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ABSTRACT

MACROMODELING OF IC VOLTAGE REGULATORS
By

Kenneth Vincent Noren

When computer simulators are used in the design and analysis of electronic
systems, it is necessary that the IC’s and discrete components being used are well
modeled. The modeling of IC’s presents a special problem, and one solution to that

blem is to develop a macr del for the IC. A macromodel is an equivalent circuit,

which is d of simulator comp ts, that can predict the linear and non-linear

behavior of the IC. This macromodel can then be used in simulations of electronic
systems which use the IC.

In developing macromodels, it is necessary to choose device characteristics
which will adequately describe the chip. Once the characteristics are chosen, and
measured in lab, these characteristics become the device phenomenon to be modeled
and provide guidelines in model development. This dissertation will describe the

dels for several voltage regulator IC’s for use in PSpice.

e

P of macr




ACKNOWLEDGEMENTS

| thank Sandia National Laboratories for the opportunity to perform the
= I

 for this dissertation. The work was supported under Dept. of Energy contract
13

I would like to thank Dr. Gregory M. Wierzba for his guidance in the

" in the development of the project. I would like to thank David Inman and M. James
 Golden for their ding perf in the lab

y which made the

ts possible and enabled pletion of the project.




TABLE OF CONTENTS

LISTOFTABLES ' civiiiiiiinnenienneiiniiniininnannanann, vii
BEEORFIGURES Devaloumant vl i i iiiiesiiieaianoaiiaiie, viii
1 Introduction and Background
R I Eraduction:a oo L Sl e i e e v e
1.1.1 Electronic System Design Involving IC’s . ..
72 Background . ........eeieceeiiiiiiianaaen
1.2.1 Op-Amp Macromodels
1.2.2 Comparator Macromodels .......
1.2.3 Voltage Regulator Macromodels . .
1.2.4 Voltage Reference Macromodels o
B3 ProblemStatement .........c.cc.ccceeiticitittiinnn
Terminology and Lab Apparatus . ..............ooiveeiiiiii .. 12
B RO RION T ". o< o oo s o'as saiorsiososesaossasssiosasones 12
2.2  Temperature Considerations . , 12
23 IR R ) 6 e S O R L I AL e e el 15
2.3.1 Line Regulation, Ripple Rejection, and Line Transient
ROBPODBE .. .cvovreveonsornnnonssossscoscssssan 15
2.3.2 Load Regulation, Output Impedance vs Frequency, and
Load Transient Response
2.3.3 Quiescent Current . ...........
234 ReferenceVoltage .............ccvuen
2.3.5 Dropout voltage, Dropout Characteristics
2.3.6 Short Circuit Current Limiting, Foldback Current lemng 23
2.3.7 Power Up and Down with Square Wave and Triangle
Wave Inputs
24  Test Equipment .....
SG7805/SG7812 Macromodel Development
81 Infroduction ............c.cceiiiannn
32 Development ...........coocouiaeiinnn p
3.2.1 The Reference Voltage Generator ................... 29
8.22 The Error Amplifier ............ccooiiiiiiiiii.,

3.2.3 Ripple Rejection Modeling
3.2.4 Output Impedance Modeling
325 Qui t Current Modeli




8.2.6 Short Circuit Current Limiting and Foldback Current

IR ootion Moo « o o cooreeosnoseannsanirans 36

8.2.7 Power Up and Down Square Wave .. . 89

3.2.8 Dropout Characteristics .. ......... . 41

3.2.9 Other Modeled Characteristics . .. P 7

833  Design Procedure foraSG7805 .............co0vvveennens 42

34 Design Procedure Example . ..................... v 148

35  Modeling the SG7805 at -55 and 125 Degrees ............... 49

3.5.1 Strategy in Modeling the SG7805 Temperature Variations 49

3.5.2 Design Example to Include Temperature Dependance . ... 52

3.5.3 Comparision of Macromodel Predictions with Lab Results . 57

36 Development of the SG7812 Voltage Regulator Macromodel . . . . . 69
3.6.1 Development of the Room Temperature Macromodel for

B B8 0l5 15 Sinslada. Drmponduss LeowadanGe « o . 69

3.6.2 Development of the Model for -55°C and 125°C ......... p+

3.6.3 Comparison of Macromodel Predictions with Lab Results . 76
D R CRIGHAD T'ast -Gias16165 o o o v o v avsososvosssssesssansoes
3.7.1 SG7805 Pspice Test Circuits 2
3.7.2 SG7812 Pspice Test Circuits
3.7.3 Measurement Test Circuits

S8G7915 Macromodel Development . .................ccouiin...
T R S T X
42  Development of the SG7915 Macromodel . .
4.2.1 The Reference Voltage Generator ........
482 TheError Amplifier .........coc0000e.
4.2.3 Ripple Rejection Modeling . . .. ..
4.2.4 Output Impedance Modeling . . .. L0
4.2.5 Quiescent Current Modeling ......................
4.2.6 Short Circuit Current Limiting and Foldback Current
EBOiEng ot et T s e S0 S Sl
42.7 Power Up and Down Square Wave . g
42.8 Dropout Characteristics . . ........
4.2.9 Other Modeled Characteristics . .
43  Design Procedure for a SG912
44  Design Example for a SG7915
45  Modeling the SG7805 at -55 and 125 Degrees
45.1 Strategy in Modeling the SG7915 Temperature Variations 127
452 Design Example to Include Temperature Dependance . .. 127
4.5.3 Comparision of Macr del Predictions with Lab Results 133
LT N S R PG S e U R IO L
4.7.1 Pspice Test Circuits W
4.7.2 Measurement Test Circuits

CA3085 Macromodel Development . ...........c.cooiveiunnnn.... 154
B Iatroduetion . .......cccc000n . 154
52 Development . .ic... ot iiieesaiiseeaceaans o 354

52.1 The Voltage Reference Amplifier Source ..... .. 167
5.2.2 The Frequency Compensated Error Amplifier . . o

v



RS Beries PassAniplifier . . . oo covviieviiiiieninns
5.2.4 Ripple Rejection Modeling . 3
5.2.5 Load Regulation .........
5.2.6 Qui Current 8. 1
5.2.7 Short Circuit Current Limiting ....................
5.2.8 Dropout Characteristics . .................oouunn.
5.2.9 Power Up and Down, Square Wave and Triangle Wave .. 168
5.2.10 Ambient Temperature Sensing Circuitry
5.2.11 Other Modeled Characteristics ............. F
5.3 Design Procedure fora CA3085 .......................0n
54 Design Procedure Example......................... .
55 Modeling the CA3085 at -55 and 125 Degrees
5.5.1 Strategy in Modeling the CA3085 Temperature Variations 178
5.5.2 Design Example to Include Temperature Dependance ... 179
5.5.3 Comparision of Macromodel Predictions with Lab Results 184
RN 1« %4 .o v s« o s.s s 0iw v 6 e aa b w e oTs ale sialR T e 0Ty
5.7.1 Pspice Test Circuits . ........ &
5.7.2 Measurement Test Circuits

. 208

UA723 Macromodel Development .........
B Introduction . ......... 000000000 ke
62  Development of the UA723 Macromodel . .. 208
BT The Vage Pin ... ovvvvvevnnnn, e

6.2.2 The Error Amplifier ........ .. 212

. 213

6.2.3 Ripple Rejection Modeling . . . . i
6.2.4 Quiescent Current Modeling . . i iaYy.
6.2.5 Output Impedance Modeling . ... . 216

6.2.6 Short Circuit Current Limiting ............. Lo

6.2.7 Power Up and Down with Square Wave 218
6.2.8 Power Up and Down with Triangle Wave 220
6.2.9 Dropout Characteristics . . . ................ 900
6.2.10 Line Transient Response .................. ..., 222

6.2.11 Ambient Temperature Sensing Circuitry A
6.2.12 Other Modeled Characteristics ....................
6.3 Design Procedure fora UA723 ..............ccovinnnnnn,
6.4  Design Example fora UA723 ............. i
6.5 Modeling the UA723 at -55 and 125 Degrees
6.5.1 Strategy in Modeling the UA723 Temperature Variations 229
6.5.2 Design Example to Include Temperature Dependance ... 229
6.5.3 Comparision of Macromodel Predictions with Lab Results 234

L T R B B O L SR R NPk e 245
6.6.1 Pspice Test Circuits Hatevors 20l
6.6.2 Measurement Test Circuits ..............c.covunn. 249
SG137 Macromodel Development . ........coeeeneeeeeiiien... 253
Tl R RO PR SRR SO .. 258
72  Development of the SG137 Macromodel ............ BN L
7.2.1 The Voltage Reference . ........ o oranes i AR 254
B T Breor AMPIBEr . ..o .oissio o s oioias s e et 257

vi






7.2.3 Ripple Rejection Modeling . .......................
7.2.4 Output Impedance Modeling 9

72.5 Quiescent Current Modeling
7.2.6 Short Circuit Current Limiting and Foldback Current

B e e 4 470 s s oo o 5ol 's 6w w/a s 0 in) 5ty 41 ah 61 at oot 261
7.2.7 Power Up and Down, Square Wave .................
7.2.8 Power Up and Down, Triangle Wave
7.2.9 Dropout Characteristics ..........................
7.2.10 Other Modeled Characteristics ....................
7.8 Design Procedure fora SG137 ..................... ...
74  Design Example foraSG137 .................. 5
75  Modeling the SG137 at -55 and 125 Degrees
7.5.1 Strategy in Modeling the SG137 Temperature Variations 273
75.2 Design Example to Include Temperature Dependance ... 273
7.5.3 Comparision of Macromodel Predictions with Lab Results 278
B I Ax0 L5 . o < oo o.oo e oioe oiaauionsosonsssannnnsns 292
ARl Bepics Meat Circuits . 1o oo ..o o viiiiiiiiiiiia., 292
7.6.2 Measurement Test Circuits . ...................... 297
8 O S 301
9 B, 1. vt e T e S TN o S e e S 306
IR AATe: 01t (11565 le s« o o 0 oo s s oisaiss s oo nannenonssnasesnas 309
vii



LIST OF TABLES

Temperature dependent parameters and elements
Temperauture coefficients . . .......................
Macromodel comparisons with lab data, SG7805 .
-y 1 TR "

1 p ‘e P
Temperature coefficients . ..................
Macromodel comparisons with lab data, SG7812

Temperature dependent parameters and elements
Temperauture coefficients . . .....................
Macromodel comparisons with labdata . ........................

Temperature dependent components and parameters .............. 181
Temperauture coefficients . . ..........
Macromodel comparisons with lab data

Temp d dent ts and parameters

Temperauture T AL S R
Macromodel comparisons with lab data

Temperature dependent components and parameters
Temperauture coefficients . . ....................
Macromodel comparisons with lab data . .



SRR ISR gt im =y M SI T EE Y NT IV 05 T N sf Ay Sy 557 2§ iy s s imy omey e s

SOE S



LIST OF FIGURES

Boyle macromodel for the bipolar op-amp
741 op-amp schematic . . ...............
LM78XX series macromodel by MicroSim . .
ERIBX X series'devicelevelmodel ..............c0ihiiiiiiiiilly

Test circuit No. 1
Test circuit No. 2 .. ..
Test circuit No. 3

Functional block diagram for the SG78XX ...
Full macromodel for the SG78XX ........
Vourvs Vpy, measured .. ...............
Ripple rejection vs frequency, measured ...........
AC equivalent circuit for the reference circu.itry
Output i d vs fr e ed
Quiescent current vs input voltage, measured
Maximum output current vs Vppy, measured .......

Power up and down, square wave, measured .......

Ripple rejection vs fr Al s S T e
Ripple rejection vs ﬁ'equency, MACTOMOAE] £ AT\ a Ry ek (WSt « s T
Power up and down, square wave, measured .......

Power up and down, square wave, macromodel
Power up and down, triangle wave, measured . . . .. ..

Power up and down, triangle wave, MACTOMOARLE & oy st #85 Jrvs i A 61
Line transient resp ed
Line transient resp macromodel
Load transient response, measured
Load transient resp macr del
Quiescent current vs input voltage, measured . ....................
Quiescent current vs input voltage, macromodel ............. ... ... 66
Maximum output current vs input voltage, measured ............... 67
Maximum output current vs input voltage, macromodel. ... s oo vstitie 67
Ripple rejection vs Erequency, TROASUTSdAG:, SIWANIIA. ¢ o e inien sibdigiu 75
Ripple rejection vs freq 'y, macromodel ... i i35
Output mpedance vs frequency, measured . 198
Output imped; qi 'y, macromodel 156
Power up and down, sq\mre wave, measured v oo i
Power up and down, square wave, macromodel . . .................. 78
Power up and down, triangle wave, measured . .. ........ ..ol 79
Power up and down, triangle wave, macromodel .. ................. 80
ix



510
5.11

L

Line tr . 81
Line trament mponse, macromodel . 82
Load p . 83
Load ient r macr .. 84
Quiescent current vs input voltage, measured . .................... 85
Quiescent current vs input voltage, macromodel ................... 85
Maximum output current vs input voltage, measured . . . . 86
Maximum output current vs input voltage, macromodel . . 86
Basic PSpice test circuit for the SG7805 and SG7812 . .. . 88

Test circuit No. 1
Test circuit No. 2 . . .
Test circuit No. 3

SG7915 functional block diagram . ................... ... ..., 103
SG7915 macromodel . .............. 104
Vour| v8 lV,,,| measu.red ............. . 105
Ripple ion vs freq ed .. 107
Quiescent current vs Vi, measured ........... 110
Maximum output current vs Vppe, measured . ... 113
Power up and down, square wave, measured . ... 117
Ripple rejection vs frequency, measured . ....... 133
Ripple rejection vs frequency, macromodel ... ... 133
Power up and down, square wave, measured . ... 134
Power up and down, square wave, macromodel . . . 135
Power up and down, triangle wave, measured . . . . 136
Power up and down, triangle wave, macromodel . . 137
Line transient response, measured ............ . 188
Line transient response, macromodel . . . 139
Load transient r S Rl S e S 140
Load transient response, MACTOMOAOLE 25 1i7 s 03 fe e s rapor oot oht dosbeters: ok e 141
Quiescent current vs |Vyy|, measured . 142
Quiescent current vs [V |, macromodel 142
Maximum output current vs |Vyy|, measured .... 143

Maximum output current vs |Vy|, macromodel ............... . 143
Basic PSpice test circuit
Test circuit No. 1
Test circuit No. 2 . ..
Test circuit No. 3

Functional block diagram for the CA3085 ....................... 154
Macromodel for the CA3085 ........... . 155
Basic application circuit for the CA3085 . 156
DC characteristics of the reference voltage, measured .............. 157
AC ch teristics of the voltage reference, measured .............. 158
Ripple rejection vs fr Y, o R e

Quiescent current vs mput voltage, measured .
Power up and down, square wave, measured
Power up and down, triangle wave, measured
Ripple rejection vs fr - WO y
Ripple rejection vs frequency, mau‘omodel ......................




a3

e = MmO O

=0 7
el e e o e

7 R

sz
[ B T < « - . < LR M
TR ATt R s s i B IT



Power up and down, square wave, T = -55, measured .............. 185

Power up and down, square wave, T = -55, macromodel . ... 186
Power up and down, square wave, T = 25, measured ...... 187
Power up and down, square wave, T = 25, macromodel . . . .. 188
Power up and down, square wave, T = 125, measured . .. ... 189
Power up and down, square wave, T = 125, macromodel . . . . .. 199
Power up and down, triangle wave, measured . ........... .. 192
Power up and down, triangle wave, macromodel . ......... .. 192
Line t edmacrosadel ... ..., ... . 358
Line tranment response, macromodel .......... .. 194
Load ient resp od macromodel. . . cooveoe .. 185
Load ient resp T S R E R R . 196
Quiescent current vs input voltage, measured . ........... . 198
Quiescent current vs input voltage, macromodel .......... .o 407
B ReMastcireuwit s, v vl st it i i i .. 199

Test circuit No. 1
Test circuit No. 2 . .
Test circuit No. 3

Functional block diagram for the UA723 . ....................... 208
Macromodel for the UA723 ............. 210
Application circuit for the UA723 ........ 211
Vour v8 Vyy characterisitics for the UA723 212
Ripple rejection vs frequency, measured .................. 1919
Quiescent current vs input voltage, measured . ............. 21215
Power up and down, square wave, measured ............ 59219
Power up and down, triangle wave, MEARUYed s .ot e ors, oo St 297
Line transient r od %% e S R Tt se228!
Ripple rejection vs frequency, measured, . st latnniin .. 234
Ripple rejection vs frequency, macromodel SRR s ARG, .. 234
Power up and down, square wave, measured ............ 0. 285
Power up and down, square wave, macromodel . .......... .. 236
Power up and down, triangle wave, measured . . .......... o 287
Power up and down, triangle wave, macromodel . ......... ... 238
Line transient response, measured .................... .. 239
Line transient response, macromodel ..................

Load transient r od v st

Load transient response, TACTOMOARLS: s iy sl SRR S b it
Quiescent current vs input voltage, measured . ................
Quiescent current vs input voltage, macromodel . .
Basic Pspice test circuit
Test circuit No. 1 ......
Test circuit No. 2 . ... s
e R O e A L R SRR

Functional block diagram for the SG137
Macromodel for the SG137 .............
Basic application circ\u't for the SG137 . ...
Ripple rejection vs freq ed
Quiescent current vs [Viy|, measured
xi




Maximum output current vs Vypp, measured ..........
Power up and down, square wave, measured . ...
Power up and down, triangle wave, measured . . . .
Ripple rejection vs fr E " R PR,
Ripple rejection vs fr , macromodel ......
Power up and down, square wave, T = -55, measured
Power up and down, square wave, T = 25, measured ...
Power up and down, square wave, T = 125, measured . . .
Power up and down, square wave, macromodel . . . ...
Power up and down, triangle wave, measured . . . .
Power up and down, triangle wave, macromodel . .

Line resp gt e
Line ient resp macr del ..

Load ient resp ed . .

Load ient resp macr del

Quiescent current vs [Vyy|, measured ...
Quiescent current vs [Vyy|, macromodel
Maximum output current vs |Vyy|, measured . ...
Maximum output current vs |Vyy|, macromodel ..
Basic PSpice test cicruit
Test circuit No. 1
Test circuit No. 2 . ..
Test circuit No. 3




CHAPTER 1

INTRODUCTION AND BACKGROUND

1.1 INTRODUCTION

Computers play an important role in all branches of science. Analog electronic

circuit design has seen its share of devel t due to the ad: t of computer
technology. In the past a designer would sit down and design a circuit based on past
experience, intuition and knowledge. The circuit would then be breadboarded. Ifneed
be - again based on past experience, intuition, knowledge and now measurements and
analysis - the design would be altered. The process would repeat itself until an
acceptable breadboarded circuit was obtained. Computer-Aided Design (CAD) is
nowadays a part of this procedure. CAD simulations play an important role in the
design and analysis phase of electronic circuit design. Circuit simulators, such as
SPICE, have grown out of this.

There are misconceptions of the role of circuit simulators in electronic design.
Human nature sometimes allows oneself to rely heavily on computer simulations as
a substitution for intuition and breadboarding. This is not a correct use of the tool.
This is precisely the argument opponents of circuit simulators in electronic design use
to justify their non-use. Non-use is also an incorrect use of the tool. The nature of
this tool is such that when used properly, it can enhance both intuition and
breadboarding. For these reasons, it is necessary that CAD in electronic circuits be
further developed from it’s present immature state. One area which needs attention

is the modeling of devices and IC’s for use in the circuit simulators.

L gl
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1.1.1 Electronic System Design Involving IC’s

It is rare today that analog electronic systems are built without at least one
analog IC in them. This presents a problem when the designer wants to do a
computer simulation. This problem is how to model the IC in order to use it in the
simulation package. A brute force method is to use a computer model for the IC
which is based on the individual components of the IC. This is called a device level
model. The device level model can have at least two problems. First, an analog IC,
may be composed of several, sometimes thousands of components. This gives rise to

very large circuits and can tr into large p time cost and memory

probl. pecially due to li p ts. Secondly, the user seldom has the

correct transistor and diode parameters necessary to model the individual components

correctly. This translates into an accuracy problem.

One proposed solution is to develop a macr del for the IC. A macromodel
by definition is a model for an IC which would predict ac, dc, and transient
phenomenon, both linear and non-linear, of that IC. It is usually built out of the ideal
components which are available to most circuit simulators. Normally a macromodel

is much simpler and ins fewer P ts than the device level model. This

solves the component size problem. Also because the model is normally simpler, the
designer has better control over the macromodel characteristics than the design-level
model. This means the designer can better fit the characteristics of the actual IC.
This solves the accuracy problem. The designer can then use the macromodel for the

IC in the computer simulation of the analog electronic system.



1.2 BACKGROUND

The goal of a macromodel is then to obtain a circuit model of an IC which is
of much less complexity than that IC itself, using the components available to the
circuit simulator. One standard for this is SPICE [1] because many other simulators
have elements which are compatible with SPICE, in part because most of simulators
are variants of SPICE. The simulator discussed hereafter is PSpice. PSpice has some
elements and element definitions which are not compatible with the original SPICE.
However all of the elements in SPICE can be used in PSpice. The use of PSpice is
justified because it is probably the most widely used simulator in the academic arena.
This is because an excellent, also very powerful, student version is available as
freeware.

Macromodels are typically built with two techniques. These are build up and
simplification. In simplification, elements or subcircuits of the IC being used are
modeled by simpler configurations of ideal elements which provide the same function
of that subcircuit. Consider, for instance, that a differential pair can sometimes be
modeled as a voltage-controlled voltage source in which the nodes of the differential
input become the controlling nodes of the controlled voltage source. This procedure
gives rise to macromodels which in terms of functionality, can look very similar to the
original circuit. The build up technique, on the other hand, is used when circuit

elements are used to build a subcircuit to provide the macromodel with specific

characteristics. This subcircuit may bear little r bl to the el or
subcircuits actually contributing to the phenomenon.
As stated before, one goal of the macromodel is to predict ac, de, and transient,

as well as linear and non-linear phenomenon. In general, the principle of increased
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and bers of holds true. This

3 et

fact can provide for different levels of macromodeling. If a user, for example is mainly
interested in the small signal gain vs frequency response of an op-amp, so a
macromodel developed for this use may not need to model higher order effects such as

slew rate, voltage cl ing, etc, and a simpler model than one modeling all of these
effects can be used. In general, when designing macromodels, it is probably best to
develop as high an order model as possible, and let the user make any simplifications.

Credit is normally given for the first macromodel to Boyle, et al, in [2]. In [2]
a macromodel was developed for integrated circuit op-amps which provides an
excellent pin-for-pin representation. The driving force in it’s development was to have
amodel which provided circuit simulations which were much less time costly and used
less memory. The full chip model for the 741 and it’s corresponding Boyle macromodel
are shown in Fig. (1). The model predicted very good results, but as CAD evolved,
weaknesses were exposed.
1.2.1 Op-amp Macromodels

The macromodel developed by Boyle was actually more geared toward bipolar
op-amps. From the Boyle model, macromodels were derived for MOSFET-bipolar and
JFET-bipolar op-amps [3] and all MOS op-amps [4]. The model in [4] pays special
attention to the simulation of settling time of the MOS op-amp. All of these can be
considered deviations of the Boyle model.

In more recent times, due to the maturing of CAD and computing in general,
other macromodels for op-amps were developed by Precision Monolithics [5] and
Linear Technology [7]. Both are alternative topologies to the Boyle model which

attempt to improve the accuracy of characteristics to that beyond those of the Boyle




model.

Presently, MicroSim uses a modified Boyle model in their circuit simulator
PSpice. In their library, they claim to have macromodels for many of the most
popular op-amps. There are actually a few topologies. Bipolar input op-amps, for
example, all share the same topologies, but may have different component values in

those macromodels, in order to produce different device characteristics.
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Figure 1.1 Boyle macromodel for the bipolar op-amp

In an attempt to get people to design with their op-amps, many op-amp vendors
also provide macromodels of their op-amps. Some of these are Burr-Brown,

Comlinear, Harris Semicond Linear Technology, Precision Monolithics, and

Texas Instruments [8]. Texas Instruments publishes a data book, compatible with

their other product data books, with listings of their op-amp models [9].

Some rather interesting dels for op-amps, more application specific,
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Figure 1.2 741 op-amp schematic
were developed in an effort to predict EMI effects in bipolar op-amps (10] [11]. The

op-amp macromodeling is a well worked in area, although it may be debatable as to

whether or not it is well developed.

122 C Macr del
From the Boyle model, came a macromodel for an IC comparator [12].

MicroSim also provides macromodels for several commercial comparators, again each

with the same topology, and based on that found in [2].
Comparator macr deling is not well developed.

1.2.3 Voltage Regulator Macromodels
MicroSim provides macromodels for several commercial voltage regulator IC’s.

These are a LM78XX series fixed positive voltage regulator, the LM79XX series fixed
negative voltage regulator, and the LM723 adjustable positive voltage regulator. The

LM78XX series is a series of positive regulators which all share the same basic
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7
topology, and perhaps even the same dies. The MicroSim macromodel for the

LM78XX series is shown in Fig. (3) and the full chip model is shown in Fig. (4). By
changing one resistor value in the model it is possible to have different values for the
output voltages. It is also a series which several companies manufacture. Some of
these are National, Motorola, and Silicon General to name a few. The LM79XX series
fixed negative regulators utilize this same idea. MicroSim claims to model many
different five volt regulators, made by different manufacturers. These are identical.
By changing two parameters, MicroSim’s model can provide output voltages of 12 volts
and 15 volts. This is exactly what is done to provide corresponding macromodels for
all of their 12 and 15 volt fixed positive voltage regulators. The same topology is used
to model the LM 140 series and LM340 series, of 5, 12, and 15 volt regulators as well.
The topology of the negative regulator macromodel is derived, in part, from
that of the positive regulator. The same philosophy in modeling all of the -5, -12, and
-15 volt regulators hold true for the negative regulator series as it did for the positive
regulators.

Several different ies also fz e a 723 like chip. These are again

Motorola, Fairchild, and Silicon General for example. Microsim has one 723
macromodel which is used to model all of these.
MicroSim provides for variation in certain chip characteristics with ambient
temperature. Specifically these are changes in quiescent current and regulated output
voltage.
Microsim provides no design formulas. Also, information of what phenomenon
is modeled is provided.

Microsim does not provide for variation in macromodels for regulators which
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Figure 1.4 LM78XX series device level model
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may occur from facturer to facturer.

Wierzba has a macromodel for an LM117 adjustable positive voltage regulator
[13]. Design formulas are given and information on what phenomenon is model is

provided. Variation with ambient temperature is not included.

The voltage regul macromodels are not well developed
1.24 Voltage Reference Macromodels

There is one voltage reference macromodel based on a REF02 topology. The
macromodel was created by Analog Devices (formerly Precision Monolithics).

The model has weaknesses based on laboratory measurements here.

There are no design formulas given.

The above statements show both interest in the macromodeling of voltage
references and the need to further develop this area.

1.3 PROBLEM STATEMENT

Because of the lack of work done in the area of voltage regulator macromodels,
the motivation for voltage regulator macromodeling is clear. Macromodels need to be
developed for several different types of regulators. Design formulas need to be given

s0 that users are able to fully utilize the macromodels. This dissertation will focus on

the macromodeling of voltage regulator IC’s.
Because of the heuristic nature of the problem, special techniques are required

to present the work in document format. Consider the problem of building of a pc

computer system, for le. An infini ber of soluti existed for this

problem. One of these solutions solved the problem. As a result, we have an endless

number of solutions to that problem and a wealth of knowledge arising from it. This

-
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situation comes up time and time again in everyday life. This is the nature of the
macromodel problem.

The format of this dissertation to first explain some basic regulator
terminology. This is done in Chapter 2. Chapters 3-7 explains the developed voltage
regulator macromodels for the following voltage regulators: SG7805, SG7812, SG7915,
CA3085, UA723, and the SG137. This will provide adequate insight into the

d ding of the macr dels. It is at this point, after having read about how

the models function, and questions have arisen, that the reader is now in a much
better position to understand the development. Then, some design issues are

discussed in Chapter 8. Finally, conclusions are presented in Chapter 9.







CHAPTER 2
TERMINOLOGY AND LAB APPARATUS

2.1 INTRODUCTION

The voltage regulators which are being modeled are the CA3085, UA723, SG7805,

SG7812, SG7915, and the SG137 voltages regul These regulators all fall under

the category of series-pass voltage regulators. The SG7805, SG7812, and the SG7915

are three- inal fixed regul s, providing regulated voltages of 5, 12, and -15 volts

respectively. The SG137 is a three-terminal, adjustable, negative regulator. The

CA3085 is an 8-pin, progr ble positive regul The UA723 is a 10-pin

bl o 1
P p r

In the development of these models, certain chip characteristics and behavior
are chosen as critical. These characteristics not only become the characteristics which

1

are modeled, but also b ways of evaluating r performance. Before the

models are developed, this short chapter will describe some the performance
characteristics which the models are based on. This includes both terminology and
laboratory techniques. If the reader has little background with voltage regulators,
this chapter should be read before any of the individual chapters on any one of the

models is read. Temperature considerations will be discussed first.
2.2 TEMPERATURE CONSIDERATIONS

The temperature effects of the chip are of interest. Chip characteristics are

subject to variations with temperature. Models will be provided for the following

12
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temperatures: -55°C, 25°C, and 125°C. This means that all of the measurements
performed will be at one of these temperatures. When referring to chip temperature,
junction temperature of the device is being referred to. Junction temperature is a
function of ambient temperature and power dissipation. A standard, textbook,

formula is

T, = T,+8,xPD +6,xPD, @n

where T, is the junction temperature of the device in degrees celsius,

T, is the ambient temperature in degrees celsius,

6, is the junction to case thermal resistance with units of °C/Watt,

6, is the case to ambient thermal resistance with units of °C/Watt,
and PD is the average power dissipation of the chip in Watts.

Note that the product 6, x PD represents the difference in temperature
between the case and the junction and that the product 6, x PD represents the
difference in temperature between the case and the ambient. 6, is normally given by
the manufacturers in the data sheets. This figure depends primarily on the case style
that the particular chip uses. 6., can be determined by using a temperature probe to
measure case and ambient temperatures and using the fact that AT,, = 6, x PD, where
AT, is the difference between the case and ambient temperatures. A heat sink is

pat

of the thermal properties

always used in these ts, S0 0, is an i

of the external case and the heat sink.

The method described above is the standard textbook method of estimating the
junction temperature. An alternative method was used based on these findings.

Several loads were hooked up to the regulator. For each load, the case and ambient
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p were d and 6, was determined. A problem which occurred was

that for different loads, 6., was significantly different. This is not in accordance with
theory. This lead to the following procedure. For each different load, a AT, figure

was calculated. This product was then substituted into Eqn. (2.1) to give

T, = T,+8,xPD + AT, 22)
Evidently AT, holds fairly for different ambient temperatures for a
given load. This was verified by ement. The j ion temperature for each

load and ambient temperature is then calculated based on Eqn. (2.2). 6, is assumed
to be correct.

Because the models are developed based on junction temperatures, when
desiring measurements at -55°C, 25°C, or 125°C, it may be necessary to set the
ambient differently from these temperatures in order to compensate for changes in
Jjunction temperature due to power dissipation. The ambient temperature is usually
lowered by an amount determined from Eqn. (2.2) to produce the desired junction
temperatures of -55°C, 25°C, or 125°C.

Several measurements are taken in a pulsed mode. This is when the input to
the regulator is a pulsed input. When the regulator is pulsed, it has the effect of
turning the regulator off and on. If a duty cycle of say roughly 5% is used, the

regulator is off much more than it is on and the average power dissipation is
negligible. Then, the junction temperature given by Eqn. (2.1) is roughly the ambient
temperature. The ambient temperature of the chip is always set by putting the chip

inside a temperature chamber with the specified ambient programmed into the

chamber’s ¢ ller. Non-pulsed measurements have a non-zero average
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power dissipation. This means that in order to produce the desired junction

this ambient must be ch d in order to

p te for the change
in junction temperature which arises from power dissipation.

2.3 PARAMETERS

In this section, parameters which are used to describe the regulators behavior

and the circuits used to measure these parameters are discussed.

2.3.1 Line Regulati Ripple Rejecti and Line Transient Response

An ideal voltage regulator provides a constant, stable, and temperature
insensitive output voltage under all possible conditions. IC regulators are very non-
ideal. Line regulation, ripple rejection and line transient response reflect the non-
ideal behavior of a varying output voltage caused by a varying input voltage.

Line regulation is a measure of how the dc output voltage varies for a varying

de input voltage. It can be defined as

LR = i"’. (2.3)
AV

The test circuit used to measure this is shown in Fig. (2.1). The box described as

regul circuit ins the regul and any external components necessary for the
regulator to regulate. This is done in order to view all regulators as a two-port, even
the multi-terminal and adjustable regulators. Then, the measurements only deal with
input and output terminal characteristics of the entire "regulating circuit". It is also
aconvenient way to generically look at all test circuits for all of the regulators without

having to redefine test circuits. In the case of the three-terminal, adjustable

for le, the regul circuit ists of the 1 and 2 external
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Figure 2.1 Test circuit No. 1

resistors needed to produce the regulated voltage. In the case of a three terminal,

fixed regulator, the regulator circuit is simply the regulator circuit itself. In the case
of the i 1

+ b
g T s, Vpe

a negative voltage.

Line regulation is a pulsed measurement. This means that in Fig. (2.1), Vp,
=0and Vg is a pulse generator. The change in magnitude of the output voltage pulse
is compared to the change in the magnitude of the applied pulse and LR is computed.

Ripple rejection is a measure of how much ac signal can pass through the

regulator circuit, as a function of frequency. A formal, mathematical definition is

RRis) & - 20 M(M) @4)

|Vins)|

Note that the definition is set up so that when the ratio of the output voltage
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to the input voltage magnitude is small, the value for RR given by Eqn. (2.4) is large,
indicating "good” ripple rejection. The measurement circuit for this is again Fig. (2.1)
with Vg a sine-wave generator and V. set to properly bias the regulator. Vj is the
swept across the desired frequency range. The ac input voltage and the ac output
voltage amplitudes, as well as the phase shift in the output relative to the input, can
be then measured for each frequency. A Tektronix 11401 digitizing oscilloscope was
used to measure the input and output waves. From the scope it is easy to measure
both the amplitudes of the input and output signal and the time delays between them.
These time delays then convert into phase shifts. This is not a pulsed measurement

80 the ambient of the chip must be adjusted.

1

Note that the low frequency ripple rejection is a of line r ion

This is because the lower fri ies for ripple rejection can be interpreted as being

de, providing the first pole or zero is not near by. Low frequency ripple rejection is
then de ripple rejection. Dc ripple rejection reflects the changes in output voltage due
to changing input voltage for dc, which is simply line regulation.

Line transient r isa e of how the output voltage changes due

to a sudden change in the input voltage. This sudden change can be either positive
or negative. The test circuit is Fig. (2.1) with Vg a pulse generator and Vi, set at a
proper biasing level. The average power dissipation due to the pulsed voltage, for

small duty cycles, is negligible. The average power dissipation due to the dc bias

voltage must be taken into ideration and the ambi d accordingly.
On the positive edge of the input pulse, effects on the output due to positive changes
in input voltage are observed, and on the negative edge of the input voltage the effects

on the output voltage due to negative changes in the input voltage are observed.

N
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Ideally during the positive and negative slopes of an applied pulse voltage, any

capacitors are can be treated as short circuits and any inductors can be treated as

open circuits, which is the exact behavior of these comp ts at high fr

This means the ratio of the amplitudes of the change in output voltage to the change
in input voltage during the positive and negative edges are a measure of high
frequency voltage gain. This ratio is related to high frequency ripple rejection as seen
from Eqn. (2.3). Thus, there is a relationship with the line transient response during
the positive and negative edges of the input transient peak to ripple rejection.
Theoretically, if the ripple rejection characteristics are known, line regulation
and line transient response should match up with ripple rejection. When this was
done with lab results, they are close, but not exact. It is up to the modeler to decide

which of the parameters above should be used for the model. For example, in the

model, low frequency ripple rejection and line regulation will be exact. In lab, they
may not be. When modeling, it must be decided which one is most important, either

the low frequency ripple rejection or the line regulation. Then, the chosen parameter

will be used in determining the model and b both low freq; 'y ripple reji

and line regulation.

2.3.2 Load Regulation, Output Imped vs Fr , and Load Transient
Response
Another ideal characteristic of a voltage 1 is that for changing loads,

the output voltage should remain constant. This is to say that the regulator should

have a zero value for it’s Th in output resi . In ctice, this does not

happen. There are three parameters which reflect this type of non-ideal behavior and

they are load lation, output imped vs freq: ,and load transient r
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Load regulation can be defined as

LDREGa- 2Vorr, (2.5)
A’m

This definition is just the definition of dc output resistance. This is a pulsed
measurement. The test circuit is Fig. (2.1) with Vg a pulse generator and V, = 0.
The resulting regulated voltages are then compared for each load, or more frequently,
under a loaded and non-loaded condition.

Output imped vs freq isa e of how the output impedance of

the regulator varies with frequency. Low frequency output impedance is just the load
regulation. This is not a pulsed measurement. The test circuit is Fig. (2.1) with Vg
= 0 and Vy properly biased. The output impedance is then measured with an HP
4192A LF impedance analyzer set up in a four-wire probe configuration across the
load.

Load transient response is an indication of how the output voltage responds to
either the sudden application of a load, or the sudden removal of a load. In computer
simulations, this can be handled with a current source in which the current is pulsed
on and off. Practically, this cannot be done. The test circuit to look at these effects
is shown in Fig. (2.2). Here, a load is electronically switched on and off at the output
of the regulator. The electronic switching is done by the bjt transistor being pulsed.
Note that V; is a pulse generator with a duty cycle of roughly 5%. This means that
the load is ungrounded, or the load is "switched off" 95% of the time, and therefore

power dissipation of the chip is negligible.

B,

when sudd: h in output current occur the reactive elements

L &



20

REGULATOR
CIRCUIT

Ill—_l‘ Il s
A
B
&~

'Il—O |

Figure 2.2 Test circuit No. 2

behave as either open or shorts, the peak of the load transient response is a measure
of the high frequency change in output voltage for a change in load current. This is

just high freq 'y output i d

Similar to ripple rejection, when the macromodel is used, the low frequency
output impedance is equal to the load regulation and the high frequency output
impedance is equal to the peak of the change in output voltage divided by the change
in the output current. In lab, however, these results will be close, but not identical.

Again, some trade-offs as to which measurements will be used in the models must be
made.

233 Quiescent Current

Quiescent current is the amount of current which is required to properly bias
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Figure 2.3 Test circuit No. 3

where Iy is the current supplied to the regulator and circuit by the voltage source and
Loy is the current supplied to the load, in the case of the three terminal, fixed,
regulators. Loy is the current supplied the load plus any current required for any

external resistors added, such as feedback resistors for the adjustable regulators. For
the three terminal regulators, this is

ly the current coming out of the third
terminal. The test circuit is in Fig. (2.3). This is a pulsed measurement so V is a

pulse generator. The measured voltage across Ry is used to determine the value of

the quiescent current. For the adjustable regulators, the circuits for measuring
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qui are different and will be treated in their particular sections.

Quiescent current is not constant. It typically varies with two parameters and
these are input voltage and load current. The variations with input voltage are more
severe than the variations with load current, so normally, modeling variations with
load current is neglected.

234 Reference Voltage

In the case of the CA3085 and the UA723, the user has access to the reference
voltage in the regulator. Ideally, this reference voltage remains constant. In the case
of the CA3085 and the UA723, it was found while measuring the reference voltage,
that it varied with both input voltage and with frequency. It is believed that these
variations with reference voltage have a significant influence on the line regulation
and the ripple rejection. In the case of the three terminal references, access to the
reference node is not available, but it is assumed, based on the findings for the
CA3085 and the UA723, that the reference voltage varies with input voltage and
frequency. These variations influence ripple rejection. The measurement circuits for
these will be described in the appropriate sections for the CA3085 and the UA723, if
they are made.

235 Dropout Voltage, Dropout Characteristics

Voltage regulators require a mini input voltage in order to produce the
desired output voltage. This is mainly because the circuit needs to be properly biased
in order for the regulator to be functioning as a linear device. The difference between
the input voltage and the output voltage, just at the point the output voltage begins

to regulate, will be termed the dropout voltage.

The de transfer function between the input voltage and the output voltage will

| 3
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be termed either the dropout characteristics or V,yy vs Vyy characteristics. The input

voltage should be swept through some reasonable range, like zero to several volts
above the point where the regulator regulates. The dropout characteristics, then,
include the dropout voltage in their characteristics.

The dropout voltage and the dropout characteristics vary with load. This is
because the load current directly influences the region in which the output pass
transistors must operate for proper regulator biasing.

The test circuit for these is Fig. (2.1) with V;,, = 0 and V; a pulse generator,
and it is a pulsed measurement.

2.3.6. Short Circuit Current Limiting, Foldback Current Limiti

All of the regulators above offer short circuit current limiting, to protect

against, for le, the possibility of accidently shorting the output. Short Circuit

Current can also be defined as the maximum available output current. In the case
of the three terminal regulators, the short circuit current limiting is done internally
in the regulator, and cannot be changed. In the case of the CA3085 and the UA723,
it is achieved by adding an external resistor. The value of the resistor can vary,
giving rise to a user programmed value for short circuit current.

Power dissipation of the regulators, in all cases, is a function of the voltage

differential across the chip, and the load current. The voltage differential across the
chip is the difference between the input and output voltages of the regulator. As input

voltage rises, power dissipation increases, and the potential for exceeding the chip’s

power dissipation limit and p ial for destroying the chip increases. In
order to ensure that the power dissipation does not exceed some maximum value, as

the differential voltage increases, the maximum output current should decrease. This
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is the case for the three terminal regulators, and this effect is known as foldback
current limiting. In the case of the CA3085 and the UA723, there is no foldback
limiting, although the user may choose to implement this through the use of external
device connections.

The test circuit is Fig. (2.1). These are pulsed measurements so Vp, = 0 and
Vg is a pulse generator. Ry, is chosen to be a value low enough so that at the
regulated voltage the resistor needs more current than the amount of current allowed
in either the short-circuit current region or the foldback region. This of course cannot

happen so the output voltage decreases to an amount equal to the maximum current

ltiplied by the load resi ce. The voltage across Ry, is measured and since the

value of R ,p is known, the maximum output current can be deduced.
2.3.7 Power Up and Down with Square Wave and Triangle Wave Inputs

These characteristics are the response of the output waveform when the input
of the regulator is powered up and down with either a square wave or a triangle wave.
A characteristic found in data sheets which is an indication of how the chip responds
to power up is the "turn on" time of the regulator. For the triangle wave, the results
normally depend upon the slope of the wave. If the rate of change in voltage with
time is not significant enough, then non-steady-state characteristics of the output may
be lost. What results is just a dc transfer function. The dc function implemented with
a triangle wave still provides enough information to include.

Power up and down with square wave is done with Fig. (2.1). This is a pulsed
measurement so Vo = 0 and V; is a pulse generator. For power up and down with
triangle wave, Vy, = 0 and Vj is a triangle wave. The triangle wave causes a non-zero

average power dissipation, so the ambient temperature must be set.







This ludes the introduction to terminology and t:

2.4 TEST EQUIPMENT

1

2)

3)
4)
5)
6)
7

8)

9)

10)

11)

12)

The following is list of the equipment used:

Tektronix 11401 Digitizing Oscilloscope, used to measure and observe
waveforms.

PM 5193 p ble synthesizer/function generator, used for sine wave
generation.

HP 214A pulse generator, used for square wave and pulse generation.
Wavetek model 186 function generator, used for triangle wave generation.

Fluke 8506A digital multimeter, used for ing resi and vol

Fluke 8840A digital multimeter, used for measuring resistances and voltages.

HP 4192A LF Impedance Analyzer, used for measuring output impedances and
capacitances.

Trygon model HR40-750 power supply, used to generate DC voltages between
0 and 20 volts.

HP 6634A DC power supply, used to generate DC voltages between 0 and 20
volts.

NJE model QRP-160-3 dc power supply, used to generate voltages greater that
50 volts.

Thermatron S1.2 temperature chamber, used to control the ambient
temperature of the chip.

Thermatron 2800 programmer/controller, used to control the temperature
chamber. This is built right into the chamber.
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CHAPTER 3

SG7805 / SG7812 MACROMODEL

DEVELOPMENT

3.1 INTRODUCTION

The SG7805 and the SG7812 macromodels are done together. In the actual
chips for these regulators, the SG7800 series shares the same topology, with the
exception of one value for one of the resistors in the circuit. This resistor is such that
changing its value results in changing the output voltage of the regulator. Hence, it
is possible to have a basic topology provide for many different desired regulated output
voltages. Of course, the more common output voltages of 5, 12, and 15 Volts, as well
as less common values are manufactured. Because of this fact, it seems reasonable
that the macromodel for the SG7805 and SG7812 are nearly identical. Thus, the
macromdel for these are nearly identical.

The SG7805 is developed first, at room temperature and then at -55°C and
125°C, then this model is adapted to the SG7812. The macromodel under development
is referred to as the SG78XX model until adapted to one of the specific chips to be
modeled.

The functional block diagram for the SG78XX is shown in Fig. (3.1). Note that
the feedback resistors are R,, and R,,. It is Ry, that is changed in the chip and

26

L Y



27
VIN Vaut

VREF

Ras

GrounD
Figure 3.1 Functional block diagram for the SG78XX

macromodel to produce the different regulated output voltages.

3.2 DEVELOPMENT

The del for the regul is shown in Fig. (3.2). The voltage reference
generator and bias current source shown in Fig. (3.1) are replaced by Dy, Rz, Rq, Ry,
Dzp, and L,. The error amplifier has been replaced by E,, Royy, Rp, Cp, Eg, D,, D,

V.and E,. The resistors R,, and R,, are the feedback resistors. Finally the Darlington

pair pass transi has been r d by one pass transistor and a small base

resistance and these are Q, and Ry, respectively. Additions not shown in the
functional block diagram follow. Dy, Dy, Recrs Rscy Res, Qcr, and Dygy are added to
model the behavior of short circuit current limiting and foldback current limiting. G,

and Ry are added to model the quiescent current. R; and D, are added to model
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Figure 3.2 Full macromodel for the SG78XX
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dropout voltage. R, is added for output resistance and output impedance
characteristics. Lastly, Dy is added to model the effect of capacitive load discharge
through the device. This gives a general overview of the macromodel, and now the
details of the elements and formulas are given.
3.2.1 The Reference Voltage Generator

The reference voltage generator consists of D;,, R, Ry, Dyz, Rz, and L, shown
in Fig. (2). Note from Fig. (3.1) that

Vo= [hﬁ)v—"’ @D
() :
Ry

DC \
where A, is the dc gain of the error amplifier. This equation for the output voltage
helps to show the effect that Vi, has on the output if it varies with voltage and
frequency. The reference voltage is taken across the resistor Ry, the diode D, and
the inductor L,. Note how changes in the dc input voltage for a grounded regulator
effect Vgge by considering Rq and Rg. This means that the reference voltage changes

with input voltage producing a change in output voltage in accordance with Eqn. (3.1).

This contributes ially to line regulation and ripple rejection. Likewise, the
inductor L, produces a changing reference voltage with changing input voltage
frequency. This contributes to ripple rejection vs frequency. Finally, note that current
flows through Rq. In the regulator macromodel, this contributes to quiescent current.
When V) is changing and Vyg is relatively constant, most of the change in input
voltage is dropped across Ry, since in practice Rq > Rg. In the modeling, this means

that the current through Rg is changing and hence quiescent current is changing. In

the macromodel, Rg is almost entirely r ible for ch in qui current due
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to changes in the input voltage.

VOUT vs VIN
SG7805

VOUT (volts)

n L s 1

- 0 - N W A uoo

o
v

10 15 20
VIN (volts)

——rload = 50 ohms

tomp = 25 degrees C

Figure 3.3 Vy,r vs Vi, measured

In the actual chip measurements, it is determined that there is no activity and
the output of the regulator for an input voltage from zero to anywhere between .75V
and 1.5V. This is because overcoming one or more diode drops is necessary to begin
to turn the chip "on". Note this in Fig. (3.3), which shows V; vs Vi for the SG7805
regulator. This effect is modeled by the zener diode D;,. Vygp cannot begin to develop
any voltage drop until the breakdown voltage of D,, is overcome. This means the

circuit shows no activity, since the circuit is dependent upon Vygp for functioning.

Labeling the “on" voltage as V,y means

BVogi = Vo

25
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3.2.2 The Error Amplifier

The SG78XX series contains a frequency compensated error amplifier and this
is modeled with a one pole amplifier. This is E,, E;, Ryyp, Rp, and Cp. The addition
of E, D,, V, and D_provides positive and negative clamping for the error amplifier.
Clamping is provided for since in the macromodel, ideal controlled sources are being
used, and this means non-ideal voltages can occur in the model. The voltage across
E, can get extremely high or low, in the kvolt or negative kvolt range. This can not
happen in the real chip, and is taken care of here. The error amplifier contributes to
output impedance vs frequency, ripple rejection vs frequency, and power up.

3.2.3 Ripple Rejection Modeling

Ripple Rejection vs Frequency
SG7805

-20log|voutivin) (db
80 9l ) (db)

1 10 100 1000 10000 100000 1000000 1000000
Frequency [Hz)

——rload = 50 —+—rload = 500 —*—rload = 1000

T =25 degrees C

Figure 3.4 Ripple rejection vs frequency, measured

Fig. (8.4) gives an example of ripple rejection vs frequency of the SG7805 for
different loads. In modeling the ripple rejection, the following approximations are

made. First, it is be assumed that low frequency ripple rejection for all three loads
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is be nearly equal. Secondly it is assumed that the first pole for ripple rejection vs

frequency is almost equal for all three loads.

VIN
D21
Ra
+
4 R,
VREF fzr
¢ -
Grounp

Figure 3.5 AC equivalent circuit for the reference circuitry

From the definition of ripple rejection, a zero in the transfer function, Eqn. (1),
is a pole in the ripple rejection response. Note that because Vg, is actually a function
of Viv, Eqn. (3.1) becomes a transfer function relating Voyy to Viy. A zero of Vi, is
a pole of ripple rejection. It is necessary to find the zero in Vg Fig. (3.5) gives the
ac equivalent circuit for Vier, neglecting Ry since Ry » ;. From this circuit, it is

determined that
Ry +rpgm+sL, 3.3)

V...
R.-o-rm-o-Ro +I'pg; +sLl =

This shows that the first pole in the ripple rejection is,
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Pl = fk%") 8.4)
1
The formula for dc ripple rejection is also needed. Thig again comes from Eqn.
(3.1). It is necessary to find the small signal, dc relationship for Viep With V. From,
Fig. (3.5) this is

Ry+rpmy
Vo Ry+rppm+ RO *Tpg; Yo @.5)
or
R
A b S 3.6)

since in practice Rg is much larger than Rp, rpzs and ry,. This can be used with Eqn.

(3.1) to solve for the formula for low frequency ripple rejection and it is

+ 2a) (Re* "
RR,, - (%«:r)w - £l ;:;): ([1 +‘% ) ) @.7

It can be seen from Fig. (3.4) that there is also a zero in the ripple
rejection response. This is modeled in the macromodel, and will not be determined
by the ripple rejection response, but will be determined by the power up response,
since both are due to the capacitor Cp.

3.2.4 Output Impedance Modeling

Output impedance vs frequency is shown in Fig. (3.6). Low frequency output
impedance is determined primarily by R,. For changes in load, low frequency output
impedance also changes due to the small signal parameters for Qp changing. To select

Ry, the simple relationship
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Output Impedance vs freq
SG7805
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Figure 3.6 Output impedance vs frequency, measured

Zovrr = R, (3.8)
isused. The frequency characteristics of Zy11(s) are determined primarily by Cp. As
stated with ripple rejection, this parameter is selected based on the power up
Tesponse. When this is done, this gives adequate results for the first zero in the
output impedance vs frequency response. Variations in output impedance with load
are modeled because of a correct choice in the topology, however these are not modeled
with strict accuracy.

325 Quiescent Current Modeling
In Fig. (3.2) the elements which contribute to quiescent current are Gy, Rqypgs,
RyandR,. F ig. (3.7) shows the measured quiescent current vs input voltage. The

quiescent current modeling works in the following way. Gy is a voltage dependent
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I vs VIN
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Figure 3.7 Quiescent current vs input voltage, measured

current source which depends upon the voltage Vige. This simulates the realistic
behavior of a current source gradually turning on until reaching it’s maximum value
when the correct regulator biasing is achieved. Initially, IQ is zero, and no voltages
appear in the macromodel as there is not enough voltage to overcome the breakdown
voltage of D,,. As Vy increases, Vygp increases and thus Gy increases. However, all
of the current supplied by Gy is drawn by Q. This means that the quiescent current
consists of only the current flowing through Rqus and Ry, At the point where Vour
achieves regulation, Q, enters into the active region. Since Qp has a very large BF,
during this transistion it goes from drawing most of the current available from Gg to
little of the current available from Gg. This causes the jjump’ in quiescent current seen
in the transfer function. The current from Gy now contributes to quiescent current.

This means



)
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AlQrnmr = 83Vexr 3.9

Once regulation is achieved, there is little significant change in the quiescent
current due to Gp, Rques, and R;,. The changes in quiescent current with input
voltage seen beyond this point are modeled by R,. Large changes in input voltage
effect the reference voltage circuitry mainly as changes in the voltage drop across Ry,
since Vggp and the voltage across D,, are nearly constant. This means in this region
Ly (3.10)
AV, R,

Finally, just at the point where the regulated voltage occurs at the output of the

regulator, the point right after the jump occurs in the quiescent current

IQ = VOW + Vm
Rouzes
3.2.6 Short Circuit Current Limiting and Foldback Current Limiting

+ 8.Vm (3.11)

An example of measured short circuit current and foldback current limiting is
shown in Fig. (3.8).

The addition of short circuit current and foldback current are given by D, Q;,
Rucr, Rep, Dypg, and Rge. The short circuit current works in the following way.

Note that Dy, prevents the controlled source E; from supplying any current to
the base of Q,. This means that G supplies all of the current to Qp. This is an
important point. As current flows out of the emitter of Q, through Ry and to the
load, a voltage is generated across the base emitter junction of Q;;, due to the voltage
drop across Ry.. If this voltage is large enough to turn Qg on, most of the current
supplied by G is drawn by the collector of Q.;, since it's needs are large compared to

the current supplied by G,. The remaining current is suppied to the base of Qpin
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ISC vs VDIFF
SG7805
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Figure 3.8 Maximum output current vs V-, measured
order to produce the voltage across Rg.. If the base emitter voltage of Q. is not large

enough to turn on Q,, it remains off and draws no current. The maximum output

current is then just the current required to turn Q. on. This is

(3.12)

This is a very simplified explanation of how short circuit current works, however it
serves to explain the fundamental operation. Under the short circuit mode, the base
of Q; still draws only a small amount of current. The collector of Q; draws most of
the current available from G, This means that in Eqn. (3.10), Vggonc can be
estimated since the collector current of @, can be estimated as approximately the
total current supplied by Gy, which is ggVage. Using an approximation for the

relationship between collector current and base emitter voltage and inserting into
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Eqn. (3.10) gives

IS, (3.13)

Note the addition of D,. This diode was added in order to prevent current
from coming in through the output pin and eventually flowing through the collector
of Qy. This was witnessed in the computer simulations with the macromodel.

Finally, foldback current limiting is provided with the addition of D, and Ry,
An explanation follows.

Foldback current is normally given as a function of differential voltage. This
is roughly the voltage drop across Ryg, Dyeg, Ry, and Rgc. When the differential
voltage is less than the breakdown voltage of Dy, there is no drop across Ryz and
very little drop across Ry, due to little base current of Q;, and also Rg., due to this
having a small resistance.

Once the differential voltage exceeds the breakdown voltage of Dz, the device
enters into the foldback region. Now the difference between the chip’s differential

voltage and the breakdown voltage of Dy, is largely dropped across Ryy and Ry,

The voltage drop across the base emitter junction of Q is

Veecr = Vaacr * Vs (3.14)

The turn on voltage of Q, is fixed, as well as the voltage drop across Ry, for a given
Vo Since Ry is no longer equal to zero in the foldback region, from Eqn. (3.14),
it is seen that a smaller voltage drop across Ry is necessary to turn on Q.. Hence
a smaller output current will turn on Qg and so a smaller maximum current is

available to the output. As the differential voltage across the chip increases, the



39

voltage drop across Ry, increases, and maximum available output current decreases.
This is how foldback current limiting is achieved.
Since the foldback region begins at the point where the differential voltage

across the chip, Ve, i8 equal to the breakdown voltage of Dy,

BV oy *Vip (3.15)
where Vg is the differential voltage required to put the regulator into the foldback
region. The values for Ry, and Ry can be selected by selecting a point in the
foldback region which gives the maximum output current for a given differential
voltage. Then, from Fig. (3.2) and Eqn. (3.14), it can be determined that

R
Vas.c.av = (Your = BVpzr) [ R x:f;nJ*’szc (3.16)

The first term in Eqn (3.16) is Vgycy, and the second term is Vige.
3.2.7 Power Up and Down, Square Wave

Fig. (3.9) gives the measured power up square wave response. There are two
main contributions to the power up square wave phenomenon. The first is the turn-on
time. As seen in Fig. (3.9), there is a period of time it takes for the output voltage
required to reach it’s steady state regulated output value. This time is mainly the
time required to charge up the capacitor in the error amplifier, C,. This time is
proportional to the time constant due to R, and C;. Presently, there is no formula for
determining these values. They are adjusted empirically.

Secondly, when the input makes the transistion from on to off and the load is
capacitive, the load must discharge. This is normally the case for the SG7805 where

a capacitor is always required at the output for stability. The path for this discharge
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Figure 3.9 Power up and down, square wave, measured
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is through D, and R, and back into the power supply. This effect was verified by

measurements. Note in Fig. (3.9), the difference between the input and output voltage
is roughly one diode drop. This is further justification for use of this D). Finally,
if Dp i8 not used, the capacitor must discharge through the parallel combination of
the load resistance, the feedback resistor R,;, and Rqy;gs. The simulations where Dy,
is not present show that this discharge path is inadequate for the rapid discharge
which is shown in Fig. (3.9). It is possible to model the voltage difference between the
input and output voltages by varying the parameter N in D;;. This again is done
empirically.
3.2.8 Dropout Characteristics

The dropout characteristics are controlled primarily by R, D, and Qp. The
dropout voltage is the voltage drop across these elements when Q; is on the edge of

saturation. Then

VDO = L a0nR:+ Ve * Vur ap (lLoun) 3.17)
where it should be noted that Vg, op is a function of the load current. Then Ny can

be chosen to realize a dropout voltage for a given load with

I
VDO = IR+ Npc VT ( ;‘:} Vear, or (lucun) (3.18)

3.2.9 Other Modeled Characteristics
The characteristics presented are sufficient to produce the macromodel of the

SG7805. These characteristics give the guidelines in choosing components and
parameters. Because of a correct choice of components and parameters, the

macromodel can accurately predict other responses. These are: power up and down
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with triangle wave, line transient response, load transient response, line regulation

and load regulation. These responses are shown in a later section.

3.3 DESIGN PROCEDURE FOR A SG7805

Based on the equations and procedures shown in the last section, a design

procedure will be developed in this section.

Basic to the design procedure is a list of measurements required to base the

design on. The following measurements should be taken in the basic regulator circuit:

1)
2)
3)
4)
5)
6)
7
8)

Measure V. vs Vi with no load.

Measure IQ vs Vi with no load.

Measure V,,,, for Vin = 10V, no load.

Measure ripple rejection vs frequency, Rioap = 50Q.
Measure maximum output current vs voltage differential.
Measure output impedance vs frequency.

Measure dropout voltage with Ryioap = 50Q.

Measure R, ..

The component selection procedure is:

1)
2)

3)

4)

Select E, and E,. This determines Ay

Select R,; = 1800Q and R,, = 600Q. These selections are based on the
actual chip component values.

Select the amplifier clamping circuitry parameters, these are:

Roum V,, the gain of E,, and the diode parameters for D, and D.

Based on the V,; v8 V,y measurement, determine the input voltage

required to begin to turn the circuit on, V,y, then



5)

6)

7

8)

9)
10)

BVpy = Voo (3.19)
Select NBV,,, and Ry,

From the measured value of Vour at Vi = 10V, and utilizing Eqn. (3.1),

BVg = V,,, = —louT (1+L(l+ﬁ)}

(1+ %) Ac| 'R, (3.20)

Select NBV,,,;, and R;; = IMEGQ.
Measure the slope of IQ vs Vi for the quiescent current measurement.
Then from Eqn. (3.10),
- AV 3.21)
AIQ
From the ripple rejection measurement, determine RR;;. Then
determine the small signal resistance of Dzz. This is determined from

a trial macromodel run with PSpice. Then from Eqn. (3.7),

(3.22)

From the ripple rejection measurement, determine Pl;;. Then from

Eqn. (3.4),

Retrm (3.23)
Ply,

L=

Select R,.

From the power up measurement, measure the turn-on delay and from



11)

12)

13)

14)

15)
16)
17)
18)
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this measurement, determine Cp empirically.

Also from the power up measurement, and measuring the difference in
the input and output voltage waveforms directly after power down,
select and appropriate value for Ny .

From the IQ vs V|, measurement, determine the value of the jump in
quiescent current just after regulation is achieved. Then from Eqn.

(3.9),

“Q’”“". (3.24)

From the IQ vs V measurement, determine the value of quiescent
current at the point where regulation is achieved. Then from the value

of Vour at Vi = 10V, and from Eqn. (3.11),

Roums = v,:,om ' (3.25)
1Q- _R;- - 83V arr
Select the parameters for the output transistor Qp- These are:
BF, VAF, NF, and IS.
Select Rg.
Select the parameters for the transistor Qc., these are: BF¢, and IS, .

Select Rycy.

From the maximum output current vs voltage differential, select the

value of I, when the device is not in the foldback region. Then from

Eqn. (3.13),



19)

20)

21)

22)
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83V xer
= [ IS, ) (3.26)
Ry = VT'hn T .

sc
From the maximum output current vs voltage differential, select the

value where the curve enters into the foldback region and call this

voltage Vgg. Then

BVpos = Vg 3.27)
Select NBV 5.
From the maximum output current vs voltage differential, select a value
for the maximum output current and it’s corresponding output voltage.

Then from Eqn. (3.15),

Vouwr =BV pzrs -1| Ry,

VTh (g'y‘”)-lm,k,c

Re = (3.28)

IS,

From a trial run with the macromodel, determine the value for Vg,r.qp-
Select R;. Select ISpc. Determine the value of the load current. From

the measured dropout voltage, VDO, and Eqn. (3.18),

- VDO-Ich-V“mp.

I
mn[ mw)
ISpc

Npe (3.29)

From the output impedance vs frequency measurement, determine low

frequency output impedance for the no load condition. Then
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R, = Zourt,,. (3.30)
23)  Select the parameters for the diodes Dy, and D¢y, IS and N. These
may be important for convergence reasons.

This concludes the design procedure. All of the parameters for the macromodel
have been selected.

3.4 DESIGN PROCEDURE EXAMPLE

In this section, an example based on actual laboratory measurements will be
presented, and a cdmparison of the predictions of the macromodel with lab results will
be given.

The design procedure is based on measurements in lab. The data, unless
otherwise specified, is taken directly off from the plots which are were shown
previously in the document.

1) Set E, =300, E; = 2, so Apc = 600.

2) Set Ry, = 18009, R,, = 6004.

3) Set Royr = 25Q,V, =-1V and E, = 1. Let the diodes D, and D_ have the

PSpice default parameters. This means that Vmax = (Vi - 0.3)V and
Vi = -0.7V if the voltage drops across the diodes are taken as 0.7V,
4) Based on the V; vs V, measurement, BV, = 1.5V.
Select NBV,,, = 0.01. This helps the voltage drop across D,, be close
to BVy,,. In fact, all of the diodes being used as zener diodes should
have the parameter NBV set to 0.01 or 01.

5) Vour = 5.027V, then BV, = 1.2651V.
Set NBV,,, = 0.1.



6)
7

8)
9)
10)
11)
12)
13)

14)

15)

16)

17)

18)

19)

20)

21)

22)
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Based on the IQ vs Vin measurement, R, = 1120900,

RR,; = 70db = .316228m and Ipg = 4.22Q,

then R, = 4.7Q.

Pl = 1785Hz, s0 L, = .796mH.

Set R, = 50Q.

By iteration, Cp = .5uF.

By iteration, Ny, = 0.7.

The jump in the IQ vs Vix measurement ig .6328mA, then g, = .5002m.
The value of the quiescent current at the point where regulation is
achieved is 4.2215mA. This gives Rqyps = 3396Q.

Set ISg, = 1e-124A, BF; = 70k, and VAF, = 150.

Set Ry = 100Q.

Set BF, = 100Q.

Set Ryc, = 1600Q.

From the short circuit current measurement, ISC = 2.7688A,

then Ry, = .275Q.

From the short circuit current measurement, the point at which
foldback occurs is 15.26V, then BVpzs = 15.26V.

Set NBV, .., = 0.01.

From the short circuit current measurement, the point Vp . = 31.08V
and Iy, = 1.06A was selected, then Ry = 62196Q.

In lab, the dropout voltage for a 50 resistor was determined to be 1.59V,

then NDC = 1.1617.

Based on the low frequency, no load, output impedance vs frequency
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measurement, R, = 0.025Q.

23) SetISpy = ISpp, = 1le4A.
Set NDCL = 2.
This concludes the design procedure for the room temperature macromodel for the

SG7805. The PSpice macromodel description is:

.SUBCKT SG7805 1 2 3
* in  out gnd
*

DZ1 41Dz1

-MODEL DZ1 D (BV=1.5 NBV=0.01)
RQ 417112090

RR 171847

DZR 16 18 DZR

-MODEL DZR D (BV=1.2651 NBV=0.01)
RZR 16 18 IMEG

L1

16 3 .796M
EP 2231715300
RO 22625
DC- 36 DCLAMP
DC+ 619 DCLAMP
.MODEL DCLAMP D
V+ 1923 DC -1
E+ 233131
RP 6750
CP 735U
GB 19173 .5002M
DBL 98DBL
:MODEL DBL D (IS=1E-4 EG=0 XTI=0)
EB 83732
RC 1142
DC 1413DC
-MODEL DC D(N=1.617)
RB 911100
13115 QP
-MODEL QP NPN (BF=70K VAF=150 IS=1E-12)
DCL 910 DCL

‘MODEL DCL D (N=2 IS=1E4)
10 20 12 QLIMIT
‘MODEL QLIMIT NPN (BF=100)

512 .275
RBCL 205 1600
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RFBCL 1 21 62.196K

DZFB 20 21 DZFB

.MODEL DZFB D (BV=15.26 NBV=.01)
RQUIES 12 3 3396

R23 153 600

R24 12151800

ROUT 122 0.036

DDIS 21 DMOD

.MODEL DMOD D (N=0.7)

.ENDS SG7805

3.5 MODELING THE SG7805 AT -55 AND 125 DEGREES

It is desired to produce models which work at -55 degrees and 125 degrees.
These will be ambient models. It would be most desirable to have a model which
predicted behavior throughout the entire range of temperatures, however this is not
possible yet at this time. Instead, the extremes of -55°C and 125°C are used. These
temperatures, along with room temperature, provide an adequate range of
temperatures which the device can be swept through. Of course, the chip does not
always work at ambient temperature. The model is set up so that the user must
figure out the junction temperature of the chip, and add the TEMP statement into the
PSpice input file for the circuit which will be simulated.
3.5.1 Strategy in Modeling the SG7805 Temperature Variations

The problem in modeling for different ambient temperatures is that certain
parameters in PSpice have an automatic and preset dependance on temperature. One
value is IS. Note also that VT exhibits a change with temperature since

VT —q‘T, 3.31)

where q is the charge of the electron and k is Boltzman’s constant. Using a value of
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1.60218e-19 for q and a value of 1.38066e-23 for k gives values for VT of 0.0188V and

0.0343V at temperatures of -55°C and 125°C, respectively. Then parameters NBV,
VAF, BF, and N for the diodes and transistors can not be made temperature
dependent in PSpice. Finally, it is of importance to note that IS for the diodes and

transistors exhibits the following temperature dependance
T 4\ 26 m
IS(T) = Be(’— l)””[__T_)T' 3.32)

Fortunately BV for the diodes can show second order temperature dependance by
specifying the parameters TBV1 and TBV2. This gives BV a temperature dependance

in accordance with the following equation,

BWT) = BV, (1+TBVI (AT)+TBV2(AT)), (3.33)
where BV, is the value of BV at the nominal temperature which is 27° by default
in PSpice.

Other temperature dependent elements are the resistors, capacitors, and
diodes. These follow a temperature dependance much like the parameter BV, and

these are

RT) = R, (1+TCI(AT)+TC2(ATY), (3.34)
CQT) = Cpoa(1+TC1(AT)+TC2(AT)), (3.35)
and [T) = L,g,(1+TCI1(AT)+TC2(AT)). (3.36)

for the resistors, capacitors and inductors.
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The following strategy is used in developing temperature dependent models.

The room temperature model is developed first. The design procedure for an
ambient temperature is almost identical to that of the room temperature model. The
steps which need modifications are steps 4, 5, 6, 7, 8, 10, 13, 18, 19, 20, and 22. These
will give rise to new values for BVy,;,, BV, Rq, Ry, Ly, Cp, Roues: Rscy BVpzess Ryg,
and R,. Selection of these values gives remarkable temperature predictions for the
lab results of interest. Lab data is taken and the above parameters are selected.
Most generally, there are three values, one for each temperature, for each of the
parameters. Next, the temperature coefficients of these parameters must be
determined from these values. Consider BV(T) in Eqn. (3.33). Note from Eqn. (3.33)
that

BYT) . (1+1BVIAT)+TBV2(ATY). (3.37)
BV,

This leads to the following system of equations with two unknowns, setting TNOM =

25°C:
BV(-5
BY, _
wou | 80 aoolmvz. (3.38)
BV(125) 100 10000\7BV2
BV vou

This can be solved to find the values of TBV1 and TBV2. The passive component
temperature coefficients can be solved in this same manner. Once these coefficients
have been determined, they can be inserted into the room temperature macromodel
which then becomes a model which is accurate between the temperatures of -55°C and

125°C.
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8.5.2 Design Example to Include Temperature Dependance

In this section the parameters for the model for -55°C and 125°C are developed.

The temperature coefficients will be determined and then inserted into the room

temperature model. This represents the fully developed, macromodel for the SG7805.

Following the format of the first example for the -55 degree portion:

4)

5)

6)

7

8)

10)

13)

18)

19)

20)

22)

Based on the V,; vs V), measurement, BV, = 1.5V.

Vour = 4.875V, then BV, = 1.2269V.

Based on the IQ vs V), measurement, Ry = 77320Q.

RR,; = 71.283db = .272793m and ry,; = 2.07Q,

then Ry = 3.2382Q.

Pl = 1192Hz so L, = .70875mH.

By iteration, C; = .5uF.

The value of the quiescent current at the point where regulation is
achieved is 4.58mA. This gives Rqys = 2537Q.

From the short circuit current measurement, ISC = 3.5A,

then Ry, = .2499Q.

From the short circuit current measurement, the point at which
foldback occurs is 17.87V, then BV z5 = 17.87V.

From the short circuit current measurement, the point Ve = 32.5V
and I,,x = 1A was selected, then Rgy = 35855.93Q.

Based on the low frequency, no load, output impedance vs frequency

measurement, R, = 0.025Q.

This concludes the design procedure for the -55 degree temperature macromodel for

the SG7805.
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Doing the same for the 125 degree model:

4)

5)

6)

7

8)

10)

13)

18)

19)

20)

22)

23)

Based on the Vg vs Vyy measurement, BV, = 1V.

Vour = 4.994V, then BV, = 1.2568V.

Based on the IQ vs V|y measurement, R, = 145596.6Q.

RR,; = 69.06db = .3524m and r; = 6.85Q,

then Ry = 6.0626%.

P1,; = 1900Hz, s0 L, = 1.0816mH.

By iteration, C, = .5uF.

The value of the quiescent current at the point where regulation is
achieved is 3.406mA. This gives Rqyes = 7315.279Q.

From the short circuit current measurement, ISC = 1.762A,

then Ry = .35260.

From the short circuit current measurement, the point at which
foldback occurs is 16.06V, then BV, = 16.06V.

From the short circuit current measurement, the point V. = 31.79V
and I, = .53A was selected, then Ry = 56346.548Q.

Based on the low frequency, no load, output impedance vs frequency
measurement, R, = 0.04Q.

Set EGpg,, = 0eV.

Set XTIg, = 0.

These are set to zero because it was determined by PSpice simulation
that the dependance of IS,y on temperature was causing problems in
the 125 degree simulations. Specifically, ISy gets very high when the

nominal value is set at 1e-4A. This allows E; to supply currents equal
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to this saturation current, which were unacceptable. Setting these

parameters to 0 renders IS, nearly temperature independent.

A final summary of the temperature dependent parameters and elements follows.

element or value at value at value at
parameter 25 degrees -55 degrees 125 degrees
BVpy 15 15 1

BVpgm 1.2651 1.2269 1.2568
Ry 112090 77320 145596.6
Ry 4.7 3.238 6.0626
L, .796m .708753m 1.086m
Roums 3396 2537.12 7315.27
Rsc 275 25 .3526
BV 15.26 17.87 16.06
Res 62196 35855.03 56346.55
R, 0.036 0.025 0.04

Table 8.1 Temperature dependent components and parameters
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Solving for the linear and quadratic coefficients gives Table (3.2).

element or TC1 or TBV1 TC2 or TBV2
parameter (linear coeff.) (quadratic coeff,)
BV,,, -0.001481 -1.85167¢-5
BV, 1.805303e-4 -2.4614¢-6

R, 0.003483 -4.9343¢-6

R, .003449 -5.4953¢-6

L, 0.00238 1.26281e-5
Rquizs 0.006886 4.655264¢-5
R 0.001885 9.3636e-6
BV -9.547473e4 1.478994¢-5
Rep 0.002523 -3.4635e-5

R, 0.002616 -1.50463e-5

Table 3.2 Temperature coefficients

The final SG7805 macromodel is:

.SUBCKT SG7805 1 2 3
: in  out gnd
DZ1 41Dz1
-MODEL DZ1 D (BV=1.5 NBV=0.01)
4 17 112090 TC=.003483,-4.9343E-6
17 18 4.7 TC=.003449,-5.495E-6
16 18 DR
-MODEL DR D (BV=1.2651 NBV=0.01 TBV1=1.805303E-4 TBV2=-2.461378E-6)
L 16 3 IND1 .796M
‘MODEL IND1 IND (TC1=.00238 TC2=1.262851E-5)
22317 15 300
RO 22695
3 6 DCLAMP

DC+ 619 DCLAMP
‘MODEL DCLAMP D
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V+ 1923DC -1
E+ 233131

RP 6750

CP 735U

GB 19173 .5002M

DBL 98DBL

-MODEL DBL D (IS=1E-4 EG=0 XTI=0)

EB 83732

RC 1142

DC 1413DC

-MODEL DC D(N=1.617)

RB 911100

QP 13115QP

-MODEL QP NPN (BF=70K VAF=150 IS=1E-12)
DCL 910DCL

-MODEL DCL D (N=2 IS=1E-4)

QCL 10 20 12 QLIMIT

-MODEL QLIMIT NPN (BF=100)

RSC 512.275 TC=.001885,9.363636E-6
RBCL 205 1600

RFBCL 121 62.196K TC=.002523,-3.4635E-5
DZFB 20 21 DZFB

-MODEL DZFB D (BV=15.26 TBV1=-9.5474743E-4 TBV2=1.478994E-5 NBV=.01)
RQUIES 12 3 3396 TC=.006886,4.655264E-5
R23 153 600

R24 12 15 1800

ROUT 12 20.036 TC,=.002616,-1.50463E-5
DDIS 21 DMOD

‘MODEL DMOD D (N =0.7)

-ENDS SG7805
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8.5.3 Comparison of Macromodel Predictions with Lab Results
A comparison of macromodel predictions with lab results are presented for the

SG7805 in this section.

Ripple Rejection vs Frequency
SG7805

-20loglvout/vin) (db)

eo

1 10 100 1000 10000 100000 11000000 1000000
Frequency (Hz)

temp = -59 —+— temp = 25 —w— temp = 125

Figure 3.10 Ripple rejection vs frequency, measured
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Figure 3.11 Ripple rejection vs frequency, macromodel
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Figure 3.18 Power up and down, square wave, macromodel
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Figure 3.14 Power up and down, triangle wave, measured
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Figure 3.15 Power up and down, triangle wave, macromodel
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Figure 3.17 Line transient response, macromodel
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Figure 3.19 Load transient response, macromodel
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IQ vs VIN
SG7805
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Figure 3.20 Quiescent current vs input voltage, measured
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Figure 3.21 Quiescent current vs input voltage, macromodel
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ISC vs VIN
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Figure 3.22 Maximum output current vs input voltage, measured
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Figure 3.23 Maximum output current vs input voltage, macromodel



6L 1 7l | =i | | =]



68

Comparison of Macromodel parameters and Measured Parameters
QUANTITY -55°C 25°C 125°C
RR,; lab 71.3db 70.0db 69.1db
model 71.4db 70.3b 69.0db
Plg, lab 1.192kHz 1.785kHz | 1.900kHz
model 1.176kHz 1.760kHz | 1.941kHz
) (4] lab 4.58mA 4.22mA 3.41mA
model 4.53mA 4.27TmA 3.36mA
AIQ/AV lab 12.93u 8.92u 6.87Tu
model 13.29u 9.19u 7.08u
max output current lab 3.50A 2.84A 1.76A
model 3.53A 2.84A 1.84A
dropout voltage lab 1.88V 1.59Vv 1.16V
model 1.40V 1.46V 1.50V
Rour lab 0.0250Q 0.036Q 0.04Q
model 0.0275Q 0.0392Q 0.0446Q

Table 3.3 Macromodel comparisons with lab data, SG7805
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3.6 DEVELOPMENT OF THE SG7812 VOLTAGE REGULATOR

MACROMODEL

In the actual chip, the topology of the SG7812 voltage regulator is identical to
the SG7805 voltage regulator, with the exception of one value of one of the feedback
resistors, R,,, being changed to produce an output voltage of 12V instead of 5V. It
makes sense if the same feedback resistor R, is varied in the macromodel to produce
a 12V output, that this can now be used for the macromodel for the SG7812. This is

the case, and in fact helps verify the correctness of the macromodeling methodologies

which were used in developing the SG7805. It is only necessary to change the

feedback resistor R,y and use the procedure developed in section 3.4.1 to create the
macromodel for the SG7812. Section 3.5.2 is then be duplicated to include the effects
of ambient temperature. Finally, lab results are be compared against the macromodel
predictions.

3.6.1 Development of the Room Temperature Macromodel for the SG7812

As stated before, the procedure used in section 3.4.1 is used to develop the

macromodel for the SG7812. The design procedure for the room temperature model

follows.

1)  SetE, =300, Ep = 2, then Ay = 600.

2)  Set Ry = 5160Q and R,, = 600Q.

3) Set Ryyr = 1002, V, =-1Vand E, = 1. Let the diodes D, and D_ have the

PSpice default values for their parameters. This means that V,,,, =

(Vyy - 0.3)V and Vi = -0.7V if the voltage drops across the diodes are

taken as 0.7V.
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Based on the V,; v8 V) measurement, BV},,, = .75V.
Select NBV;, = 0.01 and R,z = IMEGQ.
Vour = 11.894V, then BV, = 1.2588V.
Set NBV,; = 0.01.
Based on the IQ vs V)y measurement, R = 86343.84Q.
p = 62.8464db = .7206m and r;; = 1.34Q,
then Ry = 5.2447Q.
Ply; = 2933Hz 80 L, = .3573mH
Set R, = 5009Q.
By iteration, Cp = .1uF.

By iteration, N5 = 0.7.
The jump in the 1Q vs V;y, measurement is .6223mA, then gz = .4944m.

The value of the quiescent current at the point where regulation is
achieved is 3.8945mA. This gives Rqyps = 10572.61Q.

Set ISqp = 1e-12A, BFgp = 70k, and VAFg, = 150.

Set R; = 10092.

Set BF, = 100.

Set Ry, = 200Q.

From the short circuit current measurement, ISC = 1.32A,

then Ry, = .578Q.
From the short circuit current measurement, the point at which

foldback occurs is 14.79V, then BV x5 = 14.79V.

Set NBVDm = 0.01.
From the short circuit current measurement, the point V. = 33.89V
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22)

23)
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and I,,x = .2826A was selected, then Ry = 6170.43Q.

Set R; = 0.2Q. In lab, the dropout voltage for a 50Q resistor was
determined to be 1.59V, then N, = 1.6339.

Based on the low frequency, no load, output impedance vs frequency
measurement, R, = 0.029Q.

Set ISDBL = ISDCL = le‘4A.
Set NDBL = 2.

3.6.2 Development of the Model for -55°C and 125°C.

The following gives the model for -55°C:

4)
5)
6)
7

8)

10)

13)

18)

19)

20)

Based on the V; v8 V| measurement, BV,,, = 1.3V.

Vour = 11.7926V, then BV, = 1.2481V.

Based on the IQ vs V,y measurement, Ry = 110497Q.

RR,; = 65.715db = .5179m and r;; = 1.15Q,

then R; = 4.90654.

Plyz = 2 kHz so L, = .4820mH.

By iteration, C, = .08uF'.

The value of the quiescent current at the point where regulation is
achieved is 4.276mA. This gives Rgy;ps = 7469.5Q.

From the short circuit current measurement, ISC = 1.553A,

then Ry = .56340Q.

From the short circuit current measurement, the point at which
foldback occurs is 15.4V, then NBV,; = 15.4V.

From the short circuit current measurement, the point V. = 33.06V

and I,,x = .5634A was selected, then Ry = §719.35Q.
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Based on the low frequency, no load, output impedance vs frequency

measurement, R, = 0.016Q.

The following gives the model for 125°C:

4)

5)

6)

1)

8)

10)

13)

18)

19)

20)

22)

23)

Based on the Vg v8 Vj, measurement, BV, = 1V.

Vour = 11.838V, then BV, = 1.2529V.

Based on the IQ vs V;y measurement, Ry = 134495.64Q.

RR,p = 60.0650db = .9925m and ry; = 2.6,

then Ry = 11.5274Q.

Pl,; = 3.5kHz s0 L, = .6424mH.

By iteration, C, = .08uF.

The value of the quiescent current at the point where regulation is
achieved is 3.0112mA. This gives Rqys = 38992.15Q.

From the short circuit current measurement, ISC = .8529A,

then Ry, = .7256Q.

From the short circuit current measurement, the point at which
foldback occurs is 15.15V, then NBV 5 = 15.15V.

From the short circuit current measurement, the point Vo = 34.98V
and I,;,,x = OA was selected, then Ry = 6208.17Q.

Based on the low frequency, no load, output impedance vs frequency
measurement, Ry = 0.01Q.

Set EGDBL = Oev and XTIDBL = O.

A final summary of the temperature dependent parameters and elements follows.
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element or ;alue at value at value at

parameter 25 degrees -55 degrees 125 degrees

BVpa .15 1.3 1

BVym 1.2588 1.2481 1.2529

R 86343.84 7469.5 134495.64

Ry 5.2447 4.9065 11.5274

L, .3573m 482m .6424m

Ce du .08u .08u

Rquies 10572.61 7469.5 38992.15

Rgc .5780 .5634 1256

BVpms 14.79 154 15.15

Re 6170.43 5179.35 6208.17

R, 0.02 0.016 0.01
Table 3.4 Temperature components and parameters

element or TC1 or TBV1 TC2 or TBV2

parameter (linear coeff.) (quadratic coeff.)

BV, -0.001481 -1.85167e-5

BVom 1.805303e-4 -2.4614e-6

Ry 0.003483 -4.9343e-6

Ry .003449 -5.4953e-6

L 0.00238 1.26281e-5

Cp -0.002 le4

Rquies 0.006886 4.655264e-5

Rgc 0.001885 9.3636e-6

BV, s -9.547473e-4 1.478994e-5

Rey 0.001143 -1.081421e-5

R 0.002616 -1.50463e-5

Table 3.5 Temperature coefficients
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The full temperature dependent macromodel for the SG7812 is:
.SUBCKT SG7812 1 2 3

* in out gnd

DZ1 41DZ1

.MODEL DZ1 D (BV=.75 NBV=0.01 TBV1=-0.003611 TBV2=6.9444E-5)
RQ 417 86343.84 TC=5.3597E-4,5.0408E-5

RR 17 18 5.2447 TC=0.005772,6.2073E-5

DZR 16 18 DZR

.MODEL DZR D (BV=1.2588 NBV=0.01 TBV1=3.820E-5 TBV2=-8.5068E-7)
RZR 16 18 IMEG

L1 16 3 IND1 .3573M

.MODEL IND1 IND (TC1=0.001123 TC2=6.8566E-5)

EA 2231715300

ROUT 22610

D- 36 DCLAMP

D+ 619 DCLAMP

.MODEL DCLAMP D
V+ 1923DC-1
E+ 233131

RP 67500

CP 73CAP1.1U
MODEL CAP1 CAP (TC1=-0.002 TC2=1E-4)

GB 1917 3 .4944M

DBL 9 8DBL

MO<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>