_Tools/index.php
http://www10.pcbcafe.com/interview/
http://www.pcbcafe.com/Downloads
http://www.pcbcafe.com/NEWS
http://www.careerscafe.com/index.php?site=EDA
http://www.pcbcafe.com/TECHNICAL
http://www.pcbcafe.com/UNIVERSITY
http://www.pcbcafe.com/BOOKS/
http://www10.pcbcafe.com/cafe_mail/mail_login.php
http://www.pcbcafe.com/SUBMIT.php
http://www10.pcbcafe.com/NEWSGROUPS/?site=PCB
http://www10.pcbcafe.com/EVENT/
http://www.pcbcafe.com/Membership.php
http://www10.pcbcafe.com/fun_stuff.php
http://www.pcbcafe.com/Advertise.php
http://www.pcbcafe.com/eCATALOG/
http://ecat.pcbcafe.com/PCB_Design_Tools/index.php
http://ecat.pcbcafe.com/PCB_Design_Tools/index.php
http://ecat.dacafe.com/PCB_Design_Tools/index.php
http://www10.pcbcafe.com/mc/index.php
http://www10.ibsystems.com/BANNER/common/ad_tracker.php?image_id=1020&tsp=200201190102371
http://www10.ibsystems.com/BANNER/common/ad_tracker.php?image_id=826&tsp=200201190102372
http://www10.ibsystems.com/BANNER/common/ad_tracker.php?image_id=808&tsp=200201190102373
http://www10.ibsystems.com/BANNER/common/ad_tracker.php?image_id=1053&tsp=200201190102381

UA723 Hysteretic Buck Regulator

Figure 13-1: Schematic for UA723 Buck Regulator
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Figure 13-2: Breadboard Collector Voltage of UA723 Buck Regulator
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Figure 13-3: Breadboard UA723 waveforms (top - output ripple, Bottom - inductor voltage)

THE i Secs.
Plpk I{L1)=617.6mA pk-pk

Figure 13-4: Ispice UA723 waveforms (top - output ripple, Bottom - inductor voltage)

Figure 13-5: Ispice Collector Voltage of UA723 Buck Regulator

Transient domain models of a switching power supplies are extremely sensitive to the transistor model, as well as the edit controls used to govern the simulation. The turn on and turn off characteristics of the transistor model must be accurate to gain any useful information from a simulation, especially at higher frequencies. Convergence can
be a major factor in the simulation of a transient domain model. By loosening the restraints on the numeric integration process (RELTOL, VNTOL, ABSTOL), convergence may be achieved, as well as a faster simulation times, at the expense of accuracy. Once convergence and proper simulation results has been established, simulation accuracy

can be increased over a shorter run time to obtain accurate results, which was done in the previous simulation results. The simulation was performed substituting transistor TIP-42, with a QSB1071A. The results of this simulation, which is shown in Figure 13-6 and Figure 13-7 correlate better to the measured data. The only difference is the
transistor model. To illustrate the importance of the .OPTIONS statement, the original simulation of circuit shown in Figure 13-1 was simulated with the following .OPTIONS statement:

.OPTIONS METHOD=GEAR RELTOL=.01 GMIN=1N
This was changed from the previous .OPTIONS statement of :

.OPTIONS METHOD=GEAR RELTOL=.001
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UA723 Hysteretic Buck Regulator

The results of this simulation are shown in Figure 13-8. Notice the shape of the TIP-42 collector wave form.

Figure 13-6:

spice Collector Voltage of UA723 Buck Regulator With QSB1071A
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Figure 13-7: Ispice UA723 waveforms (top - output ripple, Bottom - inductor voltage) With QSB1071A
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Figure 13-8: Ispice UA723 waveforms (top - output ripple, Bottom - inductor voltage) With TIP-42
Condition Breadboard TIP-42 TIP-42* QSB1071A
Frequency 27.82KHz 15.49KHz 14.29KHz 16.72KHz
Vout pk-pk 244mv 422mv 626mV 376mVv
Vout 5.22V 5.27V 5.28 VvV 5.24Vv
Inductor 308mA 517.6mA 550.8mA 494.7mA
Current
Run Time NA 82.93 Sec 27.31 Sec 68.42 Sec

Table 13-1:Summary of Results

*.OPTIONS METHOD=GEAR RELTOL=.01 GMIN=1N
The results indicate a trade off between simulation run time and simulation accuracy. Also, the selection on the transistor can have dramatic effects on the results of the simulation.

The simulation results do not correlate well to the hardware. A possible cause is the ESR of a Mallory TDC106K505WSG 10uF capacitor, C2. The feedback loop is originated at the collector of the PNP transistor to avoid sensitivity to the ESR of the output capacitor. However, investigation into the poor correlation indicates that the circuit is
sensitive to the ESR of capacitor C2. A measurement of the ESR was made using a HP 3577A network analyzer, which is shown in Figure 13-10.

The setup to make the measurement of capacitor C2, inverted the signal, which is why the ESR measurement is inverted. The ESR of capacitor C2 is dependant on frequency. The hardware frequency is approximately 27KHz. The ESR at this frequency is approximately 386 mohms.

http://www.pcbcafe.com/BOOKS/SpiceHandBook/05_chapter04-04.php (3 of 7) [19/01/2002 22:04:17]



UA723 Hysteretic Buck Regulator

Another schematic, which reflects the appropriate ESR of C2 and the DCR of inductor L1, is shown below in Figure 13-9. The schematic includes the circuitry that was used to measure the transient response of the hardware.

The measured and simulated data is shown in Figure 13-10 through Figure 13-15.
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Figure 13-9: UA723 Buck Regulator with Measured ESR and DCR
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Figure 13-10: Measured ESR of C2

A precarious dilemma results when creating a model that can accurately depict a transient response of the converter as well as the output ripple. The ESR of capacitor C2 is a function of frequency. When simulating the output ripple of the converter, the frequency is essentially constant, approximately 25KHz. However, when the converter
encounters a transient, the response is at a much lower frequency, approximately 5KHz. ESR for the transient response simulation is different from the output ripple simulation. The solution is to either create a capacitor model that has ESR, which varies with frequency, or change the ESR to the appropriate value for each simulation. The ESR
of capacitor C2 maintains relatively constant from 5KHz through 20KHz, but varies immensely outside of these frequencies.

In correlating to the transient response, many difficulties arose. The ESR of C2 determines the magnitude of the transient response, as well as the frequency of the output ripple. Varying the ESR of C2, varies where in the period of the output ripple that the transient occurred. A larger magnitude of the transient response corresponds to the
transient occurring while the transistor is conducting, which indicates that the simulation results are dependent on when the transient occurs.
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UA723 Hysteretic Buck Regulator
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Figure 13-11: Measured UA723 Buck Regulator Transient Response
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Figure 13-12: Ispice UA723 Buck Regulator Transient Response
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Figure 13-15: Micro-Cap V UA723 Buck Regulator Transient Response

http://www.pcbcafe.com/BOOKS/SpiceHandBook/05_chapter04-04.php (5 of 7) [19/01/2002 22:04:17]



UA723 Hysteretic Buck Regulator
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Figure 13-3: Breadboard UA723 waveforms (top - output ripple, Bottom - inductor voltage)
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Figure 13-13: Ispice UA723 Buck Regulator Output Ripple
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Figure 13-14: Micro-Cap V UA723 Buck Regulator Output Ripple

Condition Breadboard Ispice Micro-Cap
\2
Frequency 27.82KHz 21.3KHz 22KHz
Vout (pk-pk) 244mv 246mv 292mv
Vout (Avg) 522V 5.21 5.11
Inductor Current 308mA 395.9mA 396mA
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UA723 Hysteretic Buck Regulator

Transient Response (pk- 1.6V 1.63v 1.30v
pk)
‘ Response Duration 90us ‘ 97us 88us
Run Time of NA 147.88 | 74.56 sec
sec
Transient Response

Table 13-2: Summary of Results

The circuit consisted of too many nodes for the Pspice evaluation version.
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The SG1524A advanced regulating pulse width modulator can be configured to Expeditian"' Series
create a voltage mode controlled buck regulator. This type of regulator will
produce an output voltage which is proportional to the duty cycle. The duty cycle is

a function of input voltage and loading. The switched voltage is averaged by an L-C
filter, which produces a DC output voltage.

There are two types of models that can be utilized to analyze switching circuits.
The first is an averaged or state space model, which represent the operation of the
switching circuit via linear techniques. All linear circuits fall into the category of
average models. The benefits of using an average model are, extremely fast
simulation times, reasonable accuracy, and they support AC as well as transient
domain simulations. Averaged models can be used for predicting phase and gain
margins, conducted susceptibility, and input and output impedance.

Transient models represent the actual function of the circuit in the time domain.
This type of model is useful in determining the time domain characteristics of a
circuit. These models can be very accurate, and display switching spikes, ripple,
and propagation delays, and other transient characteristics associated with
switching circuits. There are two major disadvantages to using a transient model.
Because the simulation accurately models the time domain switching
characteristics of the circuit, a simulation run can take a considerable amount of
time. Higher frequency circuits require smaller step sizes to accurately predict the
time domain characteristics, which increases simulation run times. Transient
models cannot be used to determine the AC characteristics of a circuit.

The schematic of the SG1524 Buck Regulator is shown in Figure 24-1. The values
of the capacitors and resistors are measured values.
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Figure 14-1: Schematic of SG1524 Buck Regulator

The phase and gain margins were measured using an average model of the

SG1524 buck regulator. The Schematic of the average model is shown in Figure 14-
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Figure 14-2: SG1524 Buck Regulator Average Model

There are five parameters that must be passed to the average SG1524 model.

T=6.44uSec Switching Period

TO=300nSec Dead Time

http://www.pcbcafe.com/BOOKS/SpiceHandBook/05_chapter04-05.php (2 of 12) [19/01/2002 22:04:39]




1524A Buck Regulator

TS=100nSec Transistor Storage Time
EP=3.7V Peak Saw Voltage

EO=.85V Minimum Saw Voltage

These values were measured on the breadboard circuit, which is shown in Figure
14-3 and Figure 14-4.

AT 104ns
l@: —52ns

Chi 5V 5V M 50ns Chl 7 200mV
20 Feb 1998
13:34:26

Figure 14-3: Transistor Storage Time
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Figure 14-4: Saw Wave Form Resulting from Rt and Ct

The following equations are used to predict the pole and zero locations of the
feedback loop. The output filter causes a double pole at:

o f
L4 :=10010

o fi
Cp=22010

_ 1
Fy:=

Fy=1.07310F

One of these two poles is canceled by R17 and C7

R 722140
Coniz6.310°
Fp= 1|
2R |70y
Fq=1.00410

A third pole is created by capacitor C8, and Resistor R19

Ry g:=4610
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L i
Cygo= 0110
]_-'-'3 ::;
F3 =345 238

A zero is caused by the output filter capacitor, and the ESR of the output filter
capacitor.

C 4 =22010°
Ry 5:=100107
Fg=— ' |

2mR5Cq
F 4 =7.23410°

This zero gets cancelled by R18, and C7

Coqi=6.3107°
Ryg:=1.42810°
SN S
2R 5C 7
F5=163510°

Because the ESR of the output filter capacitor creates a zero, it is essential to
measure this term. The ESR measurement of output filter capacitor C6 is shown
below in Figure 14-3. The ESR is approximately equal to 100mOhms at the
bandwidth of the converter.
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Figure 14-5: ESR of Output Filter Capacitor C6

http://www.pcbcafe.com/BOOKS/SpiceHandBook/05_chapter04-05.php (6 of 12) [19/01/2002 22:04:39]



1524A Buck Regulator

REF LEVEL /DIV MARKER 12 071.403Hz
©.co0dB 10.000d8 MAG (A/R) —0.226d8
~24.000deg 50.000deg MARKER 12 074.403Hz
PHASE (A/R)

T T YT T

H H §

!

103. 145deg

1 T

P 1 {

|

ARG O 0 U1 PN NS DAL 1 3 ORS00 I Y
100 1K 10K 100K
START 4100.000HZ STOR 4 000 000.000Hz

Figure 14-6: Measured Phase and Gain Margins
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Figure 14-7: Simulated Phase and Gain Margins

The transient domain model shown in Figure 14-1 was used to measure output
ripple voltage, transient response, gate voltage and inductor current. This model
properly predicts the cycle by cycle switching effects of the regulator.
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Figure 14-10: Measured Transient Response

http://www.pcbcafe.com/BOOKS/SpiceHandBook/05_chapter04-05.php (8 of 12) [19/01/2002 22:04:39]



1524A Buck Regulator

5100

5006
zZ
2
£ 4800
2 T 304 B

< 4910 >
4.800
4.700
5 500M £ 500M T 500M 7 500M 9 500M
TIKE in Secs

= 2310y = - 100.8M

Figure 14-11: Simulated Transient Response
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Figure 14-12: Measured Output Inductor Current and Gate Drive Voltage
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Figure 14-14: Measured Turn On of SG1524 Buck Regulator
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Figure 14-15: Simulated Turn On of SG1524 Buck Regulator Using Transient Model
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Figure 14-16: Simulated Turn On of SG1524 Buck Regulator Using Average Model
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Current

http://www.pcbcafe.com/BOOKS/SpiceHandBook/05_chapter04-05.php (11 of 12) [19/01/2002 22:04:39]



1524A Buck Regulator

Table 14-1: Spice Statistics (The SG1524 model is only available in Ispice)

File Name Type of Type of Run Time
Simulation Model
AVG_TON Transient Average 2.98 Sec
1524 _TON Transient Transient 514.73 Sec
AVG_TRAN Transient Average 3.08 Sec
SG1524 Transient Transient 1713.58 Sec
AVG1524 AC Average 1.02 Sec

Copyright 2002, PCBCafe.
1-888-44-WEB-44
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#15: Low Drop Out Regulator @—’@

Multiple output power converters may not provide regulation that is good enough Expeditian"' Series
to meet the requirements of every output. The regulation of a single output of the
converter may require some type of post regulation to meet the regulation

requirements of that output. In many applications a simple three terminal
regulator may be used. However, some applications may be sensitive to efficiency.
In these applications the use of a low drop out linear regulator, which is shown in
Figure 15-1, may be used to meet the specific regulation requirements of a
particular output.

This circuit utilizes a Mosfet as a source follower. The Mosfet is controlled by a
TL431 shunt regulator integrated circuit. The Mosfet reduces the minimum input-
to-output differential or headroom of 1.5V to 2V of a typical three terminal
regulator, down to the product of the output current and the ON resistance on the
Mosfet. The lower the on resistance of the Mosfet used in the circuit, the lower the
headroom of the regulator. This circuit requires a bias voltage for the Mosfet gate,
which must be several volts greater than the output voltage. If a large enough
voltage is not available in the power convert, then a CMOS charge pump can be
used to generate it.

The dominant pole is created by the source impedance of the Mosfet, and the
output capacitor. A second pole is created by the Mosfet’s Ciss and its driving
impedance. Therefore, the Mosfet is the major contributor to the accuracy of the
phase and gain margin measurements. A zero is contributed by the compensation
of the TL431, R2 and C1, which has a corner frequency of approximately 12.8KHz.

In order measure the control loop stability of the regulator, a simple modification
to the circuit was made. L1 and C3 were added to the circuit to effectively open
the control loop of the regulator. This allows AC phase and gain measurements to
be made. A simple ICL script can be implemented to reduce the computations that
must be made in the post processor. The ESR of capacitor C2 is shown in Figure
15-2. The simulated and measured results are shown in Figure 15-3 through
Figure 15-8.
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Figure 15-1:
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TL431 Low Drop Out Linear Regulator Circuit



Low Drop Out Regulator

REF LEVEL /DIV MARKER 62 714.125Hz

200.00E~-3 REAL (A/R) —124.80E-3

60.000deg MARKER 52 714.125Hz
PHASE (A/R) 128.430deg
- S s ST -

!
\
SRS SPIESU MUY RS S5SNI SO T Sl 8% |

10K 100K 1M
START 4100.000HZ STOP 1 000 000.000HZ
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Figure 15-3: Measured Low Drop Out Regulator Phase and Gain Margins
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Figure 15-4: Simulated Low Drop Out Regulator Phase and Gain Margins
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Low Drop Out Regulator

Note: Poor Phase margin correlation. Role off occurs at100KHz, rather than
10KHz.
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Figure 15-6: Measured Low Drop Out Regulator Turn On
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Low Drop Out Regulator
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Figure 15-7: Measured Low Drop Out Regulator Transient Response
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Figure 15-8: Simulateded Low Drop Out Regulator Transient Response

The poor correlation of the phase and gain margins can be addressed and
corrected. The major player in the phase and gain margins is the Mosfet. The
Mosfet used in the hardware, is a IRF641, which is not available in the Ispice
libraries. To select a Mosfet which is an appropriate match, the data sheet needs
to be evaluated as well as correlation to the phase and gain margins of the
regulator. Because the dominant poles are determined by the characteristics of the
Mosfet model, selection of a substitute model requires verification of the phase
and gain characteristics dictated by the use of a particular model. Mosfets can be
difficult to model, and they are notorious for being inaccurate. Rather that building
a Mosfet model of the IRF641, an alternate solution was chosen to obtain
correlation to the TL431 regulator circuit. To correlate to this model, the correct
capacitance of the mosfet needs to be accounted for. This can be achieved by
manipulating the values of the output filter capacitor to values which create the
proper phase and gain margins. The modified schematic of this model is shown
below in Figure 15-9. The measured and simulated results are shown in Figure 15-
10 through Figure 15-15.
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Low Drop Out Regulator
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Figure 15-9: TL431 Modified Low Drop Out Linear Regulator Circuit
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Low Drop Out Regulator
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Figure 15-10: Measured Modified Low Drop Out Regulator Phase and Gain Margins
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Figure 15-11: Measured Modified Low Drop Out Regulator Phase and Gain Margins
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Figure 15-12: Measured Modified Low Drop Out Regulator Transient Response
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Low Drop Out Regulator

Figure 15-14: Measured Modified Low Drop Out Regulator Turn On
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Figure 15-15: Simulated Modified Low Drop Out Regulator Turn On
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Q00 iy
#16: STR6600 Quasi-Resonant @—’w

Discontinuous Flyback Expedition™ Series
Quasi-Resonant converters have additional desirable characteristics that

standard switching converters do not. Quasi-Resonant converters can greatly
decrease the power losses dissipated in the semiconductor components while
reducing radiated interference [Brown, 1994]. These converters accomplish this
by forcing the voltage or current into a sinusoidal waveform. The Quasi-
Resonant converter switches the MOSFET while the current or voltage is at zero,
resulting in little or no switching losses.

The following example of this type of power supply is a Zero-Current Switching
(ZCS) Quasi-Resonant power supply utilizing the STR6600 hybrid IC. The
STR6600 contains both the power MOSFET and the control circuitry for
implementing this type of power supply. In a ZCS type circuit, the current
through the power switch is forced to be sinusoidal and the transistor is
switched when this current is at or near zero.

The following circuit (Figure 16-1) shows the implementation of a Quasi-
Resonant flyback converter featuring the STR6600.

,é TESTED BORER SUPPLY CIRCUIT DIAGRAY

Figure 16-1: Circuit schematic for Quasi-resonant flyback converter
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A switching cycle begins with the turn on of the Power Mosfet, which is internal
to the STR-F6524. The current in the Mosfet rises, starting at approximately
zero amps and increasing at a rate determine by the input voltage and the
primary inductance of the power transformer.

The current generates a proportional voltage across the resistor, connected
from the source pin to the input return A control signal is added to the current
signal via a resistor connected from the source pint to the OCP pin, allowing a
voltage or current injection into the OCP pin. The Mosfet will be turned off when
the sum of the source current and the control signal reach 0.73 volts.

After the Mosfet turns off, the drain voltage rises and the primary peak current
is delivered to the load. The current then falls at a rate determined by the
output voltage and the primary inductance. Once the energy in the primary
inductance is depleted, the drain voltage falls, in accordance with the resonant
characteristics of the primary inductance and the resonant capacitance (plus the
primary transformer capacitance and the Mosfet output capacitance).

Several modifications have been made to the values listed on the schematic,
based on actual measurements of the components. Resistor R5 is actually 0.14
Ohms in the breadboard. The primary inductance of the power transformer
measured 324 uHy. The output capacitor measured 200 uFd with an ESR of
0.13 Ohms.

Construction of the SPICE model to measure the AC characteristics of this circuit
made some simplifications. The low power outputs have a negligible effect on
the AC characteristics of the control loop, and are not included in the SPICE
model. The SPICE model schematic is shown in Figure 16-2.

The control loop was effectively opened for the open loop test by injecting a
voltage source directly into the FB/OCP pin. This voltage was adjusted to
provide an output voltage of approximately 102 volts. For the closed loop test,
this external voltage source was not used.

In the SPICE model, when the closed loop bode plot was measured, L1 was
increased to 1 H and C3 was increased to 1 F.
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STR-F6524
LYY |

l L1 1P C3 1P
R1

250 AC
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8 1 5 T
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+ 2P0 158| o o 17 L
- Average Model Cc1

51ks 3300 R4 680

Figure 16-2: SPICE model of average mode operation of Quasi-Resonant Flyback

Measurements on the breadboard configuration were made at several output
capacitor values. The results are shown in Figure 16-3. The SPICE model was
simulated at Vin=110 VDC [85 volts AC], with the 200 uF output capacitor. The
results of the SPICE model are shown in Figure 16-4.
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11/26/1997 14:66 66289097198 ANALYTICAL ENGRG PAGE 81

GAIN- PHASE CHARACTERISTICS OF THE POWER SUPPLY TEST BOARD
USING STRF-6524
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Figure 16-4: I1sSpice bode plot results (Vin=110DC [85AC], Cout=200uF)

Comparing the results of Figure 16-3 and 16-4, the phase margin is 78 degrees
in the breadboard plot, compared to 79.6 degrees in the IsSpice plot. The
crossover in the breadboard plot was 800 Khz, compared to 783 Khz in the
IsSpice plot. The general shapes of the curves are also very similar.

The modulation gain of the test circuit was also measured. The modulation gain
is the gain from the output of the opto-coupler to the output of the STR-F6524
average mode model. The breadboard results are shown in Figure 16-5. The
IsSpice results are shown in Figure 16-6.
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Figure 16-5: breadboard modulation gain bode plot
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Figure 16-6: IsSpice modulation gain bode plot

Output impedance was measured on both the breadboard and the IsSpice
model. To simulate the output impedance, the voltage source V4 was changed
to AC 1P and the current source on the output was changed to AC 1. The
breadboard measurements are shown in Figure 16-7 while the IsSpice results
are shown in Figure 16-8.

 QUTPUT IHPEDBACE (OPEN LOOP)
VMR 1B
WE ey

ooh over-cme Vo \@E~

- 2o Vme

GHN 3 i QLR |
BHN-0 d SF REAMK

T Ty

Figure 16-7: Breadboard open loop output impedance
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Figure 16-8: IsSpice open loop output impedance

The simulation results from Microcap and Pspice for the control loop
characteristics of the Quasi-Resonant converter are shown in Figure 16-9 and
16-10.
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Figure 16-9: Microcap bode plot results
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Figure 16-10: Pspice bode plot results
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Run Time Summary

IsSpice v 7.6 PsPice v 6.3 Micro-Cap V v2

0.833 Sec 0.20 Sec 0.32 Sec

Advantages: Reduced MOSFET switching losses, reduced EMI

Disadvantages: Added circuit complexity, increased cost from additional
components

Filenames: STR6500 (IsSpice) str_3 (Microcap) str_2 (Pspice)

Copyright 2002, PCBCafe.
1-888-44-WEB-44
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Electronic Load Circuits Expedition™ Series

Power conversion circuits can be designed to provide large amounts of
output power. In order to test these high power output circuits, a load
must be created that can safely dissipate the maximum power of the
power converter. There are two ways to dissipate this power. Using high
wattage rating resistors is a typical solution. However, by definition,
these resistors are large and bulky. If the designer wishes to test the
power converter at different loads, more resistors must be purchased.
When the power dissipation required is very large (> 200W), power
resistors required to dissipate this load can become unwieldy.

The second alternative is an electronic load. This device is a circuit that
has a controllable switch (typically a Darlington configured pair of
bipolar transistors or a MOSFET) that can be modulated to conduct any
level of current the user desires. An example of an electronic load circuit
is presented in this chapter. The electronic load will be constructed piece
by piece and tested separately. When all the pieces are constructed and
simulated, the whole sum of the electronic load can be assembled and
tested as a unit.
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#17: Power Section of an Electronic Load

The power section in this electronic load will be a power N-Channel Mosfet. This
design utilizes an IRF250 manufactured by International RectifierO . If a
substitute part is used, pick a Mosfet that has the power, drain to source voltage,
and current rating required for your range, and try to minimize drain to source on

resistance. The schematic of the power Mosfet and drive circuitry is shown in
Figure 17-1.

D20 DN4148  D22DN4148 1 DN414g

N 2 N 2 N
1 L1 1

8 12

100K

Q4

aN2907A)

Qi D19 DN4148

IRF250

R7 1K C1 470P R4 22
4

e

R9 1K

I
g
0-5 Volt Current Select Voltage Vi)

R12
10K

R10

° 10K
vi5)
vee

R13 10K

Figure 17-1: Schematic of Electronic Load Power stage

o Breadboard Tip: Although SPICE does not need bypass capacitors,
breadboard circuits do! .01uF capacitors from VCC and VEE to
ground may be necessary to extract full performance from this
circuit. The supply for the Operational Amplifier should be > + 10v
(The breadboard in this example used +15 volts). Also, if high
currents are being supplied by the electronic load, make sure the
Mosfet is heat sunk or air cooled and also make sure the 0.1 ohm

sense resistor has a wattage rating appropriate to the current
through it.

The connections for the output power supply under test are shown in Figure 17-1
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as + Load and - Load. Load current passes through the 0.1 ohm sense resistor
(R1) and is sensed by an operational amplifier (X7) operating as a differential
amplifier (R11, R12, R10, R13). The differential amplifier creates a voltage
representation of the current, which is sensed by the inverting terminal of another
operational amplifier (X2 via R5). This signal is compared to a 0-5 volt reference
corresponding to 0-5 Amps of current (sensed by the non-inverting terminal of
X2). An RC filter is used to filter noise spikes on the reference voltage (R9 and
C2). The output of X2 provides gate voltage to the power Mosfet (Q1). R4 is a
gate resistor used to limit the current in the gate and to avoid any self oscillations
of the Mosfet due to noise. Components R7 and C1 provide compensation for the
control loop.

One nice bonus feature of this circuit is provided by the 1N4148 diodes (D19-
D22) and the 2N2907A PNP transistor (Q4). This circuit serves to limit inrush
current (and subsequent overshoot) of the output power supply under test when
the electronic load is first activated. When there is no voltage on the output load,
the control operational amplifier is usually railed high. The diode circuit clamps
this output at a voltage just beneath the turn on of the Mosfet (close to 2.4 volts)
in order to prevent this occurrence. When the power supply under test is
connected (and exceeds the 2.4 volt clamp level), the regulation swing of the
output of the Op-amp is much less than if the Op-amp had been railed, allowing
for a much faster response and a controlled turn on.

The SPICE transient model for this circuit is shown in Figure 17-2. Notice the
additional 10 mOhm resistor (R14) that exists on the SPICE model and not our
schematic. This is inserted in order to partially represent the characteristics of the
cabling. There can be an inductive part to this as well, however, it is important to
note that the cabling will have an effect on the slew rate of the current regulation.
The SPICE AC model is shown in Figure 17-3.

I N | ERENN |
1 A %

V2
15

V3
13 R7 1K C1 470P
4

1

VEE R11
i S 10K 31

- R12
10K

R10
10K
R14
10M

R13 10K

Figure 17-2: SPICE Schematic of Electronic Load Power stage (transient)
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Figure 17-3: SPICE Schematic of Electronic Load Power stage (AC)

There were three measurements taken of the breadboard in order to correlate to
the SPICE results. Figure 17-4A is a plot of the turn on of the current regulator.
Figure 17-5A is a plot of the load current response to a stepped reference voltage.
Figure 17-6A is a plot of the current regulator loop. The IsSpice results of these
measurements are shown in Figures 17-4B, 17-5B, and 17-6B.

5 Acqs

Tek SETE SM57s

[T
Lt

—

24

W T00mv  ChZ 10V M 10ms ChZ S 5.6V

21 Jan 1998
15:15:17

Figure 17-4A: Breadboard turn on plot (Top-current 1v=1A, Bottom-Drain voltage of
Fet)
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Figure 17-4B: IsSpice turn on plot
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Figure 17-5A: Breadboard step response (Bottom-current 1v=1A, Top-select voltage
step)
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Figure 17-5B: IsSpice Current Step response
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Figure 17-6A: Breadboard current regulator bode plot
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Figure 17-6B: IsSpice Current loop bode plot

Equivalent models were used from Pspice and Microcap. The results are shown in
Figures 17-7 through 17-8. Note the IRF250 model was not available in the demo
version of Pspice; the IRF150 was used as a substitute.

£0000m 9900 MG L:OAD CIR 'I':emperatura: =27
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Figure 17-7A: Microcap turn on plot
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Figure 17-7B: Microcap current step response
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Figure 17-8A: Pspice turn on plot
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Figure 17-8C: Pspice current loop Bode plot

Examining the results of the SPICE simulations, it is noted all of the simulations
show the slight current charging at the beginning of the turn on plot to some
degree. This charging is due to the drain to source capacitance of the MOSFET
model used in the simulation. Since all the models are slightly different, the
results are not unexpected. Also as a result of the differences in the MOSFET
models is the distribution of the bode plots. A summary of the phase margin and
the crossover frequency of each of the simulators and the breadboard is shown in
Table 17-1.

Phase Margin | Crossover
Pspice 86 deg 49.29 Khz
Microcap 84 deg 44.73 Khz
IsSpice 100.4 deg 93.7 Khz
Breadboard 86 deg 139 Khz

Table 17-1: Bode plot results summary

The results in Table 17-1 suggest the loop characteristics are heavily dependant
on the characteristics of the Mosfet.
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Run Time Summary

IsSpice v 7.6 Pspice v 6.3 Micro-Cap V v2

12.71 Sec 1.61 Sec 133.9 Sec

Advantages: no current overshoot at turn on, good loop characteristics

Disadvantages: loop characteristics are heavily dependant on Mosfet
selection

Filenames: fetloadl, fetload2, fetload3 (IsSpice) mc_load, mc_load2, mc_load3
(Micro-cap) floadl, fload2, fload3 (Pspice)

Copyright 2002, PCBCafe.
1-888-44-WEB-44
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#18: Positive DC to Negative DC
Comparator converter

One inconvenience associated with using operational amplifiers is the dual
positive and negative power supplies that are frequently required. As a
convenience, and to limit the power source of our electronic load box to one
power supply, we will include the following circuit in our electronic load. The
circuit takes a 15 volt DC signal and converts it to a -11 volt DC signal. The
schematic for this circuit is shown in Figure 18-1. Note: Values shown are actual
lab values of circuit. Standard resistor values shown in parentheses.

R&6
980

(100p]

(1K) V(8)
COMP
R5 46.4K
- —<
(47K) —
(47K)
R1 46.3K
V(6
£ o agsy D1 DN4002 o(u)
SR K NI s
i voo ] Kd
15 5 _ (0.47u)
i / R4 cs
- agiy 416U
(18K) D2
L (1:2199 LM111T] DN4002 (0.47u)

Figure 18-1: DC positive to DC negative converter schematic

The converter is powered by a external +15 volt DC supply. This voltage is
divided down by R1 and R2 to form a 7.5 volt reference. The 7.5 volts on the
non-inverting pin and the low voltage on the inverting pin causes the output to
go to an open collector state (which is tied to the same +15 volt source through
a 1K pull up resistor). This charges capacitor C1 through resistor R4. When the
voltage on C1 exceeds the 7.5 volt reference, the output switches to a low
state, adding the hysteresis resistor R5 into the divider. The new reference
voltage is now 5 volts. The C1 capacitor now discharges through R4 and the
oscillator is created. Capacitors C2 and C3, along with diodes D1 and D2 uses
the square wave generated by the oscillator and rectifies it to a DC negative
voltage.

The Breadboard plots of the waveforms at the inverting pin and the output pin
of the LM111 are shown in Figure 18-2. The DC output voltage of the
breadboard measured -13.68 volts. The Microcap waveforms are shown in
Figure 18-3. The Microcap DC output voltage of the circuit measured -12.393
volts.
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Positive DC to Negative DC Comparator converter
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Figure 18-1: Breadboard waveforms (Top-pin 7 of LM111, Bottom - pin 3 of LM111)
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Figure 18-2: Microcap waveforms (Top-pin 7 of LM111, Bottom - pin 3 of LM111)

The positive DC to negative DC comparator converter was also simulated using
Pspice and IsSpice. The inverting pin and output pin waveforms of the LM111
are shown in Figures 18-3 and 18-4. A summary of the DC output voltages of all
three simulators compared to the breadboard results is shown in Table 18-1.
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Figure 18-3: Pspice waveforms (Top-pin 7 of LM111, Bottom - pin 3 of LM111)

40.00 2000

S Arar

20,00

NE®G in Vol
COMP in Vol

10.000 - 10000

Q9100 Qo.ou 995,00 Q9700 Qoa.0u0
TIME in Secs

Figure 18-4: IsSpice waveforms (Top-pin 7 of LM111, Bottom - pin 3 of LM111)

DC output voltage of circuit
Pspice -11.000 Volts
Microcap -12.393 Volts
IsSpice -10.000 Volts
Breadboard -13.68 Volts

Table 18-1: DC output comparison summary

o SPICE Tip: Notice in Table 18-1, the IsSpice simulator gave us the
wrong DC output voltage! Examining the model for the LM111 in
IsSpice reveals the output comparator is limited internally to 10
volts. IsSpice has 5 models for the LM111 family of devices. None
of these models worked correctly with this circuit. Also, none of
these models use the typical propagation delay of the LM111 as a
parameter in the model. This circuit is heavily effected by
variations in the propagation delay. You can see this effect if you
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Positive DC to Negative DC Comparator converter

examine the results of Figures 18-1 and 18-2. The capacitor
voltage continues to charge past what should have been the
reference voltage. This creates an error term in the final negative
output voltage of the circuit. The Texas Instruments 0 Data book
does not specify a minimum propagation delay, so theoretically,
the propagation delay of the Intusoft models are not incorrect,
however, they are probably not realistic either. The Pspice model
for the LM111 also does not work properly and appears to be
clamped at 9 volts. Only the Microcap model was close to the
breadboard results.

Run Time Summary
IsSpice v 7.6 Pspice v 6.3 Micro-Cap V v2

65.033 Sec 47.59 Sec 48.00 Sec

Advantages: low parts count, only requires one lab supply to drive Op-Amps

Disadvantages: Negative output highly dependent on propagation delay of
LM111, negative drive current capability limited by LM111.

Filenames: pos2neg (IsSpice) pos2negp (Pspice) pos2negm (Microcap)

Copyright 2002, PCBCafe.
1-888-44-WEB-44
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#19: Built-in Variable Electronic Load @-’@

Adjustment Expedition™ Series
The final piece in the Mosfet Electronic load puzzle is a method of adjusting the
current limit. A simplistic, yet flexible circuit to accomplish this is shown in

Figure 19-1.
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Figure 19-1: Electronic load reference and pulse load schematic

This circuit gives the user the option to use a DC current, or to use a pulsed
current as a load (useful for checking load switching transients of power
supplies). The 15 volt input signal is dropped to 10 volts by a 5 volt zener in
series. Switch A selects between the simple potentiometer voltage divider circuit
(limited to 5 volts maximum by the divider resistors), or the pulse load. The
pulse is generated by the same basic circuit as in the positive to negative DC
circuit in circuit #51. Capacitor C1 and resistor R4 are increased in order to slow
the pulse down to 150 Hz. An analog switch is used to switch between the lower
voltage level (set by R7-R9) and the upper voltage level (set by R10, R12).
Potentiometers R7 and R10 set the lower and upper voltage levels from O to 5
volts. The equivalent simulation schematic is shown in Figure 19-2.
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Built-in Variable Electronic Load Adjustment
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Figure 19-2: Electronic load reference and pulse load SPICE schematic

The breadboard pulse load waveform (from 300mA to 5 A) is shown in Figure 19-
3. The IsSpice simulation results are shown in Figure 19-4. Microcap and Pspice
results are shown in Figures 19-5 and 19-6. In Figures 19-3 through 19-6, the
top waveform is the output of the comparator and the bottom waveform is the
output of the analog switch (which would then be connected to the electronic
load in Circuit #17.

ek Run: 50KkS/s Sample  LEFK
H I. T 1
H L i L)
. . . +
- e (NI
' ' ' ' 1 ch2rreq
o ] 163.4 H2Z
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10:49:10

Figure 19-3: Electronic load reference pulse output waveforms
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Figure 19-4: IsSpice simulation results: reference pulse output waveforms
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Figure 19-5: Ppice simulation results: reference pulse output waveforms

Figure 19-6: Microcap simulation results: reference pulse output waveforms

]

http://iwww.

SPICE Tip: The three simulators have slightly different switch
models. The IsSpice model used is the PSW1 switch. The
parameters passed are VON=7 RON=100 VOFF=2 ROFF=100MEG.
The Pspice simulation used a model called Sbreak. The Microcap
simulation used the Switch model under the Analog
Primitives>Miscellaneous menu. The parameters passed are
V,2,15,100,100MEG.
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Built-in Variable Electronic Load Adjustment

Run Time Summary

IsSpice v 7.6 Pspice v 6.3 Micro-Cap V v2

6.483 Sec 23.33 Sec 24.448 Sec

Advantages: good pulse amplitude range (100 mV to 5V), runs from single
supply

Disadvantages: high parts count when compared to other solutions.

Filenames: mod1l (IsSpice) mod2 (Pspice) mod3 (Microcap)

Copyright 2002, PCBCafe.
1-888-44-WEB-44
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#20: Electronic Load using Power BJT %ﬁv

Transistors Expedition™ Series
Figure 20-1 shows the power transistor and sensing circuitry. The entire

assembly is powered by a 12 volt DC signal. The collector of transistor Q3 is
connected to the +12 volt supply. The emitter of Q3 feeds two high power
transistors (Q1 and Q2) connected in a Darlington configuration. The output of
the converter that is being tested is connected to the + and - terminals of the
assembly as shown in Figure 20-1. The current passes through Q2, through
power resistor R5, through sensing resistor R6, and returns to the negative
terminal of the converter. The voltage across sense resistor R6 is sensed
through two 1K resistors (R7, R9) and fed into the input terminals of an TL0O84
operational amplifier. The 1K resistors are matched in resistance in order to
minimize the effects of input offset currents of the TLO84. The TLO84 (X1) is
configured in a differential mode configuration. This allows the floating signal
across R6 to be referenced to the ground of the X2 amplifier for comparison to
the fixed voltage reference. The sensed signal from the X1 operational amplifier
is fed into the inverting terminal of the TL0O84 (X2)and compared to the fixed
reference voltage being supplied at Vc. The output of X2 feeds the base of
transistor Q3, thereby completing the loop and allowing exact control of the load
current. Capacitor C1 ensures stability. Resistors R2-R4 provide noise immunity
so stray currents do not turn on or off the transistors. Resistor R1 and R11
reduce switching spikes while still providing high slew rate.
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Electronic Load using Power BJT Transistors
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Figure 20-1: DC output comparison summary

One problem (or should we say challenge) of designing this type of circuit is to
ensure the Darlington pair transistors are not overstressed by causing them to
dissipate too much power. The maximum power the transistor can dissipate
decreases with increasing collector-emitter voltage.
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Figure 20-2: Current reference and power limiter schematic

A circuit was designed for this load which allows the electronic load to take full
advantage of the power rating of the power transistor. This circuit is shown in
Figure 20-2. The collector-emitter voltage is sensed through D3 and R12. The
voltage signal is fed into the inverting terminal of the operational amplifier X1
(UA741). This voltage is compared to a reference voltage, generated by a ten
volt precision reference IC. At collector-emitter voltages of less than 10 volts,
the load is limited to 10 amps. As the collector-emitter voltage increases,
transistors Q1 and Q2 turn on and, utilizing non linear feedback, allows the
limiter circuit to approximate the 110/V load. Above 50 volts, a diode coupled
divider substantially increases the slope to limit the transistor within the I,

portion of the safe operating region. If the collector-emitter voltage exceeds
that set by this circuit, the electronic load is current limited by pulling the
control pin to ground via diode. The data book current limit of the transistor
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Electronic Load using Power BJT Transistors

used is shown in Figure 20-3. The resulting power curve as created by the
IsSpice model is shown in Figure 20-4 and the curve created by the breadboard
is shown in Figure 20-5. Microcap and Pspice results are shown in Figures 20-6
and 20-7 respectively.

Click Here to see the larger Image

Figure 20-3: Collector Current vs. Vce voltage for 2N3055 (reprinted with permission
from Motorola Inc. 0 )

1200 St [ R
= 1035 =

*_30.00 :
<HE0AM =

<00 0hd

VOUT in VaolE

-0 OM

10000 2000 3000 4000 60,00
w4in Volts
Jx = 19.90 Ay = -604.3M

Figure 20-4: IsSpice results of safe operation region circuitry
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Figure 20-5: Breadboard results of safe operation region circuitry

Click Here to see the larger Image

Figure 20-6: Microcap results of safe operation region circuitry
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Figure 20-7: Pspice results of safe operation region circuitry

Run Time Summary
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Electronic Load using Power BJT Transistors

IsSpice v 7.6 Pspice v 6.3 Micro-Cap V v2

2.05 Sec 6.77 Sec 2.94 Sec

Advantages: BJT transistors less expensive (typically) than Mosfet
transistors

Disadvantages: Extra circuitry required to create power limiting of
transistors

Filenames: Load (IsSpice) Load_mc (Microcap) PS_Load (Pspice)

References

Motorola, 1982. Motorola Power Data Book. Third
Edition.

Parker, Sybil, ed. 1984. Concise Encyclopedia of
Science and Technology. New York: McGraw Hill

Texas Instruments, 1992. Linear Circuits Data Book
Volume 3.

Van Valkenburg, M.E. 1982. Analog Filter Design.
New York: Harcort Brace Jovanovich College
Publishers.

Copyright 2002, PCBCafe.
1-888-44-WEB-44

http://www.pcbcafe.com/BOOKS/SpiceHandBook/06_chapter05-05.php (5 of 5) [19/01/2002 22:06:20]



http://www.pchbcafe.com/BOOK S/SpiceHandBook/I mage698.gif

R10
R124.7K
1
AYAYAY M
100k FOT
(3]
RE COMP 7
1K
RS 47K T Analog Sw itch
AYAYAY - - (Used MC14066)
DG ZM4733 Switch A
R1 47K
10 & \I// 4 2 W(E)
B VAVAY - toe
. V(5)
VEC

ol
3 g
MEG K
15 =] g 5 WL

ATK -
/ R4 g
L 5 100K
— [ C1 LM111T
B — 047U
— R7
RI 1K
a
AYAVAY
100k POT
RE
1K

http://www.pcbcafe.com/BOOKS/SpiceHandBook/Image698.gif [19/01/2002 22:06:20]



http://www.pchbcafe.com/BOOK S/SpiceHandBook/I mage699.gif

http://www.pcbcafe.com/BOOKS/SpiceHandBook/Image699.gif [19/01/2002 22:06:21]

RS 4. 64K
AAA—
V(3)
R6 COMP
1K
R5 47K
1
—AAA—— . -
— X8
; PSWW1
R1 47K V(8)
4 2
NN\ ’ + VEE oOuUT
+ V(5) 3 [ 8 P
V1 NEG — ~
10() R2 5 VCe _
47K > -
/ R4
L 6 100K
1 C1 LM111T]
— 047U
T R7 100K
AAA—
R8
4 6K



http://www.pcbcafe.com/BOOK S/SpiceHandBook/Image700.gif

Tek Run: 50kS/s  Sample LEENG|

I

1+

™M Tms CRT 7

http://www.pcbcafe.com/BOOKS/SpiceHandBook/Image700.gif [19/01/2002 22:06:21]

“3FV

Ch2 Freq
163.4 Hz

3 Feb 1998
10:49:10



http://www.pchbcafe.com/BOOK S/SpiceHandBook/Image701.gif

15.00 a0o0

S000 Too0
= 4

[

= = ]
@ B0 S BODD [t e —— R . P ———
- |
O (]

1500 2000

-2 00 1000

21000 230004 25000 27000
TIME in Secs

http://www.pcbcafe.com/BOOKS/SpiceHandBook/Image701.gif [19/01/2002 22:06:21]

29.00m



http://www.pcbcafe.com/BOOK S/SpiceHandBook/Image702.gif

18U

By

-18U

—-2080+

-38u -

28ms 21ms 22ms 23ms 24ms 25ms 26ms 2ins 28ms 29ms  30ms
o UisS1:1) [Z] vis1:4)

Time

http://www.pcbcafe.com/BOOKS/SpiceHandBook/Image702.gif [19/01/2002 22:06:21]



http://www.pcbcafe.com/BOOK S/SpiceHandBook/Image703.gif

http://www.pcbcafe.com/BOOKS/SpiceHandBook/Image703.gif [19/01/2002 22:06:22]



ITN Customer Login

Instrumentation Circuits

=>FIIN

PCBCafé.com.

Home | Companies | eCatalog | Interviews | Downloads | News | Jobs | Resources | Universities | Books

Check Mail | Submit Material | [{lfiEWJ | Events | Membership | Fun Stuff | Advertise | e-Catalog Signup
Browse eCatalog:

e-Catalog Design Services Mant . Cat. Search: | PCBCafe Al I

\.

Demo it now... /@ M PCBC f"
| : 1 obsole: plem: [
and WIN chuinicas © | e afa.com.

=
ith. Preclence™esolutions "‘E._:r-.r =

PCBCafe - Sponsored by Asia ITN, Ltd.

QR0 -

6 FreglEvaluation CD

Instrumentation Circuits Expedition™ Series

Instrumentation circuits are unique. The wide definition of
"instrumentation"” suggests these are circuits that are not central to the
operation of the system, but are critical to the testing and
implementation of that system. These circuits act as telemetry signals,
allowing remote users to monitor the inner workings of the system
without it’s disassembly. Other applications include internal test points,
which provide the same function to the test technician who would like to
monitor signals internal to the system without opening the system up or
disrupting the operation of the system

The wide variety of applications and circuits that fit under this category
also suggests individual and unique obstacles to the proper operation
and simulation of these circuits. This chapter will allow the designer to
identify those obstacles and avoid them.

Copyright 2002, PCBCafe.
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The versatility of the 555 Timer Integrated circuit is shown time and again in Expeditian“ Series
the number of circuit requirements that can be satisfied with this IC.

request a free CD loday »

The original purpose of this IC was to provide a one shot timer. A schematic for
this circuit is shown in Figure 21-1.

3 R2
76K
+
V1
15 )
VCC
6 TRIG DISCHG
— X2 UA555 THRES 1 V(1)
- RAMP
V(4) : 4 ouT 5 1
ouT s - T 2140P
c2 ——
01U —_
) < V(6) 1
TRIGGER —
V2 +
PULSE ()

Figure 21-1: Schematic of 555 One Shot Timer Circuit

When the pulse V2 transitions low, the timer is started. Capacitor C1 begins to
charge through resistor R2. During the charging time, the output of the 555 is
high. When the voltage at the threshold pin reaches 2/3 of the Vcc voltage (in
this example, the Vcc is 15 volts, so the trip point of the threshold pin is 10

volts), the output transistions low. The V2 source uses a PULSE statement of
the following syntax:

PULSE 0 15 O 100N 100N 900U 1M

The above PULSE statement translates to a square wave pulse with an
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555 Timer

amplitude from O to 15 volts, 100 nSec rise and fall times, and a 1mSec period
with a 90 % duty cycle.

[Tek Bty 200K575 T8 ACQS
i L T

Ch2 +Width
179ps
. . . L . . . Low signal
chee S S e . S S 41 amplitude

. . . =z . . . Chi Freq
1.003kHz

: : - : : : 4| Low signal

X X = X X X amplitude

Ch1 —width
97.99ps

: : : z : : : Low signal

..... - amplitude

Eii?""1'0v “CThI 70V O W2s0ps ChT L 6.2V
Ref2 100mv S00MS 22 Jan 1997
08:13:32

Figure 21-2: Breadboard input and output signal waveforms
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= 181,30 py = 1.4580

Triggerinputin Volts
Outputin Vol

Figure 21-3: IsSpice input and output signal waveforms

Examining the results of Figure 21-2 and 21-3, the operation of the 555 IC is
apparent. When the input (trigger) voltage transistions low, the clock function is
started and ends 181 uSec later (in this example).

One other interesting waveform is the threshold pin voltage. This is shown in
Figure 21-4. When the input (trigger) voltage transitions low, the capacitance of
C1 begins to charge through R2 until reaching the 2/3 Vcc voltage.

eoa7 s

Er 000

2087

Taggerinputin vots
—
—

L]

Capacisr Vokage in Vol

574 200 /l /|

iz amn

Zasma Z56m B 35600 aT6m
Time in Sece

Figure 21-4: IsSpice input and threshold signal waveforms

This circuit was also constructed in Pspice, and Microcap. The resulting
waveforms are shown in Figures 21-5 through 21-6.

http://www.pcbcafe.com/BOOKS/SpiceHandBook/07_chapter06-02.php (2 of 4) [19/01/2002 22:06:46]



555 Timer

s000 80,00 555 1SH3.CIR T -
3000 60.00
1000 40.00
-10.00 20.00
| M [ [ [
-30.00 0.00 ‘ ‘ ‘ ‘ | ‘ | ‘
S000 2000 gy 1.00m 2.00m 3.00m 400 £.00m
wid) ¥(3) () .

Figure 21-5A: Microcap input and output waveforms
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Figure 21-6A: Pspice input and output waveforms
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Figure 21-6B: Pspice input and trigger waveforms

Run Time Summary

IsSpice v 7.6 PsPice v 6.3 Micro-Cap V v2

17.783 Sec 4.11 Sec 84.8 Sec

Advantages: Low parts count

Disadvantages:

Filenames: 555 1sht (IsSpice) 555_1sh3 (Micro-cap) 555_1sh2 (Pspice)

Copyright 2002, PCBCafe.
1-888-44-WEB-44

http://www.pcbcafe.com/BOOKS/SpiceHandBook/07_chapter06-02.php (4 of 4) [19/01/2002 22:06:46]



ITN Customer Login

555 Missing Pulse Detector

=>FIIN

PCBCafé.com.

Home | Companies | eCatalog | Interviews | Downloads | News | Jobs | Resources | Universities | Books

Check Mail | Submit Material | [{lfiEWJ | Events | Membership | Fun Stuff | Advertise | e-Catalog Signup
Browse eCatalog:

£-Catalog Design Services Manufactur. Cat. Search: | PCBCafe |l | |_oo |

Jern e o = A -
aﬁg{]w}ﬂ!ﬂ;hmﬁ ) mmmﬂlw .;.-’:‘%“,_ PCBcai@.COI‘I'I.

eclence™solutions TRECIE

PCBCafe - Sponsored by Asia ITN, Ltd.

QR0

SR
#22: 555 Missing Pulse Detector @—’w

With a few components, the 555 timer can be configured to detect missing Expeditian“ Series
pulses in a data stream. The schematic configuration for this type of

configuration is shown in Figure 22-1. requesl a free CD today »

heiis

Figure 22-1: 555 Configured as a missing pulse detection circuit

This circuit is actually a clever use of the timer characteristic of the 555. As long
as the pulse spacing is less than the timing interval generated by R2 and C1.
Therefore, this circuit not only detects missing pulses, but variations in duty
cycle, variations in frequency, even a terminated pulse stream. Figure 22-2
shows the breadboard in detection mode, with the output pulse high (no
missing pulses detected) and the input pulse train on top. Figure 22-3 shows
the result when the input pulse (top) terminates.
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| 1+ = ASRLEHPIRIS EFL PSSR I PYRTRNE DPL AN IS [P BEFRISS WA T
1 .
2+
Chij : S5V Ch2 : 5V” [0} 1;00 s Chi ;'\. : 3V.
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Figure 22-2: Normal operation, no pulses skipped
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555 Missing Pulse Detector
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Figure 22-3: Pulse stream terminated, detection pulse triggered

In Figure 22-4, the effect of the frequency increasing also triggers the detection
pulses.

ek Run: 500K5/5  sample
: T ]
H L k]
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6.668kH2
: : : z : : . Low signal
Lo . L <l amplitude
1 ; |
2+ . "H .. “ . H ........ “ . H H
WIE SV O ChT SV WMidops ©hT w3V
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Figure 22-4: Frequency increased, detection pulse triggered

The SPICE models were tested slightly differently than the breadboard. The
SPICE test schematic is shown in Figure 22-5.

Figure 22-5: SPICE circuit test schematic

Voltage source V2 used a command of PULSE O 5 0 100N 100N 80U 100U while
the voltage source V3 used a command of PULSE O 7 500U 100N 100N 200U 1.
The resulting input and output waveforms are shown in Figure 22-6A. The
threshold waveform is also measured and shown in Figure 22-6B.
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Figure 22-6A: IsSpice Input and Output waveforms
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Figure 22-6B: IsSpice Input and Threshold waveforms

The results of the Pspice and Microcap simulations of this circuit are shown in
Figures 22-7 and 22-8.
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Figure 22-7A: Pspice Input and Output waveforms
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Figure 22-7B: Pspice Input and Threshold waveforms
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Figure 22-8A: Microcap Input and Output waveforms
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Figure 22-8B: Microcap Input and Threshold waveforms

Run Time Summary

IsSpice v 7.6 PsPice v 6.3 Micro-Cap V v2

20.65 Sec 3.05 Sec 17.664 Sec

Advantages: Low parts count

Disadvantages: Not a true missing pulse detection circuit, actually a timer
circuit

Filenames: 555 _mpd (IsSpice) 555 _mpd2 (Pspice) 555_mpd3 (Microcap)

Copyright 2002, PCBCafe.
1-888-44-WEB-44
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#23: Operational Amplifier Adder %ﬁv

The or!ginal _missipn of the Operational Amplifier integr{;lted circgit is to perform Expeditian"' Series
operations (just like the name suggests). The Op-amp is versatile enough to
perform integrations, differentiations, summing, subtracting, multiplication, and

a multitude of other mathematical operations. Although the functions performed
by the circuits may be complex, the circuits themselves are usually relatively
easy to build and easy to design.

One example of these truisms is the Operational Amplifier Adder circuit, shown
in Figure 23-1. The signal at Input A is summed with the signal at Input B. This
circuit has a variety of uses in communications circuitry.

Figure 23-1: Schematic of Op-Amp Adder Circuit

Our equivalent SPICE model of this circuit is shown in Figure 23-2, where the
inputs have been replaced by voltage sources.

Figure 23-2: SPICE equivalent Schematic of Op-Amp Adder Circuit

The Breadboard was constructed and two sets of waveforms were measured.
The first two waveforms are the two input signals. The breadboard results are
shown in Figure 23-3, with the top waveform being a + 1 volt signal at 1 Khz
and the bottom waveform being a Ov to 1 volt pulsed square wave with a 50 %
duty cycle at 10 Khz. The breadboard result of the addition of these two
waveforms is shown in Figure 23-4.
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Figure 23-3: Breadboard input signal waveforms
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Figure 23-4: Breadboard output signal result

This circuit was also constructed in IsSpice, Pspice, and Microcap. The resulting
waveforms are shown in Figures 23-5 through 23-7.

o Spice tip: The IsSpice model used the Intusoft created generic op-
amp model. The passed parameters used were VOS=1U I0S=1N
IBIAS=1N FT=5MEG DVDT=5MEG GAIN=100K. The Microcap and
Pspice simulators used the UA741 model for the Operational
amplifier. The breadboard used a LM324. As the results show, high
performance is not required from the op-amp to get acceptable
results from this circuit.
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Figure 23-5A: IsSpice input waveforms

2000

1200

ouT invale
e
N
7
AN
—

[

120004 (E 2001 T 28000
TIME in Secs

Figure 23-5B: IsSpice output waveform result
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Figure 23-7A: Pspice input waveforms
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Figure 23-7B: Pspice output result

Run Time Summary

IsSpice v 7.6 PsPice v 6.3 Micro-Cap V v2

4.25 Sec 11.55 Sec 11.456 Sec

Advantages: Low parts count

Disadvantages:

Filenames: summer (IsSpice) add3 (Micro-cap) add2 (Pspice)

References

Linear Circuits Data Book Vol 3, Texas Instruments,
1992.
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GBI
#24: Class AB Amplifier %ﬁv

A Class AB amplifier is defined as using a power stage that has output current Expeditian“ Series
flow for more then half, but less than all, of the input cycle [Gilbilisco: 1994]. .

QR0

One example of a Class AB amplifier circuit is shown in Figure 24-1. The voltage
source VIN provides the input signal. Resistors R1 and R2 set the gain and
bandwidth of the amplifier. Output transistors Q5 and Q6 provide sourcing and
sinking current for the signal. Diodes D1 and D2 attempt to minimize the
distortion created when the input signal passes through the region between
where the NPN transistor (Q5) turns off and the PNP transistor (Q7) turns on
(and vice versa). Resistors R9 and R10 limit the current draw from Q5 and Q7.
R7 and R8 set the Quiescent current of Q5 and Q7. The load is modeled using a
resistor (R_LOAD). The net result of this circuitry is a power boosted inverse
output representation of the input signal, capable of driving low impedance
loads.

R222K

"
201M

Q5
Vi) QhR222A
WG

Vi)
IN

RT1K
.

0
N A
SN

0
VE

Figure 24-1: Schematic of the Class AB amplifier circuit

Three different measurements were made in order to characterize the
performance of this amplifier circuit and show the correlation of the breadboard
results to the SPICE models. The three inputs and their resulting measurements
are described in detail in Table 24-1.
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ClassAB Amplifier

VIN SIN 0 10M 1K Input is a 1 Khz sine wave with pk-pk
amplitude of 200 mV.

VIN PULSE -100M 100M O 100N 100N 50U Square wave of 10 Khz at a 50 % duty cycle

100U used to measure transient loop response

VIN AC 1 AC simulation input to determine filter
response

Table 24-1: Characteristic Measurements made on Class AB amplifier circuit

A 1 Khz sine wave was provided at the input and the output result was
measured. The breadboard results are shown in Figure 24-2. The top trace is
the output waveform. The bottom trace is the input waveform. The IsSpice,
Pspice, and Microcap results are shown in Figures 24-3, 24-4, and 24-5
respectively.
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Figure 24-2: Breadboard results of Sine wave input
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Figure 24-3: IsSpice results of Sine wave input
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Figure 24-4: Pspice result of Sine wave input
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Figure 24-5: Microcap result of Sine wave input

The transient response of the amplifier was measured by using a 10 Khz square
wave input with a 50 % duty cycle. The breadboard results are shown in Figure
24-6. The bottom trace is the input square wave, while the top trace is the
output result. The Microcap, Pspice, and IsSpice results are shown in Figures 24-
7 through 24-9.
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Figure 24-6: breadboard result of square wave input
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Figure 24-8: Pspice results of square wave input
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Figure 24-9: IsSpice results of square wave input

In order to measure the frequency response of the Class AB amplifier, the input
voltage source was changed to a AC source. The breadboard results are shown
in Figure 24-10. The IsSpice, Pspice, and Microcap results are shown in Figure
24-11 through 24-24.
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Figure 24-10: Breadboard frequency response results
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Figure 24-11: IsSpice frequency response results
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Figure 24-12: Pspice frequency response results
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Figure 24-24: Microcap frequency response results
Run Time Summary
IsSpice v 7.6 Pspice v 6.3 Micro-Cap V v2
26.33 Sec 32.59 Sec 48.576 Sec

Advantages: Improved efficiency over Class A type amplifiers, excellent drive
capability

Disadvantages: output not an exact linear reproduction of the input
waveform, continuous current drain, efficiency not as good as other amplifier
types.

Filenames: Class_AB (IsSpice) Clas_AB3 (Microcap) Clas_AB2 (Pspice)

REFERENCES
Gilbilisco, Stan, Ed. Encyclopedia of Electronics. TAB Books. PA: 1985

Gilbilisco, Stan, Ed. Amateur Radio Encyclopedia. TAB Books. PA: 1994

Copyright 2002, PCBCafe.
1-888-44-WEB-44
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Another application of the versatile comparator IC is the window detector. The Expeditian"' Series
window detector monitors an important signal (usually DC) and changes state if
the level does not stay within the voltage range set by the window comparator.

fe it
#25: Window Detector %ﬁu

The schematic for the window detector circuit is shown in Figure 25-1. The input
signal is modeled by the independent voltage source V_IN. The power to the
LM111 components in the circuit are powered by 10 volts DC. The emitter
outputs of the comparators are tied to VEE, which are tied to ground. The 10
volt power is dropped to a 5.1 volt level through resistor R1 (which sets the
current through the zener at the test current of the device) and zener diode D1
(1N4733). This 5.1 volt signal is fed into the non-inverting terminal of the upper
comparator through a 10 K sense resistor (R8). This signal is also scaled down
to 4.8 volts by a resistor divider consisting of R3 and R4. The 4.8 volt signal is
fed into the inverting terminal of the lower comparator. Therefore, our upper
and lower references are 5.1 volts and 4.8 volts. The open collector outputs of
the comparators are connected to 5.1 volts through the pull up resistor R2. A
table of the possible operating states of this circuit is presented in Table 25-1.

v(3)
Ve

R1 100
3

;
* V1
D1 0S R
ZN4T33
v(i0)
a4 ouT2
v2) = Re
N -

- 6.8K
JAL

R7 2.2K

R5 47K
x4 vee > I/8I1\12222A
R8 9.72K LM111T K
A VEE
AN +
) — -
. V@)

/N Ve
ULSE

X5 B vee
LM1117|
—_ +
R4 9.72K;10
:
A

R3
149.2K:

Figure 25-1: Schematic of the Window Comparator Circuit
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Window Detector

Input Voltage Signal Comparator Output 2N2222A Signal Output
Vin < 4.8 volts Pulled low to ~ 100 mV | Pulled high to 10 volts
4.8 volts <Vin<5.1 Pulled high to 5.1 volts Low signal (— 100 mV)
Volts

Vin > 5.1 volts Pulled low to ~ 100 mV | Pulled high to 10 volts

Table 25-1: Circuit Behavior of window comparator

Transistor Q1 and resistors R5 and R6 simply realize an inverting function to
provide the output of the circuit. In many cases, comparators in their normal
operating steady state will have a high output in order to minimize power
dissipation. This circuit follows that tradition, however also provides for a logic
high output to drive control circuitry (such as a latch).

Three different measurements were made in order to characterize the
performance of this window comparator circuit and show the correlation of the
breadboard results to the SPICE models. The three inputs and their SPICE
statements are described in detail in Table 25-2.

VIN PULSE 2 5 2.25M 1U 1U 2.75M 3M Square wave from 2 to 5 volts at 333 Hz
with a 90% duty cycle

TRAN 1U 16M 6M 2U

VIN PULSE 5 8 2M 1U 1U 275U 3M Square wave from 5 to 8 volts at 333 Hz
with a 10 % duty cycle

TRAN 1U 10M 0 2U

VIN PULSE 4 8 0 4M 4M 1U 8M Triangular waveform from 4 to 8 volts at
125 Hz with a 50% duty cycle

TRAN 1U 13M 3M 2U

Table 25-2: Characteristic Measurements made on window comparator circuit

The breadboard results of the comparator circuit when a 2 to 5 volt square wave
is sensed is shown in Figure 25-2. The IsSpice results are shown in Figure 25-3
and the Microcap results are shown in Figure 25-4. It was not possible to
simulate this circuit using the evaluation version of Pspice, because the number
of transistors allowed was exceeded.
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Figure 25-2: Breadboard results of 2 to 5 volt square wave input
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Figure 25-3: IsSpice results of 2 to 5 volt square wave input
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Figure 25-4: Microcap result of 2 to 5 volt square wave input

Examining the results of Figure 25-4, it is noted there was no state change
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when the input signal transitioned between 2 and 5. Upon further examination,
the culprit was determined to be the Microcap zener diode model of the 1N4733.

Using the Microsemi O data sheet of the 1N4733A, the data sheet shows a
nominal zener voltage of 5.1 volts at a test current of 49 mA. The IsSpice model
shows 5.101 volts at 49 mA, while the Microcap model shows 5.819 volts at a
current of 42 mA. With results such as these, the logical question is are the
models correct?

In order to answer this question, the zener voltages vs. zener currents were
plotted for the Microcap diode, IsSpice diode, and a lab diode. The test circuit is
shown below in Figure 25-5.

R2 100

° AAVAY :

V1
0-12.1 ) D1

ZN4733

Figure 25-5: Breadboard frequency response results

The lab diode used the figure 25-5 configuration and zener current vs. zener
voltage was plotted. The graph in Figure 25-6 shows the curves for the Microcap
1N4733, IsSpice 1N4733, and a 1N4733A model designed by Analytical
Engineering.

1H4733A Fener diode models

Wz (hin)
— — — =%z
------- WI (lzp)
— - — - =Y (AeD)

Zener VYoltage

1.21E-01 1

7 ETE-O2 1

181E-03 1

1 O0E-O7
£ .00E-07 1
1 77E-05
5.24E-04 1
371E-03 1
142E-02 1

Zener Current

Figure 25-6: 1N4733 diode plots - Zener current vs. Zener voltage

Examining the results of Figure 25-6, it is noted the measured data of the lab
diode shows a knee at approximately 3.9 volts. Above this point, the zener
voltage changes at a different rate than below this point. In order to properly
model the zener voltage at both of these regions, a subcircuit is required. The
results of Figure 25-6 clearly illustrate the advantages of using a subcircuit to
model a zener diode.
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In order to allow the Microcap SPICE model of the window comparator to run
properly, the AEI zener diode model was used instead of the 1N4733 model that
ships with Microcap. The 2 to 5 volt square wave was fed into the modified
Microcap model. The results are shown in Figure 25-7.

4500 1000 . : : WIN[I)OWG CIR "Femneralure‘= 27

3500 600

2500 200

15.00 -2.00

500 -10.00

6.00m 8.00m 10.00m 12.00m 14.00m 16.00m
u(g) V)

Figure 25-7: Microcap results of 2 to 5 volt square wave input

The breadboard, IsSpice, and Microcap (with AEI diode model) results of a 5 to
8 volt square wave input are shown in Figures 25-8 through 25-10. The
breadboard, IsSpice, and Microcap results of a triangular waveform from 4 to 8
volts are shown in Figures 25-11 through 25-13.

Tek BSLOIE 50KS75 574 ACYS
i I F 1
............ 4
2|8 i
14}
Chi~ SV BB 2V M Tms Ch2 5 5.6V
25 Feb 1998
10:19:46

Figure 25-8: Breadboard results of 5 to 8 volt square wave input
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Figure 25-9: IsSpice results of 5 to 8 volt square wave input
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Figure 25-10: IsSpice results of 5 to 8 volt square wave input
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Figure 25-11: Breadboard results of 4 to 8 volt triangle wave input
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Figure 25-12: IsSpice results of 4 to 8 volt triangle wave input
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Figure 25-13: Microcap results of 4 to 8 volt triangle wave input
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Run Time Summary

IsSpice v 7.6 Pspice v 6.3 Micro-Cap V v2

20.6 Sec N/A™ 31.68 Sec

Advantages: versatile and easily adjustable

Disadvantages: poor Zener diode accuracy (5% initial tolerance) creates
errors in trip points. Other circuit variants more precise

*The evaluation version of Pspice was not capable of simulating this circuit

Filenames: Window (IsSpice) Window3 (Microcap) 1N4733A.XLS (Excel)

REFERENCES
Gilbilisco, Stan, Ed. Encyclopedia of Electronics. TAB Books. PA: 1985

Gilbilisco, Stan, Ed. Amateur Radio Encyclopedia. TAB Books. PA: 1994

Copyright 2002, PCBCafe.
1-888-44-WEB-44
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#26. Voltage Clamp

A voltage clamping circuit is a process setting the positive or negative peaks Expeditian"' Series
of an AC wave form to a specific DC level. A common method of creating a
clamping circuit is the use of a capacitor diode network, or a zener diode.

However, the accuracy of a zener diode is dependent of the operating
current and temperature. Operating a zener diode at lower than tested
currents, in the "soft" region, creates unpredictability in the temperature
coefficient and the zener voltage.

The circuit shown in Figure 26-1 is a precision clamp, which can be
constructed with an operational amplifier, resistor, and a reference voltage.
A 500Hz sine wave and triangular waveform was used as an input signal in
Figure 26-2 through Figure 26-9.
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Figure 26-1: Voltage Clamping Circuit
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Figure 26-2: Measured Clamping of 500Hz Triangular Waveform
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Figure 26-3: Ispice Simulated Clamping of 500Hz Triangular Waveform
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Figure 26-4: Pspice Simulated Clamping of 500Hz Triangular Waveform
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Figure 26-5: Micro-Cap V Simulated Clamping of 500Hz Triangular Waveform
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Figure 26-6: Measured Clamping of 500Hz Sine Waveform
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Figure 26-7: Ispice Simulated Clamping of 500Hz Sine Waveform
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Figure 26-8: Pspice Simulated Clamping of 500Hz Sine Waveform
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Figure 26-9: Micro-Cap V Simulated Clamping of 500Hz Sine Waveform

A 5KHz sine waveform was used as an input signal in Figure 26-9 through
Figure 26-12.
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Figure 26-10: Measured Clamping of 5KHz Sine Waveform
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Figure 26-11: Micro-Cap V Simulated Clamping of 5KHz Sine Waveform
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Figure 26-12: Ispice Simulated Clamping of 5KHz Sine Waveform
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Figure 26-13: Pspice Simulated Clamping of 500Hz Sine Waveform
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To reduce the switching spike select a operational amplifier larger slew rate.
The simulation below compares the output of a UA741 to that of an LM318.
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1000 -4.000

420004 40000 00004 51000 520004
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Figure 26-14: Clamping of UA741 (TOP) -VS- Clamping of LM318

Table 26-1: Simulation Results

Simulator File Name (5KHz sine Overshoot | Run Time
wave)

Measured NA 1.8 Volt NA

Data

Micro-Cap V Clmpmc 1.38 Volt 19.52 Sec

Pspice Clmps 1.4 Volt 10.8 Sec

Ispice clmpis 1.06 Volt 11.17 Sec

Copyright 2002, PCBCafe.
1-888-44-WEB-44
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#27 Resistance to Voltage

The basic element of an ohm meter is a circuit that can take a resistance and
convert it into a voltage. This is most simply realized by using a circuit like the
one shown in Figure 27-1. This circuit provide a linear increase in voltage for
increasing resistance from 1 to 1K ohms. Using two or three know resistors, a
conversion table between output voltage and resistance can be developed.

A simple modification to this circuit alters the range of resistance to be
detected. Changing R3 alters the range of the resistance that can be detected
by decreasing the rate of rise of the output voltage. This increases the range,
but also decreases the accuracy of the ohm meter.

V(3)
VCC vz 10
+ R10
NANEP % 39
_I_ /\/\/\/ B VCC _
— -2

R1 2.64K

A4

L

- D1
ZN4728 R11
2.66K

~

V(3)
VCC

Figure 27-1: Simple resistance to voltage circuit

The zener diode used for this simulation is used in its "soft" region, which
means that it is used below it recommended or test current. This region is often
not defined in data books, and may not be correctly in some libraries. As an
illustration of this point, the voltage across the zener diode was taken for all of
the test situations. The results of these measurements are contained as Table
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Resistance to Voltage

27-1.

LN 4728 Soft Operation Zener Voltage Comparison

Conditions Measured Zener V oltage
?if:; IsEpice Fapice Mictocap M?:;:Ed
in 3.165 33 3.009 2.1%
3.5 3.166 3.3 3.01 219
179 3.167 3.3 3013 219
370 317 3.3 3017 221
208 3.174 3.3 3026 224

Table 27-1: Soft Zener Voltage Comparison

The evaluation version of Pspice did not have a similar zener diode in its library
so a 3.3 voltage source is used in the place of the zener. This assumes that the
zener is used at its test current which biases the evaluation version of Pspice
results, however if asked to build this circuit using only the models that were
contained in Pspice, this would be a natural assumption to make.

The output voltage used to determine the resistance will be measure across R1.
This positions the curve so multiplying the output voltage by a scaler results in
the resistance being measured. Using the voltage across R1 for our output does
not correct the error caused by the incorrect zener voltage in the soft region.
The results of the simulation and the measured data are shown as Figure 27-2.

—ao— |z5pice

volts

l=Spice
—x—Microcap
Meazured Data

1000

ohms

Figure 27-2: Resistance to Volts response using "Soft" zener

These results show that all three of the spice simulators were not equipped to
handle simulations of this particular zener diode in its soft region. However,
zener diodes are not well defined or tested in this region of operation, so it may
just be that the circuit | tested had worst then average zener diode used in it.
To further explore this problem, the experiment was modified to put more
current then the specified test current in the zener diode. The circuit with these
modifications made is shown in Figure 27-3. The measurements across the
zener diode are shown in Table 27-2, and the results of the resistance to volts
response are contained in Figure 27-4.
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V(3)
VCC w310
+ R10
R3 979 . 808
AVAVAY; - —
— -2
16 4 VE
+ V2 R1 2.64K
(O)—— v\
L
- D1
ZN4728 R11
70
V(3)
VCC
Figure 27-3: Resistance to voltage converter using "Hard" Zener
3.3 wolt zener voltage
Conditions Meamured Zener ¥ dltage
Meamured
CHM Is3pi P api i
g pice spice Ctocap Data
39 332 3.3 3030 341
725 332 3.3 3.94 34
179 332 3.3 3941 341
379 332 3.3 3944 341
208 3.321 3.3 3.05 341

Table 27-2: "Hard" Zener voltage comparison

volts

—— |zSpice

l=Zpice
200 400 500 500 1000

ohms

—x—Microcap
Measured Data

Figure 27-4: Resistance to Volts using "Hard" zener

The 1N4728 has a test current of 78 mA, for the "Hard" case 98 mA were used
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Resistance to Voltage
to drive it. For the soft case, the zener current was only about 3 mA. Using such
a wide operating range for a zener diode invites the flaws of the models to show
up. If we only looked at the operating point of the zener, nearly all of the zener
models are likely to be correct. It is important to note that zener diodes can be

modeled, but unless you have compared the response of a zener model to
hardware, be careful whether you believe the modeled response.

Run Time Summary
IsSpice v 7.6 PsPice v 6.3 Micro-Cap V v2

Negligable Negligable Negligable

Advantages: Low parts count, adjustable range

Disadvantages: Small range, enlarging range decreases resolution

Filenames: ohm_met (IsSpice), ps_ohm (Pspice), mic_ohm (Micro-Cap V)

Copyright 2002, PCBCafe.
1-888-44-WEB-44
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#28: Polarity Gain @—*@

This circuit can be used to modify the amplitude and shift the phase of a Expeditian"' Series
given input wave form. This is accomplished by detecting the input wave
form at the non-inverting input of U1, which is configured as a input

buffer. This signal is then fed into operational amplifiers U2, and U3. U2
provides a positive gain, which can be varied by tuning resistor R1. U3
provides a fixed inverted gain of -2. The output of U2 and U3 are then
added together by U4. The output resulting from a zero grounded triangle
wave, having a peak voltage of five volts, can be varied from five through
negative five volts. This includes the output being capable of being ground.
The phase can also be shifted from 0 to 180 degrees.

4 BBK 9.75K

R4 466K

My
115

Figure 28-1: Schematic of Polarity Gain Circuit

The output of the polarity gain adjustment circuitry is determined by the
following equations:

Hin:=2-vnlt
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R =9.84KQ

R =4.66K0

R =9.76KQ

R4 =4.66K0

R =9.77KQ

R =9.79KQ

The output of operational amplifier X2 is determined by:

R1+R2
W =V, o —
ot i
By

V g = 6223 volt

The output of operational amplifier X3 is determined by:

ks
ki o3 :='vin' P
Fyg

V g3 = 189 vl

The output of the circuit is derived from the sum of the outputs of
operational amplifiers X2 and X3.

kg kg
v ot T v ma —+V 3 D
kg Rg

V g = —2.038 volf

The value of resistor R1 can be determined and set to invert the input

signal.
_ Rg Rg
v ot T v ot —+V o3 5
E R
f f
o= YinT 5 5 tYinT o
E4 g R4 Ry
TJu:uut :='vin
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v + V. .RE . .RE.RE
ot mRrj 1nR4 Rﬁ RE
Rl = —R
Vin Fg
R1=9.T5'K.Q
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Figure 28-2: Measured Results (Top Waveform is Input, Bottom Waveform is
Output)

1200 8.00 : . . POL .MC CIR T?mperatur? =27

Figure 28-3: Micro-Cap V Simulated Results (Top Waveform is Input, Bottom
Waveform is Output)
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Figure 28-4: Micro-Cap V Simulated Results (Top Waveform is Input, Bottom
Waveform is Output)
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Figure 28-5: Measured Results (Top Waveform is Input, Bottom Waveform is

Output)
1200 &00 POL MC CIR Temperature = 27
PR S S U S S
oo oL
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(1) v(12) ;

Figure 28-6: Micro-Cap V Simulated Results (Top Waveform is Input, Bottom
Waveform is Output)
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Figure 28-7: Ispice Simulated Results (Top Waveform is Input, Bottom
Waveform is Output)

Ch1 Freq
501.3 Hz
Low signal
amplitude

25 Feb 1998
14:18:56

Figure 28-8: Measured Results (Top Waveform is Input, Bottom Waveform is
Output)
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Figure 28-9: Micro-Cap V Simulated Results (Top Waveform is Input, Bottom
Waveform is Output)
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Figure 28-10: Ispice Simulated Results (Top Waveform is Input, Bottom
Waveform is Output)

The simulation results were recorded for the analysis that had the
following input voltage and transient statement.

Pulse 04 0 1n 1n 1m 12m

.TRAN 5u 7m O 5u

Table 28-1: Simulation Results

Simulator File Name Run Time
Micro-Cap V Pol_mc 20.94 Sec
Ispice Pol_ga 13.033 Sec
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Logic Circuits Expedition™ Series

The realm of digital signals is relatively new to the electrical world. The
newness of digital signals has not slowed the impact of the digital
phenomenon. Digital circuits are key in an incalculable amount of
systems. The simplicity of ones and zeros can create the reality of
computers, calculators, CD Roms, Fiber-optic transmissions, Digital
Signal processors, and a host of other new technologies too numerous
to mention.

The building blocks of digital circuits are straight forward. From these
simple building blocks, the complex circuits of tomorrow are born. The
manufacturers of SPICE have adapted to the digital revolution and as a
result, all three of the simulators featured in this book have mixed mode
simulation capabilities. The differences between analog and digital
technologies create new and different concerns for engineers attempting
to simulate digital circuits. Analog circuits have convergence problems,
digital circuits have timing problems. Analog circuits are a time driven
phenomenon, digital circuits are an event driven phenomenon.

In this chapter, we will give the simulation user the tools to utilize these
building blocks to perform more complex functions. We will also attempt
to aid the engineer in recognizing the potential pitfalls of both
breadboard digital circuits, and simulated digital circuits.
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#29: Binary Counter @-’@

Using JK flip flops, we can design a circuit that will count a clock signal and Expeditian“ Series

provide a divided output of that clock signal.

This circuit is shown in figure 29-1. The circuit is powered by an external 5 volts
(not shown on schematic). The clock is running at 100 Khz with a 50 % duty
cycle. The J and K pins of the Flip Flop are tied high and the Clear and reset pins
are tied low. This causes the Q output to change states when the clock goes
from low to high. Because the circuit only transitions on the low to high clock,
two clock cycles go by for one output cycle, thus creating a divide by two
output. If this new signal is fed into another J-K flip flop configured the same
way, this signal is also divided by 2, which is the original signal divided by 4.
Using this method, and N more J-K flip flops, any division of 2N can be realized.

One
2
4[ PR PR
J 6 J 9
1 Q Q
Clock ol CLK . CLK 8
N N
> 10 K e O—‘ Ko b—‘
V(10)
CLOCK
Zera o o
&A A
3= 12 =13
V(12) v(13)
QA QB

Figure 29-1: Schematic of Binary Counter Circuit

The resulting breadboard waveforms are shown in Figure 29-2. The top
waveform is the 100 Khz clock. The middle waveform is the Q output of the first
J-K flip flop stage (divide by 2). The bottom waveform is the Q output of the
second J-K flip flop stage (divide by 4). This circuit was simulated using IsSpice,
Pspice, and Microcap. The results of each of these simulators are shown in
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Binary Counter

Figure 29-3 through 29-5.

o Breadboard tip: Bypass capacitors may be necessary (and are
recommended) from the Vdd pin to ground in order to minimize
signal jitter and noise effects.

ek Run: 5MS/s Sample  LEEKG

1+

—

L svchz ; = M:I(J';ié:i::'hz' = ;2..3\.,'
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Figure 29-2: Breadboard waveforms of Binary Counter Circuit
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Figure 29-3: IsSpice waveform results of Binary Counter Circuit
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Figure 29-4: Pspice waveform results of Binary Counter Circuit
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Figure 29-5: Pspice waveform results of Binary Counter Circuit

For circuits that count to values higher than four, a counter IC is the more
logical choice. Parts such as the CD4017 contain any number of these J-K
counter stages that can be used to count to any number required.

Run Time Summary

IsSpice v 7.6 PsPice v 6.3 Micro-Cap V v2

5.35 Sec 4.05 Sec 1.536 Sec

Advantages: Accurate, very low propagation delay

Disadvantages: can be realized with fewer parts

Filenames: Count (IsSpice) Count_2 (Pspice) Count3 (Microcap)

Copyright 2002, PCBCafe.
1-888-44-WEB-44
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#30: Binary Decoder @-’@

Using the characteristics of circuit #29, we can add AND gates and create a Expeditian“ Series
Binary Decoder circuit. The Binary Decoder circuit looks at two input signals and
determines whether the signal corresponds to a 0, 1, 2, or 3. The truth table for
the Binary Decoder is shown in Table 30-1.
Input Signal Output of
Decoder
QAQB
Low Low 0]
High Low 1
Low High 2
High High 3

Table 30-1: Truth Table for the Binary Decoder

The total circuit schematic that provides this logic function is shown in Figure 30-
1. The binary counter circuit (circuit #29) provides the input signals and the
AND gates provide the Decoder logic.

The clock signal is 100 Khz at 50 % duty cycle.

o Breadboard tip: Bypass capacitors may be necessary (and are
recommended) from the Vdd pin to ground in order to minimize
signal jitter and noise effects.

http://www.pcbcafe.com/BOOKS/SpiceHandBook/08_chapter07-03.php (1 of 6) [19/01/2002 22:10:22]


http://www.aitn.com/
http://www.aitn.com/
http://www.pcbcafe.com/
http://www.pcbcafe.com/
http://www.pcbcafe.com/
http://ecat.pcbcafe.com/php/corplist.php?category_id=54,55,56,62&alpha=0-Z&cat_name=PCB%20Design%20Tool%20Vendors
http://ecat.pcbcafe.com/PCB_Design_Tools/index.php
http://www10.pcbcafe.com/interview/
http://www.pcbcafe.com/Downloads
http://www.pcbcafe.com/NEWS
http://www.careerscafe.com/index.php?site=EDA
http://www.pcbcafe.com/TECHNICAL
http://www.pcbcafe.com/UNIVERSITY
http://www.pcbcafe.com/BOOKS/
http://www10.pcbcafe.com/cafe_mail/mail_login.php
http://www.pcbcafe.com/SUBMIT.php
http://www10.pcbcafe.com/NEWSGROUPS/?site=PCB
http://www10.pcbcafe.com/EVENT/
http://www.pcbcafe.com/Membership.php
http://www10.pcbcafe.com/fun_stuff.php
http://www.pcbcafe.com/Advertise.php
http://www.pcbcafe.com/eCATALOG/
http://ecat.pcbcafe.com/PCB_Design_Tools/index.php
http://ecat.pcbcafe.com/PCB_Design_Tools/index.php
http://ecat.dacafe.com/PCB_Design_Tools/index.php
http://www10.pcbcafe.com/mc/index.php
http://www10.ibsystems.com/BANNER/common/ad_tracker.php?image_id=1020&tsp=200201190108411
http://www10.ibsystems.com/BANNER/common/ad_tracker.php?image_id=826&tsp=200201190108412
http://www10.ibsystems.com/BANNER/common/ad_tracker.php?image_id=808&tsp=200201190108413
http://www10.ibsystems.com/BANNER/common/ad_tracker.php?image_id=1053&tsp=200201190108411

Binary Decoder

EX

3| PR PR
J 8 J 7
[Lo= ] : i
Clock CLK CLK
o b4 o bt
> 10 K o K o
V(10)
CLOCK
Zero =] =]
N N
> |12 >|13
V(12) V(13)
QA QB
Q1
QINOT
Q2
Q2NOT
9 19 17 18
o o o o
»[1 >|14 > |15 >|16
V(11) V(14) V(15) V(16)
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Figure 30-1: Schematic for the Binary Decoder

The breadboard results are shown in Figure 30-2. Due to the limitations of the

Oscilloscope we used, only four traces may be shown on one plot. The top trace
of Figure 30-2 is the QA output. The second trace from the top is the QB output.
The third trace from the top is the zero code. The bottom trace is the one code.
The results of Figure 30-2 illustrate the decoding properties. Figure 30-3 shows
the Microcap results.
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Figure 30-2: Breadboard results of the Binary Decoder circuit (O and 1)

Figure 30-3: Microcap results of the Binary Decoder circuit (O and 1)

The breadboard results of the two and three code cases are shown in Figure 30-
4. The top two traces are QA and QB, while the bottom two traces are the two
and three codes. The Microcap simulation results are shown in Figure 30-5.
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Figure 30-4: Breadboard results of the Binary Decoder circuit (2 and 3)
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Figure 30-5: Microcap results of the Binary Decoder circuit (2 and 3)

The Microcap simulator was exact enough to show the slight overlap of the
decoder after the 1 code and the 3 code. This is a result of the race condition
that exists in this circuit. Parameters such as rise and fall times must be
accurate in order to represent the true behavior of the digital circuitry.

The IsSpice and Pspice simulation results are shown in Figures 30-6 and 30-7.
The simulation results from the IsSpice and Pspice are in the same format as
the results from the breadboard and the Microcap simulator.
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Figure 30-6A: IsSpice results of the Binary Decoder circuit (O and 1)
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Figure 30-6B: IsSpice results of the Binary Decoder circuit (2 and 3)
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Figure 30-7A: Pspice results of the Binary Decoder circuit (O and 1)
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Figure 30-7B: Pspice results of the Binary Decoder circuit (2 and 3)

IsSpice v 7.6

23.883 Sec

Advantages: Accurate, very low propagation delay

Disadvantages: can be realized with fewer parts

Run Time Summary
PsPice v 6.3 Micro-Cap V v2

6.71 Sec 2.304 Sec

Filenames: Decode (IsSpice) Decode2 (Pspice) Decode3 (Microcap)
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#31: Set-Reset Latch @—*@

A latching circuit waits for an event to occur. Once that event occurs, the latch Expeditian"' Series
output changes state, and will ignore any further events until reset. This can be
described as a memory element. The latch has many applications in the system.

For example, if a failure mode in the system occurs, a shutdown signal may be
sent to the latch circuit, which will shut down the system and prevent any further
possible damage. The system will remain shut down until the power to the
system is recycled.

The circuitry representation of the Set-Reset latch is shown in Figure 31-1. Not
shown in the schematic is the power to the latch. A + 5 volt DC input was used to
power the digital ICs.

A1l
NOR2_001
Reset 1
4 Q
5
A2
NOR2_002
Qnot
Set 2

Figure 31-1: Schematic of a set-reset latch

The truth table for the set reset latch is shown in Table 31-1.

S R Q Qnot State

0 0 Q Qnot Unchanged
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Set-Reset Latch

0 1 0 1 Reset
1 0 1 0 Set
1 1 0 0 Not allowed

Table 31-1: Truth table for set-reset flip flop

In order to show the performance of the set-reset flip flop, a series of were
initiated. First, the reset pin of the flip flop was set high, then low. This allows the
flip flop to read and react to a change of state event on the set pin. A pulse was
then applied to the set pin. When the set pin transitioned from low to high, the
output (Q) of the flip flop changed state from zero to one. Subsequent transitions
on the set pin are now ignored by the flip flop. This is shown in the breadboard
waveforms of Figure 31-2. The results of the IsSpice, Pspice, and Microcap
simulations are shown in Figure 31-3 through 31-5.

Tek EIGIH 200 575 1 Acqs

r—
——

Chi 5V W 5V WM250ms Ch2 F 2.5V

25 Feb 1998
12:42:17

Figure 31-2: Breadboard output results (top - Set input, bottom - Q)
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Figure 31-3: IsSpice output results (top - Set input, bottom - Q )
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Set-Reset Latch

Figure 31-4: Pspice output results (top - Q, bottom - Set input )
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Figure 31-5: Microcap output results (top - Q, bottom - Set input )

Examining the results of Figure 31-2, we see the Q output transitioned from low
to high when a low to high transition was detected on the set input. After being
set high, the flip flop ignored any further activities of the Set pin. In order to
return the Flip-Flop to the read state, the reset pin must be transitioned from low
to high, then back to low again. This action will reset the Q output to zero and
the flip flop will be ready to respond to the set input.

In order to model this in the SPICE programs, the set input was pulsed using an
independent voltage source and the following command:

PULSE 0 5 250M 100U 100U 500M 1

One interesting result of these simulations is the need for the digital circuits to be
initialized. Each of the three simulators were run at different time lengths in order
to accommodate this requirement of the simulators. If the initialization is not

performed, some of the simulators will not be able to determine the output state.

Run Time Summary

IsSpice v 7.6 Pspice v 6.3 Micro-Cap V v2
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3.033 Sec 6.02 Sec 6.72 Sec

Advantages: Multiple applications

Disadvantages: Set and Reset high state not allowed

Filenames: latch (IsSpice) latch3 (Microcap) latch2 (Pspice)

Copyright 2002, PCBCafe.
1-888-44-WEB-44
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Staircase generator circuits have important applications in video systems. There Expeditian"' Series
are several ways to generate staircase waveforms, using either analog or digital

design methods. This circuit investigates the digital solution to the staircase
generator.

The schematic for the staircase generator circuit is shown in Figure 32-1. Not
shown in the schematic is the power to the J-K flip flops and the AND gate. A +
5 volt DC input was used to power the digital ICs.

The staircase waveform starts after the clear signal is received by the J-K flip
flops. The clear signal sets all Q outputs to a zero state and all QNOT outputs to
a one state. With the set pin tied low and the J pin tied high, when a low to high
clock transition is detected, the Q output will transition from low to high. The Q
output is tied to the J pin of the next flip flop, so one clock cycle later, the Q
output transitions from low to high, and so on. When the final J-K flip flop stage
Q output transitions high, the AND gate clears the flip flops and starts the cycle
over again. The four staggered signals from the Q output of the first four flip
flops are summed in an Op-amp adder circuit and the result is the repeating
staircase waveform.

The clock in Figure 32-1 is set at 1 Khz with a 50 % duty cycle.
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Staircase Generator
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Figure 32-1: Schematic of Staircase Generator

The staircase generator circuit was constructed in all three simulators and in the
lab using real components. The breadboard used a UA723 for the Op-amp,
CD4027 for the J-K flip flops, and a CD4081 for the AND gate.

The breadboard staggered Q outputs of the first four J-K flip flops are shown in
Figure 32-2. The results of the IsSpice simulator are shown in Figure 32-3. The
Microcap results are shown in Figure 32-4, and the Pspice results are shown in
Figure 32-5.

ek Run: 50kS/s Sample rig'd|
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T

Chi 8V Ch2 3V M ims Chl F 4V
5v 1ms 21 Feb 1998
00:40:26

Figure 32-2: Breadboard output results (Q outputs)
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Figure 32-3: IsSpice output results (Q outputs)
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Figure 32-4: Microcap output results (Q outputs)
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Figure 32-5: Pspice output results (Q outputs)

Note: the Pspice results are shown in a slightly different configuration due to the
PROBE output program. Three of the four Q output waveforms are shown in the
lower section of the plot, while the clock is shown at the top.

The outputs shown in Figures 32-2 through 32-5 were summed using the
Operational Amplifier adder circuit featured in circuit # 37. The results of the
breadboard are shown in Figure 32-6, with the clock at the top, and the
staircase waveform at the bottom. The IsSpice, Microcap, and Pspice results are
shown in Figures 32-7, 32-8, and 32-9 respectively.
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Figure 32-6: Staircase Waveform breadboard results
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Figure 32-8: Microcap results
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Figure 32-9: Pspice results

In order to run this simulation using the evaluation version of Pspice, it was
necessary to remove the AND gate and one of the J-K flip flops from the circuit.
With these components included, the number of digital parts was exceeded for
the evaluation version and the schematic would not simulate. These two parts
were replaced by a stimulus source with performed the same function as these
two components.

One interesting result of these simulations is the need for the digital circuits to
be initialized. Each of the three simulators were run at different time lengths in
order to accommodate this requirement of the simulators. If the initialization is
not performed, some of the simulators will not be able to determine the output
state.

Run Time Summary
IsSpice v 7.6 Pspice v 6.3 Micro-Cap V v2

3.833 Sec 13.15 Sec 31.23 Sec

Advantages: Applicable for multiple frequency input signals

Disadvantages: Can be realized with fewer parts

Filenames: stair (IsSpice) stair2 (Microcap) stair3a (Pspice)

Copyright 2002, PCBCafe.
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Resonator/Oscillator Circuits Expedition™ Series

A Resonator is defined as a condition in a circuit that converts energy
from a potential form to a kinetic form. One example of a resonance in
electronics is that of the L-C filter. As the capacitor discharges, the
inductor stores the energy, and as the inductor converts the magnetic
energy into electrical energy, the capacitor charges up again. This action
can be observed by an oscilloscope, with the resulting waveform having
a distinct period. This repeating phenomenon is called a resonance. An
Oscillator circuit is defined as "an electronic circuit that converts energy
from a direct-current source into a periodically varying electrical
output.” [Parker, 1984] Therefore, an oscillator takes a steady state
signal, and using electrical behaviors of circuit elements, converts the
signal into a periodic, time variant signal. This oscillation can be
sinusoidal in appearance (sine wave oscillation), square waved,
triangular waved, or any variety of repeatable signals.

This time variant signal (usually referred to as an AC signal) is found in
a multitude of electronic circuits. Power delivered to homes and
businesses are nearly universally transmitted using an AC signal.
Communications circuits require exact sine waves in order to transmit
information over large distances with low loss of signal integrity. Just as
numerous as the amount of potential uses for oscillator circuits is the
amount of circuits that can create these oscillators. In this chapter we
will examine the oscillator circuits in detail.

Copyright 2002, PCBCafe.
1-888-44-WEB-44
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#34: 555 Timer Oscillator @—’w

The astable operation of the UA555 as an oscillator has a duty cycle and free Expeditian"' Series
running frequency which are both precisely controlled with two external
capacitors and two resistors. The circuit shown in Figure 34-1.
3 R2
ITEK

'l
1= ::] Ri1 32K

T z
TRIG DG HG AT A ey
j— ¥2 ULSSS  THR 1 Wil
- o, 1P
l"'ll:.i'j 1 * o uT Ci
OuT - GTRU 5 p—
RESET 2140P
2 —
.oiu —_

Figure 34-1: 555 Oscillator Schematic

The circuit was constructed in the laboratory. The values of RA, RB, C1, and C2
are the actual measured values of the components used in the circuit. A
Tektronix TDS 340A digital real-time oscilloscope was used to record the
output data as shown in Figure 34-2. The duty cycle is calculated to be 66.7%
and the output voltages oscillate from 5V to 10V. The simulated data, from
Ispice, Micro-Cap V, and Pspice, is shown in figure 34-3 through figure 34-5.
Table 34-1 illustrates the variances in simulated output data.
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Figure 34-2: 555 Oscillator Measured Data
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Figure 34-3: Ispice Simulated Data
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Figure 34-4: Pspice Simulated Data
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Figure 34-5: Micro-Cap V Simulated Data
ctnalator Spice File Dhatyy Crrele | Frequency | Run Time
) (kHz) (gec)
Ispice S550sc ff.a4 57 1677
Dlicro-Cap V 355me fiE.39 SR36 2804
Pspice g 255 Ah.35 593 469

Table 34-1: Summary of Results
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Note: The Pspice 555D component is digital and therefore greatly reduced the
run time of the simulation.

Simulation Tips:

« The Ispice simulator required a UIC statement in the edit controls box,
even though no initial conditions were used in the transient simulation.

« The Micro-Cap V global setting for DIGIOLVL, the default digital 10 level,
needed to be specified at two for the simulation to run correctly.

Copyright 2002, PCBCafe.
1-888-44-WEB-44
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#35: 4th Order Butterworth Low Pass Oscillator @—*@

Shown in Figure 35-1 is a fourth order butterworth low pass oscillator. Figure 35-2 is the square wave E;..q;:penjitig;q.nTII Series
generated at node 10 and the resultant sine wave after filtering at node 3. The lab results are shown in

Figure 35-3. requesl a free CD today »

0 Circuit tip: Note that the Q of the op-amp stage in a oscillator circuit is designed to be large in order to create
an oscillation, while the Q of the op-amp stage of a filter is designed to be small in order to suppress the
possibility of oscillation.

3l R2
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Figure 35-1: Fourth order Butterworth low pass oscillator schematic
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Order Butterworth Low Pass Oscillator
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Figure 35-2: IsSpice results of square wave generated at node 10 and resultant sine wave at node 3
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Figure 35-3: Hardware results of Butterworth Low Pass Oscillator.

The schematic for Microcap is shown in Figure 35-4. The resulting waveforms are shown in Figure 35-5.
The Pspice result is shown in Figure 35-6.

LD
W3 V4 é
I %

Figure 35-4: Microcap schematic of Butterworth Low Pass Oscillator
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Order Butterworth Low Pass Oscillator

LPOSC.CIR Temperature = 27

HARM 8]

Figure 35-5: Microcap results of Butterworth Low Pass Oscillator
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Figure 35-6: Pspice results of Butterworth Low Pass Oscillator

Simulation tip: Although all three simulators correctly predicted the frequency and amplitude of the Sine wave,
only the IsSpice simulation predicted the DC offset in the output waveform. The reason for this is the
simulations for each used the LM124 libraries that came with the simulation package. These libraries can be
provided by manufacturers or the software company. It is very important to remember that these models may
not be accurate for the parameter that you are interested in. Even in IsSpice, there were 4 different models for
the LM124 and only one correctly predicted the DC offset. If the model does not accurately reflect the
component being modeled, this does not necessarily mean the model is useless or wrong (although this is a
possibility). People make models to model different aspects of the part. For example, some models may have
noise rejection modeled accurately, or AC characteristics, or input current draw, or some may not model any of
these. Models may be transistor level or Macro models. Models are made for different reasons. If all you are
interested in are large signal characteristics, it would make no difference if noise rejection was modeled
accurately. In addition, if you were only interested in large signal characteristics, you probably would not want a
model with noise rejection because it is probably transistor level and will take orders of magnitude longer to
simulate and make the simulation much more difficult to converge. The bottom line is, in any simulator, all
models are not created equal. You must understand the trade off between speed, accuracy, and the ability to
converge [Kielkowski, 1994].

The Fourier analysis was also computed using each of the simulators and compared to the hardware data.
The Fourier results of the hardware is shown in Figure 35-7. The Fourier results of each of IsSpice,
Microcap, and Pspice are shown in Figure 35-8 through 35-10.

[Telc STH 20K575 11063 AcCqs
i

il

—_—

Math 10dB 500 Hz 31 Oct 1997
16:43:23

Figure 35-7: Fourier analysis results of output of Butterworth Low Pass Oscillator.
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Figure 35-8: IsSpice Fourier results
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Figure 35-9: Microcap Fourier results
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Figure 35-10: Pspice Fourier results
Notice the simulators returned three different results for the Fourier results of this circuit.

Separated waveforms of the hardware in figure 35-3 are shown in Figure 35-11 and Figure 35-12 with
measurements.

F

|eERun: 200K575 Sﬂmp|e im
I

5

—
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49.1%

Ch 1 Y : : S 1L [V 0 R v R
i H 1 Nov 1997
19:27:38

Figure 35-11: Node 10 voltage waveform with high voltage, low voltage, duty cycle, and frequency measurements
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Order Butterworth Low Pass Oscillator
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Figure 35-12: Output sine wave with frequency, amplitude, and mean measurements.

Run Time Summary
IsSpice v 7.6 PsPice v 6.3 Micro-Cap V v2

16.45 Sec 27.68 Sec 32.22 Sec

Advantages: Good long term frequency stability, moderate distortion, easily
adjusted, moderate drive capability

Disadvantages: High parts count, DC offset

Filenames: Ip_osc (IsSpice) pbp_osc (Pspice) Lposc (Micro-cap) Four.xls (Excel)

Copyright 2002, PCBCafe.
1-888-44-WEB-44
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#36: Hex Inverter Oscillator @—’w

The delay is created by the alternate charging of capacitor C1 (through R1) and

_ C ( Expedition” Series
discharge of C1 (through R2). The output is a square wave of fixed frequency.

Many different inverter IC’s are capable of this operation (SN54LS05,
SN74LS04, CD4049). Make sure the propagation delay is small compared to the

period of the oscillator frequency desired.

o Circuit tip: If you are attempting to breadboard this circuit, you
may need bypass capacitors (0.1 uF capacitors from Vdd to the
local IC ground) in order to minimize jitter and noise effects. These

IC’s switch at a very fast rate, and can easily cause switching noise
to appear on the outputs.

o Circuit tip: A minimum propagation delay is required for the start
up of this circuit. Make sure the data sheet or SCD of this part has
a minimum listed propagation delay.

The circuit schematic is shown in Figure 36-1

—_ son

i u:
1 3 2 iy
— <
2.42 ez a1am
R
LE.ShE

My =

R2 935k 10 [

Figure 36-1: Inverter oscillator schematic

The IsSpice simulation results are shown in Figure 36-2. These results compare
very well with the measured performance (Figure 36-3).
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Hex Inverter Oscillator
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Figure 36-2: IsSpice simulation results of node 5 and output waveforms
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Figure 36-3: Hardware resulting waveforms of Inverter oscillator schematic.

The circuit was also simulated in Pspice and Micro-Cap. The results of those
simulations are shown in Figure 36-4 and Figure 36-5. In figure 36-5,
interestingly, the Micro-Cap results showed an output frequency of roughly
twice that of Pspice or IsSpice. The reason for this is the Micro-Cap model for
the 4049 inverter was used. This model had a hysteretic input threshold. In
actuality, the part has a linear region and is not hysteretic, however, the Harris
data sheet for this part does show the threshold levels of the model are within
the data sheet requirements. This illustrates the dependency of the frequency
on the input threshold of the 4049 inverter.
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Figure 36-4: Pspice resulting waveforms of Inverter oscillator schematic

MC 4049.CIR Temperature = 27

v(3)
Time
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V(2)
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Figure 36-5: Micro-cap resulting waveforms of Inverter oscillator schematic.

Run Time Summary

IsSpice v 7.6 PsPice v 6.3 Micro-Cap V v2

4.066 Sec 2.94 Sec 8.85 Sec

Advantages: Low parts count, good drive capability
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Hex Inverter Oscillator

Disadvantages: The accuracy over life, temperature may be unpredictable

Filenames: 40490sc (IsSpice) ps_4049 (Pspice) mc_4049 (Micro-Cap)

Copyright 2002, PCBCafe.
1-888-44-WEB-44
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#37: 4th order Butterworth no offset Low @—’w
Pass Oscillator

Very similar to the circuit in Figure 35-1, the difference being there is no DC
offset in this circuit. The schematic is shown in Figure 37-1. This has the benefit

of the harmonics distortion not being sensitive to the Vcc/Vee parameters of the

operational amplifier. Two matched zener diodes (1N4735A 6.2 volts were used

in the lab circuit) across the operational amplifier clamp the output to roughly

equal levels. The resistor R9 limits the current through the clamping diodes.

Figure 37-2 is the clamped square wave generated at node ‘13’. The resultant

sine wave after filtering at node ‘10’ is shown in Figure 37-4. The lab results are
shown in Figure 37-3 and Figure 37-5.

Expedition” Series
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i) R
20k 20K

"

2 KSOPAMP
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o =

R 10K
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Figure 37-1: 4th order Butterworth no offset Low Pass Oscillator
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order Butterworth no offset Low Pass Oscillator
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Figure 37-2: Clamped square wave at node 13
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Figure 37-3: Lab results of Butterworth no offset Low Pass Oscillator
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Figure 37-4: Sine wave output at node 10
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Figure 37-5: Lab results of Butterworth no offset Low Pass Oscillator

o Simulation tip: The amplitude of the spice model result has about a
1 volt offset missing from the result. This is due to the forward drop
of the zener diode, which is not typically modeled in zener diode
models. It is not difficult to model this parameter, but since the
purpose was to show the zero offset result, it is not important here.

The same circuit was simulated in Pspice and Micro-Cap. The results are shown
in Figures 37-34 through 37-37.

-18v

-200

5.25ms 5.60ms 6. 88ns 6._homs 6.88ms 7.26ns 7.60ns
o U(13)
Time

i} I} )

Figure 37-6: Pspice result of Butterworth no offset Low Pass Oscillator

Figure 37-7: Pspice result of Butterworth no offset Low Pass Oscillator
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LPOSC2CIR Temperature = 27

HARMVES)

V(6]

Figure 37-8: Micro-Cap result of Butterworth no offset Low Pass Oscillator
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LPOSC2.CIR Temperature = 27 Case=1

HARM (v(8)) 008 0073 003 1.291ed7
F 0000K 273.000K 273000 1.000e00

/\/\/\
\/\/

V(8] 0002 4208 420 282302
F 0084m  1499%m  14912m  1.000e00

Figure 37-9: Micro-Cap result of Butterworth no offset Low Pass Oscillator

The Fourier result was also calculated. The hardware result is shown in Figure 37-
38 and the results from the simulators are shown in Figures 37-39 through 37-
41.
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Figure 37-10: Lab data Fourier Analysis result of output sine wave
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Figure 37-11: IsSpice Fourier Analysis results
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Figure 37-12: Pspice Fourier Analysis results

LPOSC2.CIR Temperature = 27 Case= 1

HARM(v(8)) 0088 0073 003 1.291ed7
F 0.000K 273,000  273.000K  1.000e00

Vi) 0002 4208 420 -262302
F 0.064m  149%m  14312m  1.000e00

Figure 37-13: Micro-Cap Fourier Analysis results

Notice in the Fourier results, the 2"d harmonic is now greatly attenuated. The
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hardware circuit used 5% tolerance resistors, causing the simulation frequency
to be slightly off. Another simulation was run with the exact resistor values of

the hardware circuit in order to show the accuracy of the model. The schematic
is shown in Figure 37-14 and the resulting waveform is shown in Figure 37-15.
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1o =
am ]
% e
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Figure 37-14: More Exact simulation circuit
10.000 1200 ]
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o o 4
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& =) 1
= = ]
-20 00 0
-30.00 -4.000
B.700M 7.100M 7.500M 7.900M 8.300M
Wk W10) s TIME in Secs
Figure 37-15: More Exact simulation results
Run Time Summary
IsSpice v 7.6 PsPice v 6.3 Micro-Cap V v2
8.966 Sec 12.25 Sec 34.52 Sec

Advantages: Good long term frequency stability, moderate distortion, easily
adjusted, moderate drive capability
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Disadvantages: High parts count

Filenames: Im_osc2 Im_osc2a (IsSpice) ps_osc2 (Pspice) Iposc2 (Micro-Cap)
four.xls (Excel)

Copyright 2002, PCBCafe.
1-888-44-WEB-44
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#38: Harmonic Neutralized Sine Wave @—’w

This circuit is generated from a series of square wave pulses. Square waves are Expeditian"' Series
easier to generate than sine waves, and can accurately be produced by of digital
logic integrated circuits. This circuit generates a series of square wave pulses,

skewed in time and summed. This resultant summed waveform resembles a
stepped representation of a sinusoidal wave. This waveform is passed through a
filter and the final signal is a clean sine wave.

This version of the Harmonic Neutralized sine wave Oscillator uses a series of
flip flop gates, configured as a shift register (supplied by an 74HC174
Integrated circuit) and an inverter (supplied by a CD4049) to provide the
skewed square wave pulses. The schematic for the harmonic neutralized sine
wave is shown in Figure 38-1.
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Figure 38-1: Schematic of multi-phase square wave generator

A 6 Khz square wave pulse from a function generator is fed into the clock of the
74HC174. Each of the outputs of the flip flops are summed in such a way as to
eliminate the 3rd, 5th 7th “and 9th harmonics. This is of great importance when
attempting to filter the sine wave. The elimination of the 3rd, 5th, 7th ' and gth
harmonics greatly simplifies the design of the output filter. The resulting sum of
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Harmonic Neutralized Sine Wave

this signal is shown in Figure 38-4. The top waveform in Figure 38-4 is the 6
Khz input square wave. The bottom waveform is the resultant quasi-square
output waveform.

The skewed outputs of the 74HC174 are shown in Figure 38-4. The results of
the simulation of this circuit is shown in Figure 38-3 and 38-5.
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Figure 38-2: Skewed outputs of the 74HC174
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Figure 38-3: IsSpice result of Quasi-resonant 500 Hz output.
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Figure 38-4: 6 Khz input square wave (top) and Quasi-resonant 500 Hz output of
74HC174 (bottom)
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Figure 38-5: Micro-Cap result of Quasi-resonant 500 Hz output

The effects of the circuit in the frequency domain were also characterized. The
Fourier transform of the quasi-square waveform in Figure 38-4 was taken, and
the results shown in Figure 38-5. Note the 3rd, 5th, 7th " and 9th harmonics are
suppressed by about 40db, while the 11th and 13t harmonics are about 20db
less. The IsSpice simulation of this circuit was generated using the ICL feature
of IsSpice. The format of the FOURIER command are shown below in Table 38-
1. The resulting circuit characteristics in the frequency domain (Figure 38-6)
compare favorably to the resulting output from the IsSpice file (Table 38-2),
which is imported into Excel for graphing (Figure 38-7).

IsSpice: In the Edit Controls box of the schematic, type the following lines

.FOUR 1.2K V(10)

Pspice: In the Analysis menu, select Setup. Click the Transient button and check
the Enable Fourier box. Then enter the center frequency, number of harmonics,
and output varaibles.

Micro-Cap: In the Analysis menu, select Transient Anlaysis. In the box for Y
expression, enter the following:

HARM (V(x))

where x is the node of interest.
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Harmonic Neutralized Sine Wave

Table 38-1: FOURIER command syntax for IsSpice Pspce, and MicroCap

13Astop HIEE 318 ACgs
E ]
L 1
R Cursor
Function
Off
H Bars
n.\. ‘
) Vv Bars
Il Paired
. . . SIms - ch2 ‘L lie v
10dB  1.25kHz : : : : ;
Tlme
Units
1/5ec (H2)

Figure 38-6: Fourier transform of 500 Hz output of 74HC174
Fourier analysis for v(18):
No. Harmonics: 25, THD: 0.48878 %, Gridsize: 200, Interpolation Degree: 1

Harmonic Frequency Magnitude Phase Norm. Mag Norm. Phase

0 0.000 12265500 0

1 500 1.24307 96.3886 1 0

2 1000 0.00319095 -168.46 0.00256699 -264.85

3 1500 0.00166368 -172.57 0.00133837 -268.96

4 2000 0.00128604 -172.55 0.00103457 -268.94

5 2500 0.00109791 -171.91 0.000883227 -268.3

6 3000 0.000827279 -172.44 0.000665513 -268.83
7 3500 0.000628331 -169.82 0.000505467 -266.21
8 4000 0.00061474 -170.92 0.000494533 -267.3

9 4500 0.000631205 -171.98 0.000507779 -268.37
10 5000 0.000489693 -169.96 0.000393939 -266.35
11 5500 0.0036889 -176.92 0.00296757 -273.31

12 6000 0.000405014 -167.58 0.000325818 -263.96
13 6500 0.00192657 -0.25543 0.00154985 -96.644
14 7000 0.000349058 -166.88 0.000280803 -263.27

15 7500 0.000234937 -162.68 0.000188998 -259.07

http://www.pcbcafe.com/BOOKS/SpiceHandBook/09_chapter08-06.php (4 of 9) [19/01/2002 22:13:10]



Harmonic Neutralized Sine Wave

16 8000 0.00030614 -164.37 0.000246278 -260.76
17 8500 0.000372014 -165.56 0.00029927 -261.95
18 9000 0.000271725 -163.62 0.000218591 -260.01
19 9500 0.000184528 -148.74 0.000148445 -245.13
20 10000 0.000247479 -160.65 0.000199087 -257.04
21 10500 0.000309538 -169.24 0.000249011 -265.63
22 11000 0.000223398 -160.26 0.000179715 -256.65
23 11500 0.000872786 -173.63 0.000702121 -270.02

24 12000 0.000205702 -157.21 0.000165479 -253.6

Table 38-2: FOURIER command results from IsSpice simulator

Figure 38-7: IsSpice results of Quasi-resonant 500 Hz output

o Circuit tip: If you are attempting to breadboard this circuit, you
may need bypass capacitors (0.1 uF capacitors from Vdd to the
local IC ground) in order to minimize jitter and noise effects. These
IC’s switch at a very fast rate, and can easily cause switching noise
to appear on the outputs.

o IsSpice and Pspice tip: To import the data resulting from the
FOURIER command (as shown in Table 38-2) into a spread sheet
such as Excel, first, open the .out file. Highlight and copy the data
you need in the .out file and open Excel. After Excel opens, paste
the contents into the spreadsheet. The next step should be to pull
down the DATA menu and select the TEXT TO COLUMNS
command. Follow the steps to convert the pasted data into space
delimited data. After this is completed, you should have columns
for each of the data headings used by IsSpice to write the results
of the FOURIER command. You may now use Excel’s graphing
features to view your data. This procedure works for normal output
data as well. If you ever wish to extract data from an output
simulation to Excel, follow these steps. Excel performs a dizzying
array of mathematical operations that can be exploited by
engineers.
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This circuit is now ready to be connected to a band pass filter, shown in Figure
38-8.
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Figure 38-8: Schematic of multi-phase square wave generator connected to band pass
filter

The resulting output of the breadboard is shown in Figure 38-9. The output of

the Spice simulations are shown in Figure 38-10A and Figure 38-10B. The
output of the circuit is a clean, low distortion 500 Hz sine wave.
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Figure 38-9: End result, 500 Hz Sine wave
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Figure 38-10A: IsSpice result of 500 Hz sine wave
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Figure 38-10B: Microcap result of 500 Hz sine wave

Examining the Frequency components of this output, our breadboard results are
shown in Figure 38-11, while the Spice results are shown in Figure 38-12A and
Figure 38-12B.
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Figure 38-11: Fourier results of 500 Hz Sine wave after Band pass filter
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Figure 38-12A: IsSpice results of 500 Hz sine wave
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Figure 38-12B: Microcap results of 500 Hz sine wave

Run Time Summary

IsSpice v 7.6 PsPice v 6.3 Micro-Cap V v2

151.7 Sec N/A 172.6 Sec

Advantages: Good long term frequency stability, excellent distortion

Disadvantages: High parts count, added complexity

Filenames: sine (IsSpice) sine_mc (Mirco-cap)

Copyright 2002, PCBCafe.
1-888-44-WEB-44
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#39: Colpitts Oscillator @—’w

This circuit uses the resonance of an LC filter to switch an inverter creating a Expeditian“ Series
square wave at the output of the inverter. The schematic is shown in Figure 39-
1. This arrangement provides better stability then the RC resonating oscillator
with an amazingly small parts count. The output is a square wave oscillation

with a fixed frequency set by the LC time constant. The switching signal is

driven by a sine wave resonance between the inductor and the capacitor.

An important feature of all spice packages is what type of estimation or curve
fitting mathematics are available. All three of the packages used in this book
default to the trapezoidal method. Microcap and IsSpice offer the gear method
as an option. For this case, the gear method is proven to be more accurate in
IsSpice. The results of this comparison are shown in Figure 39-1 and Figure 39-
2.

L11m

auT

Figure 39-1: Schematic of Colpitts Oscillator
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Figure 39-4: Pspice results of Colpitts Oscillator

o Simulation Note: Pspice does not offer the gear method, the model
of the 74HC04 was taken from IsSpice because the evaluation
version of Pspice does not offer an analog model.

The 74HCO04 is commonly used as a digital inverter, when building this model it
is important to know if the model you are using is capable of providing analog
results. The Microcap model had an error in the interpretation of the parts
specification. The 74HC04 model switched high at 30% of Vcc and Low at 70%
of Vcc as if the part had hysterics. This decreased the amplitude of the input
sine wave and greatly increased the output frequency. This model of the
74HC04 may work well with digital inputs, but is not correct for an analog
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response. The results of the Microcap simulation and the lab data are contained
in Figure 39-5 and Figure 39-6.
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i il (]
\ -
\ .

] I Y N Y A
| [
N ] [N |

!
|

L

-
—

v(2)

A 70.92kHz
l@: 74.07kHz

Ch2 Freq
73.53kHz
Low sighal
amplitude

Ch2 Mean
2,825V

chz High
3.58V

Ch2 Low
206V
|
I
WA BV Ch: T R Cshe ohr A v
K 4 Nov 1997
10:13:39

Figure 39-6: Hardware results of Colpitts Oscillator

Comparison of Results
Condition IsSpice Pspice Microcap [[Measured
Frequency (kHz) 80.97 82.5 494 73.5
Sine Max (volts) 3.06 3.04 5.58 3.58
Sine Min (volts) 1.9 1.94 -1.815 2.06

Table 39-1: Comparison between simulators

Run Time Summary
IsSpice v 7.6 PsPice v 6.3 Micro-Cap V v2

1.904 Sec 2.79 Sec 4.032 Sec

Advantages: Low part count, moderate frequency stability
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Disadvantages: Harmonic distortion not controlled

Filenames: HCO4 (IsSpice) HCO4mic (Mirco-cap) HCO4ps (Pspice)

Copyright 2002, PCBCafe.
1-888-44-WEB-44
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#40 Schmidt Trigger Oscillator @"@

Like the Wein bridge oscillator, the Schmidt trigger only needs a power supply Expeditian"' Series
of 5 to 15 volts to begin its oscillation. This entails that the maximum lead that
the clock pulse can drive is in the 1 milliamp range. The oscillation is controlled

by the RC time constant and the hysterics native to the Schmidt trigger. The
output of the Schmidt trigger charges the timing capacitor through the resistor
creating the ramp signal. The ramp signal bounces back and forth between the
positive and negative hysterisis point of the Schmidt trigger.

To write a model for a Schmidt trigger, the most key parameter is the positive
and negative hysterisis points. Unfortunately, manufactures of the Schmidt
trigger give a loose specification as to what these points are. Figure 40-1 shows
data taken from the Harris Semiconductor Databook on the CD4093BMS NAND
Schmidt Trigger.

Figure 40-1: CD4093BMS NAND Schmidt Trigger Specifications

PARAMETER SYMBOL CONDITIONS TEMP MIN [[MAX [fUNITS
Positive Trigger | VP5V VDD=5V (Note 4) -55 - 2.6 4 \%
Threshold +125

Voltage

Negative Trigger |[VN5V VDD=5V (Note 4) -55 - 1.4 | 3.2 \%
Threshold +125

Voltage

Hysteresis VH5V VDD=5V (Note 4) -55 - 0.3 1.6 \%
Voltage +125

As you can see, it is unclear at what voltage level the hysterisis will center
around or what the separation between the positive and negative switching
points will be. A good model should hit the average of the specification, but it is
unlikely that a part will perform in a similar manner. Realistically, the person
who wrote the spice model, wrote it for a single part. Any model that performs
within the specification limits of the device could be considered as correct. This
makes for some interesting results from the models included with the different
packages.

Consider the CD4093B model contained in the IsSpice package. The circuit is
shown as figure 40-2.
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Schmidt Trigger Oscillator
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Figure 40-2: Schmidt Trigger Oscillator
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Figure 40-3: Results of IsSpice Schmidt Trigger

The IsSpice model shows that the ramp voltage peaks at 3.7 volts and has a
minimum of 1.75 volts. The maximum is below the extreme high specification of
4 volts, and the minimum is above the extreme minimum specification of 1.4
volts. This seems to line up pretty close to the data sheet, but the models
hysterisis voltage is 1.95 volts and the specified maximum is only 1.6 volts. The
IsSpice version of the Schmidt trigger would work for some applications where
the hysterisis voltage is not so critical, but for this application, the large
hysterisis value caused a much lower frequency then expected. The IsSpice
models frequency is 5.29 kHz.

The Pspice program did not contain model for the CD4093, so a 7414 was used
in its place. The 7414 is the digital model for the Schmidt trigger inverter. To
use the digital device for an analog measurement, E sources (voltage controlled
voltage sources) were used as buffers. The schematic used for the Pspice model
is shown as figure 40-4. The results are displayed as figure 40-5.
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Figure 40-4: Pspice using digital Schmidt trigger
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Figure 40-5: Pspice results of Schmidt trigger oscillator

The results of the Pspice digital model show that the hysterisis voltage is within
the specification limits at 790 mV. The minimum positive threshold voltage is
1.65 V and model shows it at 1.69, meeting this specification also. The only
problem is the model does not meet the minimum negative threshold of 1.1V,
the model shows it down at 0.9 V. With the exception of the negative threshold,
Pspice has a valid model of the schmidt trigger. Unfortunately the negative
threshold of the Pspice model causes an this particular circuit to not report the a
proper duty cycle or frequency.

Microcap has a model of the CD4093A. The results of the simulation of the
Microcap model are shown as figure 40-6.
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Figure 40-6: Microcap results of Schmidt trigger oscillator

The microcap results correlate very well to the data sheet. The hysterisis
voltage is right at one volt, well within the limits of the 0.3 to 1.6 volt limits.
The positive threshold voltage is 3 volts which is within the 2.6 to 4 volt limit.
The negative threshold voltage is 2 volts which is between the 1.4 to 3.2 volt
limit. Microcap’s model of the schmidt trigger is clearly valid from the for the
parameters evaluated in this comparison.
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Figure 40-7: Circuit board data from Schmidt trigger oscillator

Comparing the Spice models to the measured data shown in figure 40-7 is
difficult to do. The measured data shows the hysterisis voltage to be 250 mV.
This does not meet the minimum specification limit of 300 mV. The minimum
and maximum threshold voltages were close to 2.5 volts which does meet the
specification limit. These measurements bring out a serious problem with this
type of circuit. The frequency of oscillation can change dramatically due to the
wide variance of hysterisis voltage, causing difficulty in modeling this circuit.

Run Time Summary
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IsSpice v 7.6 PsPice v 6.3 Micro-Cap V v2

154.233 Sec 204.11 Sec 255.488 Sec

Advantages: Low part count, good drive capability.

Disadvantages: Frequency of oscillation and duty cycle unpredictable due to
poor tolerance of hysterisis voltage and voltage thresholds.

References

Kielkowski, Ron M. 1994. Inside Spice. New York:
McGraw Hill.

National Semiconductor, 1994. Linear Applications
Handbook.

Parker, Sybil, ed. 1984. Concise Encyclopedia of
Science and Technology. New York: McGraw Hill

Harris Semiconductor, 1993. Radiation Hardened Product Databook.

Copyright 2002, PCBCafe.
1-888-44-WEB-44

http://www.pcbcafe.com/BOOKS/SpiceHandBook/09_chapter08-08.php (5 of 5) [19/01/2002 22:14:05]



http://www.pchbcafe.com/BOOK S/SpiceHandBook/Image917.gif

£

oz +
C:l w1
Wl 1 3 5
IN
aND i
Li1M
| e Wi
auT
o2
1N j—

http://www.pcbcafe.com/BOOKS/SpiceHandBook/Image917.gif [19/01/2002 22:14:07]



http://www.pchbcafe.com/BOOK S/SpiceHandBook/Image918.gif

3000 16.00

2000 12.00
44
g5
]
= qpo0 £ g000
£ =
= -
- (]
0 4000
-1.000 0

S.o00u 15.00U 25.00U 25,000 <5.00U

WFM.2 QUT ws. TIME in Secs

http://www.pcbcafe.com/BOOKS/SpiceHandBook/Image918.gif [19/01/2002 22:14:08]



http://www.pcbcafe.com/BOOK S/SpiceHandBook/Image919.gif

16.00 1A

12.00 1931
Ja
= #
= o i
[ £ ]
] =
= =

4000 - 19 08

I -1.014

0000 146.000 25,000 35000 45,001
WEMT IR ws. TIME in Secs

http://www.pcbcafe.com/BOOKS/SpiceHandBook/Image919.gif [19/01/2002 22:14:09]



http://www.pchcafe.com/BOOK S/SpiceHandBook/Image920.gif

|

-2.+-------- r—————-=--- r-———---- r-———----- r-———----- r-——-—--—-- r-——-—-—=--- r-——-——-- r-—---=--- r-——--=--- I
Az Cus 18us 15us 28us 25us J8us 3%us 4Bus 4Sus CBus
ug3) Uit
Time

http://www.pcbcafe.com/BOOKS/SpiceHandBook/Image920.gif [19/01/2002 22:14:11]



http://www.pcbcafe.com/BOOK S/SpiceHandBook/I mage921.gif

:2?

MICHCMS.CIR Temperature

e e T i U A J

U g e T e

e e [y | [

g [y S

e 0 | | s O U U [P

e gy U i

Y U 0 U U U [ U A U

A [ | s Y

v(2)

http://www.pcbcafe.com/BOOKS/SpiceHandBook/Image921.gif [19/01/2002 22:14:13]



http://www.pchbcafe.com/BOOK S/SpiceHandBook/Image922.gif

Tek EGIR 10M5/s 72 Acqs

A 70.92kHz
l@: 74.07kHz

Ch2 Freq
73.33kHz
Low sighal
amplitude

Ch2 Mean
2.825YV

Ch2 High
3.38V

Ch2 Low
2.06V

g 4 Noy 1997
10:13:39

http://www.pcbcafe.com/BOOKS/SpiceHandBook/Image922.gif [19/01/2002 22:14:13]



ITN Customer Login

LM111 Oscillator

=>FIIN

PCBCafé.com.

Home | Companies | eCatalog | Interviews | Downloads | News | Jobs | Resources | Universities | Books

Check Mail | Submit Material | [{lfiEWJ | Events | Membership | Fun Stuff | Advertise | e-Catalog Signup
Browse eCatalog:

e-Catalog Design Services Mant . Cat. Search: | PCBCafe Al I
Demo it now... a il . oy
! component obsolescence problems (e
Elﬂd HIH! = i ; PRECIENCE
dmm it lrecenceggsoiutons — O bringing the meeting to you®

PCBCafe - Sponsored by Asia ITN, Ltd.

QR0

SRR
#41: LM111 Oscillator @@

The LM111 makes an interesting oscillating circuit. The reference lead of the Expeditian"' Series
comparator changes as the comparator changes states. When the output lead of
the comparator is low it acts as a ground putting R16 and R6 in parallel, thus

setting the reference of the comparator to its low value. C10 is then allowed to
discharge through R17 and the output of the comparator until it reaches the low
state of the reference pin. The comparator switches just after these pins match
and essentially open circuits the output of the comparator. This causes R43 and
R16 to be in parallel with R7, which causes the voltage at the reference pin to
reach its high state. C10 is charged up through R43 and R17 until it matches the
reference voltage, then the process repeats itself creating the oscillation. The
circuit is shown in figure 1 and the output of the actual and simulated circuits are
shown in figure 2 Through figure 5 respectively. The simulation results are shown
in Table 1.

VCC

R43
15.02 464K

— 15.0 R16 98.4K
R7 —AMA—2
98.4K 658F
‘ X2 COMP
V(2) 2 +
HYST 500 V)
SQUARE

R6
98.1K

oy
- GN
V(5) 5

RAMP 9.36E-028
c1o _| 3K

330P7T

Figure 41-1: LM111 Oscillator Circuit
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LM111 Oscillator

Simulator

Hardware
Pspice
Micro-Cap V

Ispice

File
Name

NA
LM111ps
LM111mc

LM111is

Frequency

90.98 KHZ
94.5 KHz
95.1 KHZ

95.2 KHz

Run Time

NA

1.59 Sec

4.99 Sec

2.016 Sec

Table 41-1: Simulation Results

ek Run: 20MS/s

Average LERKE
I T
L

==

Chi— 2V

GE T 500mV

W 23Hs Ch2 7 720mV

Ch2 Freq
90,.98kHz

Ch1 Pk—Pk
4.897 V

Ch2 +Duty
54%
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Figure41-2: LM111 Oscillator Measured Results
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Figure 41-3: Ispice LM111 Oscillator Simulated Results
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LM111MC . CIR Temperature = 27 Case= 1
15.00 ! ! ! H
12.00
9.00

6.00

300

0.00
Left Right Delta Slope
v(Z) 5.980 5.980 0.000 -1.690e-10
Wid) 13.426 13.415 -0.0m -1.039e03
T 266270 37.139u 10.5120 1.000e00

Figure 41-5: Micro-Cap V LM111 Oscillator Simulated Results
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Gate Drive Circuits Expedition™ Series

In the late 1970’s, MOSFETs (Metal Oxide Semiconductor Field Effect
Transistors) began replacing traditional bipolar transistors in many
applications. Some of the improvements of the MOSFET over bipolar
transistors include very fast switching, absence of secondary breakdown
characteristics, wide safe operating area, and high gain [Application
note 936A, International Rectifier]. Although MOSFETs are much easier
to drive than bipolar transistors, attention must be paid to the drive
circuitry to maximize the performance of these devices, as well as
preventing outright device failure.

There are several behavioral characteristics of the MOSFET that require
the designer to pay careful attention to the gate drive circuitry. The
MOSFET is a voltage controlled device with theoretically no current draw
on the gate. Realistically, there is a large non-linear gate charge that
must be overcome before the MOSFET is able to turn fully on. In order
to realize maximum performance from the MOSFET, large instantaneous
currents are required to keep switching times and power losses low.
Another characteristic that constrains the design of the gate drive is the
typical 20 volt limit on the gate of the MOSFET. The silicon dioxide layer
between the gate and the source regions can be easily penetrated,
resulting in device failure, if the voltage between the gate and source
exceeds + 20 volts, even with low current [Application note 937B,
International Rectifier].

The excellent performance characteristics of MOSFETs are conditional on
the well designed gate drive circuitry. This chapter will aid the designer
in modeling these circuits and utilizing MOSFETS to their fullest extent.
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#42: UC1846 50 % duty cycle gate drive %ﬁv

circult Expedition” Series
This circuit was used in Chapter 12 as part of a high voltage, high current

doubler. This circuit can provide a fixed frequency, fixed 50 % duty cycle square
wave capable of driving the gate of a power Mosfet.

This circuit is shown in figure 42-1. The circuit is powered from a 15 volt supply
connected to Vin and Vc (pins 15 and 13). A bypass capacitor is applied across
the power of the IC to help minimize noise effects. The frequency of the output is
set by resistor R5 and capacitor C3.

+
X5 1846 — C)
c4
19 im UShdwn 18 U V3
. 15
11
Vref Vin —
12 16 -
—os B Out
Cis+ ve —Y

ElA A —AAN

—_ ElA+ Gnd‘{ | ' R1 10
2 '||;

14 Comp synd 19
1 15
—CT RT
S
2200P

Figure 42-1: Schematic of UC1846 fixed duty cycle gate drive circuit

The frequency is fixed at 50 Khz, with a 50 % duty cycle. By tying the non-
inverting terminal of the error amplifier to the reference voltage (5.1 volts) and
tying the inverting terminal to ground, the oscillator controls the pulse
termination. The output signal appears at A OUT (pin 11).
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UC1846 50 % duty cycle gate drive circuit

Our equivalent SPICE model of this circuit is shown in Figure 42-2. A 100 Meg
resistor (R4) has been added from the inverting terminal of the current sense pin
to ground in order to help convergence and prevent "singular matrix" errors.

o SPICE tip: The "trick" described above is a good way to prevent
"singular matrix" errors. "Singular matrix" errors usually occur
because the node does not have a direct path to ground. By adding
the 100 Meg resistor, this node has a direct path to ground and
does not effect the operation of the circuit.

o SPICE tip: In order to force convergence in this circuit, the UIC
statement MUST be included in the .TRAN simulation. The SPICE
engine has a difficult time determining the steady state operating
point of the Flip-Flops internal to the UC1846. Also, the ABSTOL
OPTIONS parameter has been changed from 1p to 1u to aid
convergence.

A voltage and resistance (V2 and R3) was added to the drain of the Mosfet so the
gate voltage characteristics will be accurate while the Mosfet is biased.

.
X3 1846
c2
7 [im  snon— 1U Vi R3 600
8 15 2
R4 100MEG ref vin 1
= 1 - V2
1S B Out| V(3) s
- s vol—2 GATE X2 1
IRF150
A Gnd [ R110 L
ElA- AQu 3 I 4 ] '; -
n Comp Syr‘i
V(12) et ™
cT
o1 oK
2200P
1

Figure 42-2: SPICE equivalent Schematic of UC1846 Mosfet Drive circuit

The Breadboard was constructed and two waveforms were measured. The
waveforms are shown in Figure 42-3, the top trace is the output pulse, the
bottom trace is the voltage on the Ct pin (pin 8).

[Tek BEE 5M5/s

T28 ACOS
T

1
1

Ch2 Freq
48.09kHz

Ch1 Freq
94.78kHz
Low signal
amplitude

Chi— TV 5V

M 10us Chz &

Figure 42-3: Breadboard waveforms

http://www.pcbcafe.com/BOOKS/SpiceHandBook/10_chapter09-02.php (2 of 4) [19/01/2002 22:14:52]



UC1846 50 % duty cycle gate drive circuit

This circuit was also constructed in IsSpice. The resulting waveforms are shown
in Figure 42-4. The top waveform in Figure 42-4 had a frequency of 44.05 Khz
and the bottom waveform had a frequency of 87.86 Khz.

2000 15.00

6000 5000

- AN

10,00 230 00 00,00 o700 a0 00
TIME in Secs

CTinVols
S
g

GATE inVolf
g8

Figure 42-4: IsSpice waveform results

o Breadboard tip: You may notice the gate resistor (in this example,
10 ohms) is present in most of the Mosfet gate drives in circuits
today. This resistor damps spurious oscillations that can occur in
the gate voltage of power Mosfets. The value of this resistor is a
trade off between reduced switching losses and suppressing these
spurious oscillations. Another resistor that is usually included is a 10
Kohm resistor from the gate of the Mosfet to ground. Gate charge
can be large on some power Mosfets, possibly causing the Mosfet to
remain ON even if the gate drive has been removed. This 10 Kohm
resistor to ground allows any excess charge to dissipate safely from
the gate in the event of this occurrence. In this sample circuit, the
low state of the UC1846 is a low impedance, which allows us to
exclude this resistor.

The UC1846 model is not available in either the evaluation version of Pspice, nor
Microcap.

Run Time Summary
IsSpice v 7.6 PsPice v 6.3 Micro-Cap V v2

347.666 Sec XXX Sec XXX Sec
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UC1846 50 % duty cycle gate drive circuit

Advantages: Simple, high frequency capability, high output current,
complementary outputs

Disadvantages: none

Filenames: 1846 (IsSpice)

References
1990 Linear Databook, Linear Technology.

1990 Linear Applications Handbook Volume I, Linear
Technology.

Hexfet Power MOSFET Designer’s Manual. International
Rectifier. 1993.

Parker, Sybil, ed. 1984. Concise Encyclopedia of
Science and Technology. New York: McGraw Hill

Van Valkenburg, M.E. 1982. Analog Filter Design. New
York: Harcort Brace Jovanovich College Publishers.

Copyright 2002, PCBCafe.
1-888-44-WEB-44

http://www.pcbcafe.com/BOOKS/SpiceHandBook/10_chapter09-02.php (4 of 4) [19/01/2002 22:14:52]



ITN Customer Login

555 Pulse shaped MOSFET driver

=>FIIN

PCBCafé.com.

Home | Companies | eCatalog | Interviews | Downloads | News | Jobs | Resources | Universities | Books

Check Mail | Submit Material | [{lfiEWJ | Events | Membership | Fun Stuff | Advertise | e-Catalog Signup
Browse eCatalog:

£-Catalog Design Services Manufactur. Cat. Search: | PCBCafe |l | |_oo |

Demg it now. .. a
and WIN! efitualpacale

.. PcBCafé.com.

ith Preclence™solutions, "RECHE

PCBCafe - Sponsored by Asia ITN, Ltd.

QL0

BRI
#43: 555 Pulse shaped MOSFET driver @—’w

Proving once again the versatility of the 555 IC, this circuit utilizes the ability of Expeditian"' Series
the 555 to provide varying duty cycle shaped waveforms for MOSFETS. In
certain applications of MOSFETSs, when the device is turned on, current transfers

from a freewheeling diode into the MOSFET. Parasitic inductances and high
switching speeds can cause reverse recovery currents in the freewheeling diode
that are high enough to destroy the device [AN-937B, International Rectifier].
For this reason, it is sometimes practical to delay the turn on edge of the
MOSFET in order to limit the reverse recovery current in the freewheeling diode.

This circuit is shown in figure 43-1. The input waveform is generated at voltage
source V1. The reset is pulled high through a 4.7 Kohm resistor and the trigger
and threshold pins are tied together. This configuration causes the 555 to act as
an inverter. The totem pole arrangement of the 2N2222A and 2N2907A
transistors provides good current capability to drive the gate of the Mosfet. The
gate of the Mosfet is modeled in this circuit by the 1000 pF capacitor. A bypass
capacitor is applied across the power of the IC to help minimize noise effects
(always a good idea when using switching IC’s).

When the input transitions low, the output of the 555 transitions high. Capacitor
C1 begins to charge through resistor R1. This action provides for the delayed
pulse. On turn off, the voltage is discharged through diode D3 to ground,
allowing for a fast switching time (which minimizes switching losses).

V(1)
<. VcC
. 1
V(7) VC
INPUT 12 C3
AU
, — -
% -
PULSE | +
Vv(8)
ouT Q2 1
QN2222A /
s
8 — TRIG DISCHG]
D3 THRES
_— o \ DN4148
c_FE AN
QN2907A CTRL 6
1000P| R1 22K ceser T
c1 5
330P C2
01U
R2
47K
R v(1)
- VCC
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555 Pulse shaped MOSFET driver

Figure 43-1: Schematic of pulse shaping gate drive circuit

o Breadboard tip: If there is no input signal to this circuit, the default
output is high. Also note that this circuit operates as an inverter.

o SPICE tip: In order to assist convergence in this circuit, the UIC
statement was included in the .TRAN simulation. This statement
helps in circuits where a steady state operating point may not exist
or is difficult for SPICE to determine.

The Breadboard was constructed and two waveforms were measured. The
waveforms are shown in Figure 43-2, the top trace is the output gate drive
pulse, the bottom trace is the input voltage to the 555.

ok Run: 10M5S/s  sample
f I

1
P

Ch1 Freq
100.7kHz

Chi— 5V 5V M Sps ChT & 3.6V

Figure 43-2: Breadboard waveforms

This circuit was also constructed in IsSpice, Pspice, and Microcap. The resulting
waveforms are shown in Figure 43-3 through 43-5.

20.00 40.00

10,000 3000 W /‘ "
S 000

30.000 40000 50,000 60.000 70,000
TIME in Secs

oUT invols
NP UTin Vols

-10000 10.000

Figure 43-3: IsSpice waveform results

http://www.pcbcafe.com/BOOKS/SpiceHandBook/10_chapter09-03.php (2 of 4) [19/01/2002 22:15:01]



555 Pulse shaped MOSFET driver

S UL

>

58us 55us 68us 65us 78us 75us 88us 85us 98us 95us 188us
[0 = U(X1:TRIGGER) [Z] = w(ch:2)

Time
—

Figure 43-4: Pspice waveform results

PLS SHP3.CIR =27

4500 2500

3500 1500

o | / / [ /

1500 -5.00

500 -15.00

-500 -26500

50.00u £0.00u 70.00u 60.00u 90.00u 100.00u
ug) 3]

Figure 43-5: Microcap waveform results

o SPICE tip: In order to run this schematic on the Pspice evaluation
version, the DISCH pin of the 555 model needed to be connected
to a .01 uF capacitor. Leaving this pin floating produced an error.
When this capacitor was added, the simulation results matched the
other two simulators.

Generally, a SPICE primitive capacitor is not the best way to model the non-
linear capacitance of a MOSFET. The capacitance of the gate of the MOSFET is
dependent on the gate to source voltage, and to a lesser extent, the drain to
source voltage. However, the fixed capacitance used in this simulation is
adequate for our purposes.

Run Time Summary

IsSpice v 7.6 PsPice v 6.3 Micro-Cap V v2

40.85 Sec 11.45 Sec 70.528 Sec

Advantages: good drive current capability, reduced turn on switch transient
currents

Disadvantages: Higher parts count than other solutions. Slower turn on
creates higher power dissipation in the MOSFET.

Filenames: puls_sh (IsSpice) pls_shp2 (Pspice) pls_shp3 (Microcap)
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When the requirements for isolated gate drive circuits require operation at Expeditian“ Series
nearly full duty cycle or nearly zero duty cycle, these circuits can be difficult to

design. The transformer that provides isolation can easily saturate at full duty
cycles. The circuit featured here uses a unique idea in order to circumvent this

difficulty.

This circuit is shown in figure 44-1. The input waveform is generated at voltage
source VIN. The center tapped transformer X2 saturates at turn on, which
provides turn on charge to the output MOSFET through diode D2 and resistor
R2. When the input waveform turns off, D2 is reversed biased and turn off
charge is provided to MOSFET X3, allowing for a fast turn off. Capacitor C1
provides the energy bank of the circuit. The transformer is wound on a 41005
toroid using F material. There are three turns for each winding (this example
used 26 AWG trifilar twisted). The MOSFET load being driven is approximated as
a 2000 pF capacitor.

v(10)
ouT

Vi4)

GATE1 )
X3 f—
X2 -
SEMRTAP T IRFF110 % 527 C_LOAD
4 ] 2000P

i

VIN ‘

PULSE >t
vy X

IND MAGF %
c1.01U D2 DN4148

I 2 3 N

BT [

@ V@)
1 P2

=<
25>

a4<

Figure 44-1: Schematic of zero to 10026 duty cycle gate drive circuit

o Breadboard tip: If operating this circuit at wide duty cycles, the 33
ohm resistor will dissipate high power. Choose an adequately sized
resistor.

o SPICE tip: To model the transformer, an ideal center tapped
transformer is combined with a non-linear core model for the F
material. As this circuit counts on the saturation of the core, a
SPICE primitive inductor will not work. By adding this non-linear
core model across the input of the center tapped transformer, the
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Zero to 100% Duty Cycle Driver

magnetizing inductance and saturation characteristics of the core
is realized.

In order to fully test the capabilities of this circuit, the input pulse was varied in
duty cycle from 5 % to 95 %. The voltage source VIN used the following two

statements:
PULSE 0 15 0 20N 20N .5U 10U ; 5% duty cycle
PULSE 0 15 0 20N 20N 9.5U 10U ; 95% duty cycle

Fast switching circuits like this one can cause simulation problems.
Discontinuities can create "Time Step Too Small" errors. In order to aid in
convergence, the following statement was added to each of the simulators.

.OPTIONS
ITL4=100 ;
This increases
the number of
transient
iterations at
each time
point.

Figure 44-2 shows the waveform results of the breadboard at three different
test conditions. The top picture shows the input pulse and the output pulse
overlapped so the delay and turn off ring can be examined. The middle picture
shows the input (top) and output (bottom) waveforms when the duty cycle is 5
%. The bottom picture shows the input (top) and output (bottom) waveforms
when the duty cycle is 95 %.

a2/17/1998 13:49 6A28987198 ANALYTICAL ENGRG PAGE @l
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CuTAUT

Figure 44-2: Breadboard waveforms

This circuit was also constructed in IsSpice, Pspice, and Microcap. The resulting
waveforms are shown in Figure 44-3 through 44-5.
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Figure 44-3: IsSpice correlation waveform results
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Figure 44-5: Microcap waveform results

Generally, a SPICE primitive capacitor is not the best way to model the non-
linear capacitance of a MOSFET. The capacitance of the gate of the MOSFET is
dependent on the gate to source voltage, and to a lesser extent, the drain to
source voltage. However, the fixed capacitance used in this simulation is
adequate for our purposes.

o Microcap tip: While attempting to run this simulation in Microcap
the following error was generated "Floating point ‘Pow (0,-1.1376)
Domain Error’™. This was traced to the use of the SPICE compatible
VALUE statement in an E element. The value statement is used to
model equations dependent on other nodes or currents. The
statement in question used the form X ™ - Y. This was acceptable
to IsSpice and Pspice, but not to Microcap. This statement was
rewritten in the equivalent form 1 / (X ™ Y) which was accepted
without error.

Run Time Summary

IsSpice v 7.6 Pspice v 6.3 Micro-Cap V v2

61.633 Sec 58.42 Sec 184.89 Sec

Advantages: Isolated Driver, nearly infinite duty cycle range, very low delay,
not frequency limited

Disadvantages: high power dissipation in the 33 ohm resistor at wide duty
cycles, ringing on trailing edge

Filenames: ful_duty (IsSpice) duty2 (Pspice) duty_3 (Microcap)

Copyright 2002, PCBCafe.
1-888-44-WEB-44
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Voltage Multiplier Circuits Expedition™ Series

As more and more electrical designs utilize the benefits in performance,
cost, and size of Integrated Circuits, demand for DC power in the
system has been increasing.

Unfortunately, sometimes the only power input of these circuits is an AC
waveform, with a spare winding from a transformer that must power the
housekeeping supplies of the system. Other times, the designer is trying
to avoid adding a DC housekeeping power supply to the system, which

while adding power capability to the IC’s, also adds complexity and cost.

One simple and inexpensive solution to powering Integrated Circuits and
other circuits that require DC levels, are the voltage multiplier circuits.

Using these circuits requires few parts, and provides a good design
choice when circumstances permit their use. The information in this
chapter will aid the designer in predicting the performance of these
circuits and maximizing their capability and usefulness in the system.

Copyright 2002, PCBCafe.
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#45: AC to DC voltage doubler @—*@

The conventional voltage doubler is a very simple, yet effective method of Expeditian"' Series
creating a DC voltage from an AC voltage [Mimms, 1991]. The schematic for the
conventional voltage doubler is shown in Figure 45-1. The input is an AC

waveform. This particular circuit was measured using both a square wave and a
sine wave, with the circuit working using both input types. During the positive
cycle of the AC waveform, the waveform is rectified by diode D1 and capacitor
C1. During the negative cycle, the waveform is rectified by diode D2 and C2.
This creates an effective DC voltage at the output terminals that is roughly 2
times the AC voltage minus the forward drop of the diode. The resistor R3 was
added as a slight load.

v
auT

Ji ci
M T e <]
DHi02 0k

WIN
PULSE

Figure 45-1: Schematic of Conventional Doubler

The actual SPICE model of this circuit is shown in Figure 45-2. Notice there are
two resistors in series with each of the capacitors, R1 and R2. These resistors
are modeling the approximate Equivalent Series Resistance (ESR) of the
tantalum capacitors in the circuit at the switching frequency.
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AC to DC voltage doubler

v
ouT

R3
10K

10M

Figure 45-2: SPICE equivalent Schematic of Conventional Doubler

This circuit was built in the lab using 1N4002 1A 100V rated diodes with 1 uF
tantalum capacitors. The input pulse was a square wave from -3 volts to +3
volts. The input pulse had a frequency of 5 Khz at a 50% duty cycle. The PULSE
statement in the SPICE model is shown below:

PULSE -3 3 .1U .1U 100U 200U

The input pulse and the output DC voltage was measured using the
Oscilloscope. The result picture is shown in Figure 45-3A. Unfortunately, the
ripple on the breadboard was small enough to be swamped by the noise in the
lab, and we were not able to make an accurate measurement. The IsSpice
model result is shown in Figure 45-3B. The top waveform is the output voltage
and the bottom waveform is the input pulse.

o Breadboard tip: It is not necessary to use the 1N4002 rectifier for
this circuit. When choosing a rectifier, remember, the diode
reverse characteristics must be rated for 2 times the input voltage.

o Simulation tip: In order to allow the simulation to find the DC
voltage, the simulation was run for 10 mSec. Each of the
simulations used Initial Conditions (IC) in order to shorten the
simulation time. In this simulation, the capacitors were biased at
an initial voltage of 2.75 volts. In Pspice, this is accomplished by
double clicking the capacitor and changing the attribute for IC. In
Microcap, this is accomplished by clicking the TEXT toolbutton and
entering the command .IC v(2)=2.25 v(4)=2.25. In IsSpice, this is
accomplished by double clicking the capacitor and entering 1IC=2.5
after the capacitance value.

o Spice tip: The only real error source for the output voltage is the
forward drop characteristics of this diode . Each of the three SPICE
simulators have a model for the 1N4002 diode, with all of the
simulators within about 100 mV of each other. The question
becomes which model is correct? The answer is they are all
probably correct. The forward drop tolerance of a diode varies from
lot to lot, from manufacturer to manufacturer, and from device to
device. Table 45-1 shows the results of each of the three
simulators along with the breadboard results.
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Figure 45-3A: Breadboard waveforms of input and output
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Figure 45-3B: IsSpice waveforms of input and output

Output Voltage Results Summary

IsSpice v 7.6 Pspice v 6.3 Micro-Cap V v2 Breadboard

5.034 Volts 5.078 Volts 4.998 Volts 5.21 Volts

Table 45-1: Output voltage comparison between SPICE and breadboard

The results of the Microcap simulation are shown in Figure 45-4, while the
Pspice results are shown in Figure 45-5.
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Figure 45-4: Microcap input and output waveforms
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Figure 45-5: Pspice input and output waveforms

Run Time Summary

IsSpice v 7.6 PsPice v 6.3 Micro-Cap V v2

32.21 Sec 52.03 Sec 49.34 Sec

Advantages: Low parts count

Disadvantages: Current capability limited by source, ripple not as controlled
as other topologies, no AC/DC isolation, no regulation.

Filenames: con_dou (IsSpice) con_dub (Micro-cap) con_doub (Pspice)

Copyright 2002, PCBCafe.
1-888-44-WEB-44
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#46: Cascade Doubler @—*@

By slightly altering the circuit in Figure 45-1, we can attain the cascade doubler, Expeditian"' Series
which has the output characteristics as the Conventional doubler. This circuit is
shown in Figure 46-1A. The SPICE equivalent circuit is shown in Figure 46-1B.

v
ouT

R3
1mK

Figure 46-1A: Schematic of Cascade Doubler

vih
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o R3
v OH4OO2 JmK

1] R1100 criu
3

- 1

R2
1on

Figure 46-1B: SPICE Schematic of Cascade Doubler

This circuit used the same 1N4002 diodes as circuit #45, the same 1uF
capacitors, and the same 5Khz + 3 volt input pulse. A 100 Kohm resistor acts as
a load for the circuit. The breadboard results are shown in Figure 46-2A, with
the IsSpice results in Figure 46-2B. The top waveform is the DC output voltage
and the bottom waveform is the AC input waveform.
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Figure 46-2A: Breadboard input and output waveforms
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Figure 46-2B: IsSpice input and output waveforms

o Breadboard tip: Notice in Figure 46-1A, the capacitors are shown
polarized. SPICE will not care one way or the other, but your
breadboard tantalum or electrolytic capacitors will! Negative
voltages on polarized capacitors will damage them just as easily as
exceeding their rated voltage.

The results of the Microcap and Pspice simulators are shown in Figures 46-3 and
46-4. The results are tabulated and compared in Table 46-1.
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Figure 46-3: Pspice input and output waveforms
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Figure 46-3: Microcap input and output waveforms

Output Voltage Results Summary

IsSpice v 7.6 Pspice v 6.3 Micro-Cap V v2 Breadboard

5.003 Volts 5.081 Volts

4.995 Volts 5.15 Volts

Table 46-1: Output voltage comparison between SPICE and breadboard

Run Time Summary

IsSpice v 7.6 PsPice v 6.3 Micro-Cap V v2

22.18 Sec

49.08 Sec 48.064 Sec

Advantages: Low parts count

Disadvantages: Current capability limited by source, ripple not as controlled
as other topologies, no AC/DC isolation, no regulation.

Filenames: cas_dou (IsSpice) cas_dub (Micro-cap) cas_doub (Pspice)

Copyright 2002, PCBCafe.
1-888-44-WEB-44
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#47: Bridge AC to DC Doubler @@

Ar! improvgm_ent to the conventional and cascade qqublgrs shown .above is the Expeditian“ Series
bridge rectifying doubler. Instead of half wave rectification, the bridge doubler

provides full wave rectification. The advantages to full wave rectification include
less input impedance and a ripple voltage at twice the input frequency, which

improves ripple filtering capability. The schematic for the bridge doubler is

shown in figure 47-1. The IsSpice equivalent schematic is shown in figure 47-2.

Wiy
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Figure 47-1: Schematic of Bridge Rectifying Doubler
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Figure 47-2: SPICE Schematic of Bridge Rectifying Doubler (with ESR shown)

This circuit used the same 1N4002 diodes as circuit #45, the same 1uF
capacitors, and the same 5Khz + 3 volt input pulse. Again, a 100 Kohm resistor
acts as a load for the circuit. The breadboard results are shown in Figure 47-3A,
with the IsSpice results in Figure 47-3B. The top waveform is the DC output
voltage and the bottom waveform is the AC input waveform.
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Figure 47-3A: Breadboard input and output waveforms
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Figure 47-3B: IsSpice input and output waveforms

The results of the Microcap and Pspice simulators are shown in Figures 47-4 and
47-5. The results are tabulated and compared in Table 47-1.
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Figure 47-4: Microcap input and output waveforms

(1]

-u.
9.6ms  9.ims  9.2ms  9.3ms  9.4ms  9.5ms  9.6ms  9.7ms  9.8ms  9.9ms
o U(R3:2) - U(U1:+,U1:-)

Tine

http://www.pcbcafe.com/BOOKS/SpiceHandBook/11_chapter10-04.php (2 of 3) [19/01/2002 22:16:07]



http://ww. pcbeafe.com/BOOK S/SpiceHandBook/11_chapter10-04.php

Figure 47-5: Pspice input and output waveforms

Output Voltage Results Summary

IsSpice v 7.6 Pspice v 6.3 Micro-Cap V v2 Breadboard

5.004 Volts 5.087 Volts 4.998 Volts 4.95 Volts

Table 47-1: Output voltage comparison between SPICE and breadboard

Run Time Summary

IsSpice v 7.6 PsPice v 6.3 Micro-Cap V v2

27.73 Sec 55.03 Sec 65.92 Sec

Advantages: medium parts count, lower impedance than conventional

doublers, full wave rectification allows for less filtering (ripple now at twice
the switching frequency).

Disadvantages: Current capability limited by source, ripple not as controlled
as other topologies, no AC/DC isolation, no regulation.

Filenames: bridgel (IsSpice) bridge3 (Micro-cap) bridge2 (Pspice)

Copyright 2002, PCBCafe.
1-888-44-WEB-44

http://www.pcbcafe.com/BOOKS/SpiceHandBook/11_chapter10-04.php (3 of 3) [19/01/2002 22:16:07]



http://www.pchbcafe.com/BOOK S/SpiceHandBook/Image797.gif

W)
auT
+
]| —— R3
v ON4OOZ & N 1Mk
IN c1 1nF
|1 2
z | 1+

+ b2 402
WIN E L+
PULSE C] OH4m: 1hF

http://www.pcbcafe.com/BOOKS/SpiceHandBook/Image797.gif [19/01/2002 22:16:08]



http://www.pchbcafe.com/BOOK S/SpiceHandBook/Image798.gif

Wi
auT
*
)| —— R3
Wi ONd002 »~ % 1Mk
IN RiiOm c11uU

WA L G2
VN <]+ gfqm:lz ZE
g R2
10N

PULSE

http://www.pcbcafe.com/BOOKS/SpiceHandBook/Image798.gif [19/01/2002 22:16:09]



http://www.pchbcafe.com/BOOK S/SpiceHandBook/Image799.gif

Tek EIGITR 500ks/s

2+

-5

http://www.pcbcafe.com/BOOKS/SpiceHandBook/Image799.gif [19/01/2002 22:16:10]

v M100ps Ch2 L\ 360mv

—_—
£

Lol

ec 1997
5:19



http://www.pchcafe.com/BOOK S/SpiceHandBook/I mage800.gif

Qﬁ

13,00 g 000 ]
Fla
Bl a
q.000 4.000 ® 9500 ]
< 5003 = ]
. ]
o = ]
S : -
~ 5000 E 0 .
T —
= - ]
- (]
1.000 -4.000
-3.000 -5.000 ]
9100 9.300M 9.500M 9.700M 9.900M
TINE In Sacs

http://www.pcbcafe.com/BOOKS/SpiceHandBook/Image800.gif [19/01/2002 22:16:11]



http://www.pchbcafe.com/BOOK S/SpiceHandBook/Image801.gif

2.8U-

au -

-2.8U-

9. 80ns 2. 1ms 9.2ms 9.3ms 9. 4ns 2.5ms
o U{R3:2) - U{U1:+)
Time

http://www.pcbcafe.com/BOOKS/SpiceHandBook/Image801.gif [19/01/2002 22:16:12]

9.6ms

2.7ms

2.8ns

2.9nms



http://www.pcbcafe.com/BOOK S/SpiceHandBook/I mage802.gif

A

[
o]
(]

---348-

TN

- T pERF

BT o P

e

s
=

LT, eni e E T UF

5.00m 8.20m 8.40m 8g0m 5.80m - i
vl =]

http://www.pcbcafe.com/BOOKS/SpiceHandBook/Image802.gif [19/01/2002 22:16:13]



ITN Customer Login

AC to DC Quadrupler

=>FIIN

PCBCafé.com.

Home | Companies | eCatalog | Interviews | Downloads | News | Jobs | Resources | Universities | Books

Check Mail | Submit Material | [{lfiEWJ | Events | Membership | Fun Stuff | Advertise | e-Catalog Signup

Browse eCatalog:

e-Catalog Design Services Mant . Cat. Search: | PCBCafe Al I

Demo it now... a U m o
! component obsolescence problems 1 e
and WIN! dmm - ‘7 = : PRECIENCE
I IeCencegiSolutons - bringing the meeting to you®

PCBCafe - Sponsored by Asia ITN, Ltd.

QL0 iy
#48: AC to DC Quadrupler @—*@

By connecting two cascade doublers, we can generate a circuit that provides Expeditian"' Series
approximately 4 times the AC input voltage as a DC output voltage. The
schematic for this circuit is shown in Figure 48-1. The SPICE equivalent circuit is

shown in Figure 48-2.

wep
out

0z
DDz
]

Loan

11
F
2

o
oz

e
. o -
WIN S
o B 7 -
s L
L X T

]
onean2

ES

Figure 48-1: Schematic of AC to DC Quadrupler
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Figure 48-2: SPICE Schematic of AC to DC Quadrupler

Notice in the SPICE circuit (Figure 48-2), the 50 ohm source impedance of the
square wave generator is modeled as resistor RSOURCE. The output voltage is
dependant on the conduction angle through this resistor, therefore, for the
measurements we will make on this circuit, it is important to include this
resistance.

The breadboard was constructed and the output voltage was measured using
five different loads. The results of the breadboard and the results of each of the
three simulators was noted. The result of these measurements is Table 48-1.
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AC to DC Quadrupler

Output Voltage Results Summary

Load Breadboard | IsSpice Pspice Microcap
[ohms] [volts] [volts] [volts] [volts]
9.88E+05 10.300 10.130 10.289 10.119
4.00E+05 10.140 10.050 10.210 10.044
2.18E+05 10.020 9.963 10.120 9.962
9.80E+04 9.840 9.795 9.939 9.809
5.49E+04 9.660 9.632 9.760 9.661

Table 48-1: Output voltage comparison between SPICE and breadboard for varying
loading

o Breadboard tip: Using an oscilloscope to measure this circuit is
tricky. The input signal and output voltage do not share a common
ground. A characteristic of most oscilloscopes is that the grounds
for each of the probes are tied together internally at the
oscilloscope. This prevents plotting real time waveforms on the
same screen. If the grounds are tied together, through the
oscilloscope probes or otherwise, this circuit will malfunction.

All of the data was collected into Excel and plotted. The resulting plot is shown
in Figure 48-3.

Quad AC-DC Circuit Results

—_
E Breadboard
=] .
= —--—- lzSpice
E .
% Pzpice
& aaal e Microcap
9.200 t t t
+ + + + +
L L L L L
L L L =+ =+
o= 24 CE 24 23
m = (] m )

Load [ohms]

Figure 48-3: DC output voltage results of breadboard and three simulators

Examining Figure 48-3, it is interesting to note the Microcap and IsSpice results
are very similar, the Pspice results are slightly higher, and the breadboard data
falls in between the simulations. Suspecting the culprit to be the diode models,
these were examined more closely. A simple curve tracer circuit was created in
each of the simulators. The IsSpice circuit is shown in Figure 48-4. The diode on
the left is the IsSpice model, the one on the right is the model Kielkowski
created using measurements in his book on component modeling in SPICE
[Kielkowski, 1995]. This identical test circuit was also constructed in Pspice and
Microcap in order to test the characteristics of the 1N4002 diode in the 10uA to
200uA region. In order to run the DC analysis, the current source was stepped
from 10 uA to 200 uA in 10 uA increments. Also, a diode from the actual
breadboard circuit was measured at the same points as the SPICE models and
added to this graph. The plot of all five results are shown in Figure 48-5.
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Figure 48-5: Comparison of 1N4002 diode characteristics

In figure 48-5, the traces, from top to bottom, are Ron Kielkowski’'s model, the
Mircocap model, the IsSpice model, the measured data from a 1N4002 from the
quadrupler circuit, and the Pspice model. The measured data is the dotted line.
All of the diode data is similar. The differences from the breadboard diode, as
explained above, are largely due to manufacturing tolerances, different
manufacturers, and lot to lot variations. Ron Kielkowski’s model was taken from
data from an actual 1N4002 diode as well. Figure 48-5 is a good example of
how differences in a model does not necessarily mean the model is not correct.
It is easy to construct a SPICE compatible diode model that will exactly trace
the curve of the breadboard 1N4002, however it would still only be valid for the
exact breadboard modeled with that diode.

o SPICE tip: To duplicate the ability of plotting the results from three
simulators and measured data on one Intuscope plot can be tricky.
Each of the three simulators is capable of writing output data
directly to a text file. The IsSpice default is in text (*.0OUT). To
send Pspice data to an output file, use the .PRINT statement in the
circuit netlist file. The results will be printed to an *.0OUT file which
is directly readable by Intuscope (just use the ‘Select Source
Data...” command under the WAVEFORMS menu)! In Microcap, in
the ANALYSIS LIMITS Pop up box, click on the button that enables
placing the waveform in the numeric output file (*.TNO). This data
can be read by any simple text editor and manipulated such that
Intuscope can read it. By the same fashion, lab data can be
entered into a text file and read by Intuscope.

Run Time Summary
IsSpice v 7.6 PsPice v 6.3 Micro-Cap V v2

40.81 Sec 69.68 Sec 80.12 Sec

Advantages: Low parts count
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AC to DC Quadrupler

Disadvantages: Current capability limited by source, ripple not as controlled
as other topologies, no AC/DC isolation, no regulation.

Filenames: quadl (IsSpice) quad2 (Micro-cap) quad3 (Pspice)

Diode Filenames: 1N4002 (IsSpice) PN4002 (Pspice) MN4002 (Micro-cap)
REAL4002 (measured results) quad_res.xls (Excel spreadsheet with results)

Copyright 2002, PCBCafe.
1-888-44-WEB-44
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QL0 iy
#49: AC to DC Octupler (x 8) @—*@

The final circuit in this family is the AC to DC circuit shown in Figure 49-1. This

he final : 1 in Figur Expedition” Series
circuit will create a DC output at 8 times the AC value. This circuit is very

flexible. By increasing the number of diode capacitor stages, very high DC
voltages can be reached using a 50 ohm function generator. Just as in the

previous circuits of this chapter, it polarized capacitors are used, the polarity
must be in the proper direction. Although the polarity is not shown in Figure 49-
1, the capacitors from left to right are all negative to positive.
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Figure 49-1: AC to DC Octupler circuit (x8)

The pulse, as before, was + 3 volt square wave at 5 Khz with a 50% duty cycle.
The resulting input waveform and output waveform from the breadboard is

shown in Figure 49-2. An AC coupled expanded view of the output (and the
ripple) is shown in Figure 49-3.
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Figure 49-2: Breadboard input and output waveforms
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AC to DC Octupler (x 8)
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Figure 49-3: Breadboard output waveform (expanded scale)

The load at this condition was 200 Kohm. The results of the IsSpice simulations
were very similar to the breadboard results, especially the output ripple in Figure
49-5.
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Figure 49-4: IsSpice input and output waveforms
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Figure 49-5: IsSpice output waveform (expanded)

The octupler circuit was simulated in all three simulators at three different
loading conditions. The results of the ripple of the Pspice and Microcap
simulations (at a load of 200 Kohm) are shown in Figures 49-6 and 49-7. The
results of the DC output voltage of all three simulators and the breadboard at
several loading conditions are shown in Table 49-1.
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Figure 49-6: Pspice output waveform (expanded)
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Figure 49-7: Microcap output waveform (expanded)

Output Voltage Results Summary
Load Breadboard | IsSpice Pspice Microcap
[ohms] [volts] [volts] [volts] [volts]
9.88E+05 20.2 20.172 20.569 20.144
4.00E+05 19.75 19.683 20.027 19.686
2.18E+05 19.31 19.071 19.406 19.110

Table 49-1: Output Voltage Results summary of Octupler AC to DC circuit

The measurements for the output ripple at a load of 200 Kohm for each of the
simulators and the breadboard was also summarized in table 49-2.

Output Voltage Results Summary

Breadboard IsSpice Pspice Microcap Units

155 159 86 35 mV pk-pk

Table 49-2: Output Ripple Results summary of Octupler AC to DC circuit

Run Time Summary

IsSpice v 7.6 PsPice v 6.3 Micro-Cap V v2

590.23 Sec 908.59 Sec 1105.92 Sec
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AC to DC Octupler (x 8)

Advantages: Low parts count

Disadvantages: Current capability limited by source, ripple not as controlled
as other topologies, no AC/DC isolation, no regulation.

Filenames: octl (IsSpice) oct2 (Micro-cap) oct3 (Pspice)

Copyright 2002, PCBCafe.
1-888-44-WEB-44
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doubler Expedition™ Series
Some of the doubler circuits presented in this chapter have limited current and

voltage capabilities. The circuit presented here contains neither of those
limitations. The complete breadboard schematic for this circuit is shown in
Figure 50-1.
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Figure 50-1: DC to DC doubler circuit schematic

Notice the breadboard circuit utilizes an 1846 gate driver circuit described in
detail in Chapter 11. The 1846 circuit generates a O to 15 volt square wave
pulse at 50 Khz with a 50 % duty cycle. This circuit is able to provide enough
current to adequately drive the Mosfet. This particular configuration takes a 60
Volt DC signal and doubles the voltage to 120 Volts. The 60 volts is switched by
an IRF150 Mosfet and rectified by diode D1. The 60 volts switched signal now
appears at capacitor C1 superimposed on the 60 volt signal of capacitor C2,
thus generating a 120 Vdc signal. Resistor R9 is a pre-load resistor that keeps
the doubler from attempting to operate without a load.

The equivalent SPICE model circuit of the breadboard is shown in Figure 50-2.
The most drastic difference is the 1846 circuit has been replaced with a pulsed
voltage source. R4 (100 Meg Resistor) was added to the unconnected lead of
the transformer to aid convergence. Leakage inductance and DCR of the main
transformer was also added (L_Lk, R_LDCR). A 75 Watt light bulb was used as
the load in the breadboard. In order to model this light bulb, resistor R_PLOAD
was added.

o SPICE TIP: To allow this circuit to converge, the ABSTOL setting in
the OPTIONS call line was modified from 1p (default) to 1U. This
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High voltage, High Current DC to DC doubler

was required on all three simulation programs. The UIC statement
was also used on the .TRAN line. Initial conditions were set on the
output capacitors (60 volts on each).

o SPICE TIP: Although the DSR5700 high speed rectifying diode was
used in the breadboard, there was no SPICE model for it. The
1N5806 was used as a substitute in the SPICE model, even though
the voltage rating of the 1N5806 is not optimal.
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Figure 50-2: DC to DC doubler circuit SPICE equivalent schematic

Several waveforms of this circuit were measured for comparison to SPICE
results. The voltage at the anode of diode D6 in Figure 50-2 was compared to
the gate voltage waveform, shown below in Figure 50-3A. The voltage (a
representation of the switch current) across the sense resistor R2 was also

measured and is shown in Figure 50-4. The results from the IsSpice simulations
are shown in Figure 50-3B and 50-5.
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Figure 50-3A: Breadboard results (top-Anode of D6, Bottom - Gate voltage)
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Figure 50-3B: IsSpice results (top-Anode of D6, Bottom - Gate voltage)
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Figure 50-4: Breadboard results (switch current)
400.0m
200.0M
=
N 0
_
-200.0M
-400.0mM
atn.ou 300U as0.0u g70.0u 9a0.0u
TINE In Secs

Figure 50-5: IsSpice results (switch current)

The circuit was also simulated using Pspice and Microcap. The Pspice results are
shown in Figure 50-6A and 50-6B while the Microcap results are shown in Figure

50-7A and 50-7B.
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Figure 50-6A: Pspice results (top-Anode of D6, Bottom - Gate voltage)
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Figure 50-6B: Pspice results (switch current)
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Figure 50-7A: Microcap results (top-Anode of D6, Bottom - Gate voltage)
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Figure 50-7B: Microcap results (switch current)

o SPICE TIP: In the Microcap simulation, the model for the IRF140
Mosfet was substituted for the IRF150 Mosfet. The IRF150 Mosfet
model showed an unusually long turn off time which is believed to

be in error.
Run Time Summary
IsSpice v 7.6 PsPice v 6.3 Micro-Cap V v2
128.55 Sec 118.96 Sec 86.4 Sec

Advantages: medium parts count, good voltage and current range, good way
to increase the voltage range of lab power supplies.

Disadvantages: No isolation from input to output , no automatic line and
load regulation

Filenames:boostl (IsSpice) Boost2 (Pspice) Boost3 (Microcap)
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