V77~ 32398

NASA CR-135072
TRW 26629.000

DEVELOPMENT OF A
STANDARDIZED CONTROL MODULE
FOR
DC-TO-DC CONVERTERS

August 30, 1977

By:

Y. Yu, R.I. Iwens, F. C. Lee, L. Y. Inouye

TRW DEFENSE AND SPACE SYSTEMS

.Prepared for:

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION
LEWIS RESEARCH CENTER

Contract NAS3-18918

:‘ ;. . re ~ ‘”l4 - . | .
N H ~‘$ - R ISt
F @ if ey . HE N
A- ' ~of B -.N i >
: c 3 -~
b ol Y ¥ B Al 37 B
B ASEA R (2 3 L L . N
EAN . y Ry
3 X8 o O
i 5 MNED o
! <, -al o L e
P > X
{
: 4 P i
s Wi\ 13 P>




%

1. Report No. | 2. Government Accession No, 3. Recipient’s Catalog Mo.
CR 135072

4. Title and Subtitle 5. Report Date

Development of a Standardized Contro} Module {scM) for DC to - August 30, 1977

DC Converters 6. Performing Organization Code

5.

7. Author(s) . . 3 ! ' : 8. Performing Organization Report No.
Yuan Yu, R. P. Iwens, F. C. Lee and L. Y. Inouye

=z . : 10. Work Unit No.

9. Performing Organization Name and Address

TRW Defense and Space Systems Group 11. Contract or Grant No
Redondo Beach, California NAS3-18918

13. Type of Report and Period Covered

12. Sponsoring Agency Name and Address . .
NASA Lewis Research Center : : Contractor Report

Cleveland, Ohio : 14. Sponsoring Agency Code

15. Supplementary Notes

NASA Project Manager, James E Triner, Spacecraft Technology Division, NASA Lewis Research Center,
Cleveland, Ohio.

16. Abstract

The electrical berformance of a power processor depends, to a large extent, on the quality of
its control system, Most of the existing control circuits suffer one or more of the following
imperfections that tend to restrict their respective utility:

(1; Inability to perform different modes of duty cycle control

(2) Lack of immunity to output-filter parameter changes

(3) Lack of capability to provide power-component stress limiting on an instan-
taneous basis.

The three lagging aspects of existing control circuits in general have served to define the major
objectives of the current Standardized Control Module (SCM) Program. The report presents detailed
information on the SCM functional block diagram, its universality and performance features, circuit
description, test results, and its modeling and analysis effort.

17. Key Words (Suggested by Authorls}} 18. Distribution Statement
DC-DC Converter, Standardized Control Module,
Analog Signal Processor, Digital Signal Processor, Unclassified - Unlimited
Discrete-Time Domain Analysis, stability,
Eigenvalues. ' .
19. Security Classif. (of this report) 20. Security Classif. (of this page) 21. No. of Pages 22. Price’
u/c ' u/C 147

* For sale by the National Technical Information Service, Springfield. Virginia 22161

NASA-C-168 (Rev. 10-75)






. FOREWARD

This development project was. sponsored under Contract
NAS3-18918 from the National Aeronautics and Space Administra-
tion. For the support and technical interface provided by
NASA, we would 1ike to acknowledge Mr. J. E. Triner of the
Lewis Research Center, the NASA Project.Manager.

Oyr appreciation also goes to Messrs. P. A. Thollot and
R. R. Secunde of Lewis Research Center, and Mr.-A. D. Schoenfeld
of TRW Systems, who realized a need for the project, and helped
to promote its initiation.



Page |
Intentionally

Left Blank




1.0
2.0
3.0

4.0

5.0

6.0

- TABLE OF CONTENTS

SUMMARY . . v v v v e e e e
INTRODUCTION. + + v v o o i e o o e
STANDARDIZED CONTROL MODULE FUNCTIONAL BLOCK DIAGRAM. . . . . .

3.1 Functional Block D1agram of a Convent1ona1 Single-Loop
Power Processor. . . . . . e e e e e e e e e e ..

3.2 Functional Handicaps of a Convent1ona] Single-Loop Power
Processor C e . C e . .

3.3 Summary of Needed Improvements for SCM . . . . . . . . ..

3.4 Functional Block Diagram of a Multi-Loop SCM-Controlled
Power Processor. . . . . v ¢« v v v v v e e e e e 0 e e e

THEORY AND PRACTICE OF ANALOG SIGNAL PROCESSOR (ASP).

4.1 Basic ASP Circuit Configuration. . . . . . . . . . . . ..

4,2 Choice of Proper State Variable for Ramp Generation.

4.3 SCM Feature of OQutput-Filter Autocompensation. . .

4.4 1Instantaneous Duty Cycle Adjustment. . . . . . . . . . ..

4.5 Implementation of Different Duty Cycle Control Modes .

4.6 Operating Subtlety of Constant-Frequency Duty Cycle
Control. . . « « & o v i L e e e e e e e e e e e e e e e

THE DIGITAL SIGNAL PROCESSOR (DSP). . e

5.1 Basic Building Blocks for the DSP. . . . . . . . . . ..
5.2 DSP Block Diagrams . . . . « . . ¢ v 4 o v e e e e e .
5.3 A Common Schematic Diagram for Different DSP's . . . . . .
5.4 Schematic of DSP Controlling Push-Pull Type of Power
Converters . . . « ¢ v v it h e e e e e e e e e e e e
SCM DEMONSTRATION BREADBOARDS . . . . . . . . « « ¢« v v o . .

6.1 Demonstration Breadboard Power Converter Types . . . . . .
6.2 The Basic SCM Schematic Diagram. . . . . . . . . . . . ..
6.3 Schematic Diagram for Deliverable Converters . . . . . . .
6.4 Demonstration Breadboard Steady-State Performance. . . . .
6.5 Demonstration Breadboard Transient Performance . . . .

. 6.6 SCM Submodule Division and Interchangeability. . . . . . .

13
17

18
24

24
27
28
30
37

43

54

54
56
60

68
70

70
70
74
75
75



vi

7.0 SCM MODELING AND ANALYSIS

8.0
9.0

. TABLE .OF CONTENTS
(continued)

7.1 SCM- Contro]]ed Regu]ator Frequency Domain Stab111ty

ANATYSTS v v v v e e e e e e e e e e e e e e e e e
7.2 SCM- Contro]]ed Regu]ator Time-Domain Mode11ng ......
7.3 Cost-Effective Digital Simulation. . . . . . . . . . ..
7.4 Recommended Future SCM Mode]ing_and Analysis Objectives.
CONCLUSIONS « & & v v v v v o s v vt . e e e
APPENDICES . . . . . v v v v v v b b e s e e e
A. Basic Power Circuit and Demonstrat1on Breadboard

Descr1pt1ons.sf';'.“ ......... R A
B. Summary of Dec- De Converter Requirements ."{1.“Q'i'; Coe
C. Gain of Pulse Modu]at1on Stage” . . . .. e e e e
D. The Effect of Trans1ent Response Improvement on SCM

E.
F.

10.0 REFERENCES

Stab111ty

Time Domain Modeling and Stability Ana]ysis ........

Cost Effective Time Domain Simu]afion '

Page °
90

91
101
11
12
113

115

116

122

123

127

130.

142
146



Figure

Figure.

Figure

Figure

Figure
Figure

Figure

Figure

Figure
Figure
Figure

Figure

Figure

Figure
Figure
Figure

Figure

Figure

1.

[pS]
.

10.
11.
12.

13.
14.

15A

158

LIST OF FIGURES

A Generalized Block Diagram of Single-Loop Controlled
Converters . . . . . e e e e e e e e e e e e e e e e

Block Diagram of SCM-Controlled Multiple-Loop Converters

Basic ASP Configuration and Integration of Inductor
Voltage. . . . . e e e e e e e e

Instantaneous Duty Cycle Adjustment of the SCM . . .

Minor-Loop Migration of Inductor Flux in a Buck Reguiator
Upon a Step Input Voltage Change . . . . . . . . . . ..

Flux Minor-Loop Migration With and Without the Transient-
Improvement Loop . . . . . . . . . . 0 v 0w e e e e

Two Major Categories of SCM Ramp-Threshold Interface . .

Compatibility Between Regulator Control and Peak-Current
Protection Philosophy. . . . . . . . . .. e

Graphical ITlustration of 0.5 Duty Cycle Stabi1jty Limit
Error Signal Propagation . . . . . . . . . . . o ..o,

Discontinuous Inductor MMF Operation . . . . . . . . . .

Extending Constant-Frequency Stable Duty Cycle Limit
Through External Ramp Addition . . . . . . . . . . .

Block Diagram for a Constant-Tn Digital Signal Processor

Block Diagram for a Constant-Frequency Digital Signal
Processor. « « v v v v v v i e e e e e e e e e e e e e

Schematic Diagram of a Constant- E T D1g1ta1 Signal
Processor. . . . . .« .« « . . . e e e e e e e e e e e

Schematic Diagram of a Constant-Frequency Digital Signal
Processor. . . . . . . . o Lo 0w e e e e e e e

A Two-Channel Constant-EiTn Digital Signal Processor . .

Power Configurations of the Three Demonstration
Converters . . . . . « v v v v e 4 e ..

25
31

33

35
39

41
45
47
49

53
57

59

63

66
69

71

vii



viii

Figure
Figure
Figure
Figure
Figure

Figure

Figure

Figure

Figure
Figure

Figure

Figure

Figure

18.
19.

20.

21.
22.
23.

24,
25,

26.
27.
28.

29.

30.

LIST OF FIGURES

(continued)

Page
Basic Essentials of the SCM Control System . . . . . . . 73
Transient Response to a Step Input Voltage Change. . . . 80
Transient Response to a Step Load Change . . . . . . . . 81
Transient During Repetitive Qutput Short Circuit . . ... 82
Transient During Converter Command On at Full Load . . . 83
Transient During Converter Command On at Full Load, With .
Peak-Current Protection Disabled . . . . . . . . . . .. 84
Transient During Converter Command On at No Load . . . . 85
Transient During Converter Command On at No Load, with
Peak-Current Protection Disabled . . . . . e e e e e 86
Three Deliverable Converter Breadboards. . . . . . . . . 88
A SCM-Controlled Buck Regulator. . . . . . . . « . . . . 93
Small-Signal Equivalent Circuit of a SCM-Controlled Buck
'Regu1ator ......... e e e e e e e e e e e e e 95
The Three States of Discontinuous-Inductor-Current
Operation. . . . . . . . « .. e e e e e e e e e 103

Root Locus Plot as a Function of Supply Voltage. . . . . 110




1. SUMMARY

Power processor control circuits in use today generally suffer at
least one of the following limitations:

(1) Unable to perform different modes of duty-cycle control.

(2) Performance highly susceptible to output filter para-
meter changes and/or output loading (e.g., a capacitive
load).

(3) No provision to nondissipatively limit the instantaneous power-:
circuits. Component electrical stress during transients, such
as converter starting and sudden output fault.

The Standardized Control Module (SCM), reported here in detail,miti-
gates all three aforementioned limitations. The improvement is realized
through the design of a standardized Analog Signal Processor (ASP) and a
standardized Digital Signal Processor (DSP) to procéess all regulator
control, command, and protection signals. It is applicable to all types
of converter-regulator configurations. The SCM is applied in this program
to control three of the most commonly used power configurations: the buck
boost, the series buck, and the parallel-inverter converters.

The standardization and the improvements are accompanied by generally-
superb steady-state regulation and transient responses. Output dc
regulation of 0.1% is routinely accomplished under wide line, load, and
temperature variations. Dynamic output regulation of less than 1% is met
under a two-to-one step input voltage change, a no load to full load step,
or a 10% audiosusceptibility test (i.e., 2.8V RMS superimposed on a 28V dc
input, 10Hz to 10MHz).

The universal nature of the SCM hardware is matched by a generalized
analysis program employing state-space techniques and providing an unified
description for all switching regulators using any duty-cycle control mode.

With all these merits, this control module is expected to find its way
into various high-performance military and space applications. To support
this goal, a follow-on effort is presently underway to compile a SCM design
handbook which, upon its completion, will enable a prospective SCM user to
'design readily the various SCM circuit parameters in order to meet a set of
specified performance requirements. A regulator design will then become a
routine task insofar as the control-dependent performances are concerned.



2. INTRODUCTION

The function of a power processor is to provide the electrical compat-
ibility between its energy source and various loads. Except in special
cases where voltage step-down is achieved through dissipative means, power
processors operated from a dc source generally depend on inductive phenomena
as the basis for voltage transformation. Such systems must be osci]létory
in nature due to the finite flux capacity of the inductive elements, which
leads to the general use of high-frequency.switching to realize power proces-
sor size and weight savings. Consequently, the power processor control
system must be able to accept analog signals emanating from the sensing
circuit and the control reference, and convert them into discrete time
intervals in controlling the conduction and nonconduction of the power
switch.

The electrical performance of a power processdr'depends, to a large
extent, on the quality of its control system. While there have been numerous
control circuits.proposed and in use today, most of these éiréuits suffer
one or more of the f0110w1ng 1mperfect1ons that tend ‘to restrict the1r re-
spective ut111ty ' ‘

(1) Inability to Perform Different Modes of Dutyfgxple Control

Various contro] laws can be used to govern ‘the power switch conduct1on
' (ON) and nonconduct1on (OFF) intervals to achieve a .given control obJect1ve.
In terms of t1m1ng 1mp1ementat1on the ava1lab1e means are the follow1ng

Constant on-time T s var1ab1e off t1me Tf
“Constant Tf, var1ab1e T '

Constant (T +Tf), var1ab1e 1nd1v1dua1 T and T
Variable T Tf, and (T + f)

f

While it is true that quite often only the ach1evement of the control objec-
tive is 1mportant and that .the means emp]oyed to accomplish the objective 15_9
irrelevant .as’ long as: all spec1f1cat1ons are met, there are other power
processors for which the use of a given means of duty-cyc1e control is nec-
essary. For example, reqhireménts on synchronization -and electromagnetic
compatibi]ity'may dictate a control based on constant (Tn+Tf), whereas in



certain LC resonant applications the sinusoidal current in the power
switch for one half of the LC resonant cycle inherently demands a control
based on a constant Tn and a variable Tf. Consequently, a truly stand-

ardized control module for switching power processors should be capable of

implementing a maximum number of duty-cycle control means through minimum

circuit changes. . -

(2) Inabi]itxﬁfo Provide Immunity to Qutput-Filter Parameter Changes

Sources of output-filter parameter changes are initial component tol-
erances, temperature variations, aging, and most importantly, the possible
reactive nature of the power-processor load. For example, it is not un-
common for a load user to have in his load package an input filter having
a higher capacitance than that in the power-processdr output filter. Being
the last to absorb all the requirements imposed to it by the various loads
it serves, a power processor seldom enjoys the Tuxury of having the nature
of its loads well defined when it is under development. As a result, the
compensation networks of most existing control circuit are devised from
consideration of the power-processor output filter alone assuming a resistive
load, and exotic means of pPole cancellation has been the prevailing art in
negating the second-order filter effect to achieve stability and well-damped
responses. Needless to say, such a cancellation can miss its mark badly when
tolerance, temperature, aging, and more importantly, the reactive loading,
have collectively made their presences felt. Inasmuch as the output filter
provides the dominant second-order corner frequency of the feedback loop
critical to power-processor stability and performance, a truly standardized

control module for switching power processors should be capable of providing

a maximum immunity to effects of output-filter parameter changes due to

tolerance, temperature, aging, and reactive loading.

(3) Inability to Provide Power-Component Stress Limiting

One of the most lagging aspects of power processing technology at present
is that of reliability. The reliability of the power processors can be greatly
enhanced by controlling the power component stresses during steady state and,
more important, during dynamic operations such as step line and/or load changes,
sudden output short circuit, and converter starting. Without this stress con-
trol, the reliability data based on the aggregation of component statistical
failure rates becomes meaningless, and no amount of elaborate quality assur-
ance can increase the level of confidence. Thus in the magnetic-semiconductor,

transient-prone power processors, the means to achieve reliability enhancement
3



is to implement circuit techniques to limit, on an instantaneous basis,
the electrical stresses in all power processor components, thus ensuring
safe operation during steady state and transients. Existing power proces-
sors often forsake this limiting function, and instead rely on generous
derating of all pdwer components to foster reliable operations* Such a
practice . not only places the processor to remain at the mercy of uncon-
trolled transient stresses, but it will become inevitably impractical in
view of the future trend of higher power applications. Consequently, a
truly standardized control module for switching power processors should be

capable of providing power component stress limiting and working in unison
with the basic regulation control to maintain orderly and predictable
steady-state as well as transitional operations between steady states.

The three lagging aspects of existing control circuits in general have
served to define the major objectives of a Standardized Control Module (SCM).
As a forerunner of the SCM effort, contract NAS3-14392 was consummated in
1972 where a multiple-loop concept [1, 2, 3] and a common digital interface
circuitry [3] were applied to control three most commonly used dc to dc
power processor configurations, namely, the buck regulator, the buck-boost
converter, and the parallel inverter. The present effort, under contra&t
NAS3-18918, was performed between July 1974 and October 1975 to provide con-
tinued improvements in all three aforementioned areas, which has produced
the following program highlights:

e A digital signal processor design.of enhanced commonali ty

capable of implementing different duty-cycle control means
~ through different interconnections of component terminals.

e The generation of a discrete-time control-loop model suit-
able for (A) analyzing power processors operating with
either a continuous or a discontinuous output-filter in-
ductor current, and (B) performing cost-effective simulation.
The analysis identifies the optimum design for filter immunity.

e The achievement of coherent compatibility between the basic
regulation control circuit and the stress-limiting circuit
for all duty-cycle control means under all operating con-
ditions.,

* . Some converters have been equipped with an average current

- limiting function, i.e., with a current regulator. However,
the time response of such a regulator is usually so slow that it
serves no function insofar as instantaneous stress limiting
during a transient condition is concerned.



These three accomplishments have greatly enhanced the goal of
improvising a power-processor control circuit intended for use as a
Standardized Control Module (SCM). o

Detailed information concerning the SCM effort of this program
phase will be presented in Sections 3 to 8. Starting with the presenta-
tion of a SCM functional block diagram in Section 3, the Standardized
Analog Signal Processor of the SCM are given in Section 4. Provided
in Section 5 is the Digital Signal Processor. Detailed SCM circuit
descriptions and breadboard test results are given in Section 6. The
SCM modeling and analysis results are shown in Section 7. Major con-
clusions of the program are then summarized in Section 8. A number
of technical details are reserved for presentation in Section 9,
Appendices.



3. STANDARDIZED CONTROL MODULE FUNCTIONAL BLOCK DIAGRAM

Functionally, -a power processor can be divided into two parts: the
power circuit and the control circuit. By definition, the power circuit
handles the energy transfer from the source to the load. Minor modifica-
tions are many, but there are only three basic types of power circuits:
the buck, the boost, and the buck-boost. These circuits have been thoro-
ughly described in literature [4,5], and the familiarity of these circuits
on the part of the readers is assumed.

As a function of the load demand, the rate of the source-load energy
transfer is managed by the control circuit through a set of prescribed
control objectives. During nominal steady-state and transient operations,
the objectives are normally associated with (A) The tracking of a certain
output quantity in accordance with a given control reference signal, and
(B) The compliance of all other power-processor performance specifications'
such as source EMI, output ripple, audiosusceptibility, output impedance,
etc. During abnormal operations involving out-of-nominal line and load
conditions, the objective becomes the control of power-component electrical
stresses to-provide effective protection against (A) catastrophic/degradation
component failures within the power processor, (B) the voltage collapse of
a current-]imitéd power source feeding the processor, and (C) the possible
damage of load equipment powered by the processor. A control circuit thus
serves the dual functions of regulation and protection, which become the
overriding concern of the standardized control module (SCM).

The goal of this section is to present a SCM block diagram, through
which the detailed functions performed by the SCM can be described. The
presentation starts with a functional-block diagram for conventional single-
loop power-processor control circuits. The functional handicaps revealed
by such a block diagram are reviewed, and the subtle differences between
the conventional control and the specific SCM used in this program are’
evolved. The section ends with a SCM functional block diagram and its
descriptions.



3.1 FUNCTIONAL BLOCK DIAGRAM OF A CONVENTIONAL SINGLE-LOOP POWER

PROCESSOR

Before describing the details of signal processing within a single-
loop controlled switching regulator, it is worthwhile to provide a general-
ized view on the analog-signal-to-discrete-pulse conversion process. To
begin with, the analog signal at the outpdt of the power processor can be
utilized in two different ways:

(1) The instantaneous information of the analog signal is utilized

directly to formulate the discrete-pulse time interval. This
mode of operation has been frequently referred to as the "free-
running" type; there is no externally-generated timing reference
to restrain the duration of individual on- or off-time pulse
interval. [6, 7, 8, 9] )

(2) The instantaneous information of the analog signal is not used in
formulating the discrete-time interval. Instead, the average
information of the analog signal is utilized in conjunction with
a variety of timing mechanisms to achieve various duty-cycle
control. The timing mechanism may produce either a constant Tn,
a constant Tf, a constant (Tn+Tf) with variable Tn and Tf, or a
variable (Tn+Tf) with T and Te also variable. In each case
the average information of the analog signal is processed to
produce a time interval complementary to the established timing
constraint in order to fulfill the control objective, [10, 17, 12,
13]

Common to both methods of analog-signal utilization is the need for
a ramp function to intersect a threshold level to define the initiation

or the ending of a pulse duration. When the instantaneous information

of the analog signal is utilized directly for pulse formulation, the
instantaneous waveform of the analog signal itself containing ac compon-

ent provides the necessary ramp function, and two threshold levels, one up-
per and one lower, are needed to define the on- and off-time intervals to
complete a switching cycle. On the other hand, when the average informa-

tion of the analog signal is used in unison with a given timing reference,
such as constant Tn or constant (Tn+Tf)’ the intersection of the ramp

function with only one threshold level is needed to define an operating

cycle by controlling the compiementary timing interval that is not constrained



by the timing reference. In this case, only a single threshold level
is necessary; the implementation of more-than-one threshold level is
neither needed nor wanted.

The discrete pulses thus formed become the output of the control
circuit. This output is applied to control the operation of the power
circuit; the power circuit then converts the discrete pulses back to
an analog signal, which is in turn sensed by the control circuit in a
closed-1oop fashion. Consequently, a conventional single-loop power
processor can be divided into three distinct conversions:

(1) Discrete-time-pulse-to=analog- s1gna1 conversion in
power circuit

(2) Analog-to-analog signal conversion for ramp forming

(3) Analog-to-discrete-time conversion via ramp-threshold
intersection :

Using the functional block diagram shown in Figure 1, these three conversion
processes are further described as the following:

3.1.1 'Discrete-Time-Pulse-to~-Analog-Signal Conversion

The conversion takes place within the power circuit of a power
processor. The power circuit, occupying the upper division of Figure 1,
is composed of the basic power stage and the power switch drive. The
basic power stage contains the input filter, the power switches, and the
output filter. The power-switch drive serves to interface between the
control circuit and the power stage. Faithfully transmitting to the power-
switch the discrete-time intervals derived from the control circuit, the
power-switch drive also provides (A) 1mpedance matching between power and
control circuits, and (B) speed-up turn-off of the power switch at the end
of a discrete on-time interval. Voltage or current pulses thus formed
within the power stage are then averaged by an output fiiter, which gener-
ally has a much longer time constant than the discrete-pulse intervals.
The averaged output thus contains only a small percentage of ac component
superimposed on a dc value.
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The tracking of this value, shown as the power-circuit output at point
A of Figure 1, to an established reference, becomes the primary control
objective of the power processor. The signal is applied as the input to
the control circuit to initiate the needed signal conversion.

3.1.2 Analog-to-Analog-Signal Conversion

Within the Error Amplifier block of Figure 1, the analog signal at
Point A is compared with a .control reference, and the error is further
processed. Corresponding to the two different analog-signal utilizations
described in Section 3.1, the functions performed by the error amplifier
are as follows: '

(1) In the "free-running" type of control, the error amplifier is
essentially a divider (a no-greater-than-unity-gain amplifier)
attenuating both dc and ac components of the analog signal at point
A to a level compatible with the reference. No compensation func-
tion is normally involved. The attenuated ac component at the
amplifier output serves as the ramp function. The upper and lower
threshold levels needed to intersect the ramp function for pulse-
duration control is described later in Section 3.1.3.

(2) In the "time-constraint" type of control, the error amplifier is
essentially a properly-compensated high-gain amplifier. The
nature of the amplified error is such that it generally does not
lend itself for serving as a ramp function. For this error to
become a useful control signal, either one of the two independent
approaches represented in Figure 1 is possible: '

(A). The amplifier output of negligible ac component is used
directly as the threshold level to participate in the con-
trol of the pulse duration. [14, 15] A comb]ementary
ramp function of predetermined slope, to be discussed in
Section 3.1.3, is externally generated. This implementation
js shown in Figure 1 in dotted lines.



(B) The amplifier output is transformed into a ramp through
an integration process before participating in the control
of the pulse duration. The transformed ramp can be a
voltage ramp, which is easily obtained by applying the-
amplifier output to a RC circuit for periodic charging and
discharging. In_fhis case, an externally generated
threshold vo]tagésleve1 is needed to complement the trans-
formed ramp to effect the pulse-duration control. It can
also be a flux ramp, realized by applying the amplifier
output to a saturable magnetic core to effect a controlled
rate of flux change. The corresponding threshold in case
of a flux ramp is generally the saturation flux of the

timing core employed[16]. This is shown in Figure 1 in solid
Tines.

3.1.3 Analog-to-Discrete-Time Conversion

This is the conversion process within which the threshold level meets
the ramp function to define a pulse duration:

(1) In the "free-running" type of control where there is no external
“timing constraint, the ramp-threshold intersections are needed to
determine both on- and off-time intervals. The intersections must
define the initiation of on time, the termination of on time, the
initiation of off time, and the termination of off time. However,
the termination of one interval generally coincides with the in-
iation of the other. Thus, within a given cycle starting at the
intersection initiating the on-time interval, only two more inter-
sections defining the end of on time (i.e., the initiation of off
time) and the end of off time are needed. To provide the required
intersections, the simplest ingredients are dual threshold levels
and ramp functions with contrasting slopes (i.e., ascending versus
descending). In free-running power processors, the ramps are
directly provided by the ac component of the analog signal divided
down from point A of Figure 1 by the error amplifier. Dual threshold
levels are generally obtained through a bistable hysteretic trigger
configuration [17].
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(2A) In the "time-constraint" control where the amplifier output

is used directly as a threshold level that varies as a function
of the error sensed at point A, the threshold level is comple=
mented by an externally-generated ramp function. The ramp
function in most cases is of fixed slope, although in certain

" applications a variable slope varying proportional to the power-
processor input voltage has been implemented for its apparent

- "line compensation" advantage [18]. Regardiess whether the
slope is fixed or not, the ramp-threshold combination is only
effective during one timing interval in the "time-constraint"
type of control. If the time constraint predetermines the on
time (off time) interval, the ramp is effective during the off
time (on time), If the time constraint applies to a constant
sum of on-time and off-time (i.e., a constant-frequency operation),
then the ramp can be effective during either the on-time or the off-

. time, but not both. |

(2B) In the "time-constraint" control where the amplifier output is
integrated to form a ramp, it is complemented by an externally-
generated threshold level. While the ramp slope may vary as a
function of the sensed error at point A, the threshold level is
generally fixed, although in few applications a variable level
has been implemented in.an attempt to achieve a faster power-
processor response [19]. Similar to (2A), the ramp-threshold
combination is effective only during either the on time or the
off time, but never both,

The discrete intervals formed through the process described in either
(1), (2), or (2B) are then applied to control the power stage of Figure 1
through the power-switch drive described in Section 3.1.1, thus completing
the signal path within a conventioha] single-loop controlled power pro-
cessor. '



3.2 FUNCTIONAL HANDICAPS OF A CONVENTIONAL SINGLE LOOP POWER PROCESSOR

Discussed in the following sections are the imperfections restrict-
ing the utilities of numerous existing single-loop control circuits in

terms of perfokming different duty-cycle control modes, power-processor

steady-state and transient performances, and power processor component
stress 1imiting. As presented in Section 3.1, two major categories of
existing single-loop power-processor control are the "free-running" type

and the "time-constraint" type.

Based on imperfections associated with

each type, the desirable features of a Standardized Control Module (SCM)
can then be identified and realized through improved control-circuit
implementation. '

3.2.1

Handicaps in Performing Various Duty Cycle Control Modes

on ATI Switching Regulators

A competitive SCM must accomplish the following:

Capable of performing a maximum number of duty-cycle control
modes including constant on time and constant frequency.

Adaptable to all switching regulator types.
Applicable to either a continuous or discontinuous output

filter inductor current, i.e., either without or with a
zero-current dwell time.

In relation to these requirements, existing free-running and time-

constraint types of control are assessed as the following:

(1) Free-Running Control

The power processor is characterized by the heavy dependence
of its switching frequency on the amount of equivalent series
resistance (ESR) in the output-filter capacitor. For a

given ESR, the essentially fixed ramp slope during the off
time of the power switch tends to work in unison with a

fixed hysteretic width (between the dual threshold levels)

to produce a constant off-time duty-cycle control in steady-
state operation. It is therefore unable to engage in con-
stant on-time or constant-frequency control.*

*Recent development of variable hysteresis width has made constant-
frequency operation possible in a multiple-control-loop implementation

. [20]
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° The ramp slope at Point A of Figure 1 must have contrasting
slopes during on time and off time. This condition holds in
the buck regulator when the effect of ESR in shaping the ramp
is significant; it no longer holds in the buck boost or boost
regulator with similar ESR effects. Since the ESR is generally
a more dominant ripple-producing element than the capacitance
charge and discharge, the control so far has been limited to

* buck regulator and its equivalent. [6, 7, 8].

0 Applying free-running control to discontinuous-current oper-
ation is difficult for similar reasons stated above. The
relatively flat portion of the ramp function during the zero-
current dwell time and its closeness to the lower threshold
level makes noise-free repetitive switching difficult to
achieve, '

(2) Time-Constraint Control

@ MWith the external time constraint selected by the designer,
the control is capable of implementing any duty-cycle mode.
Reliance on the power-processor output average information
rather than its instantaneous ripple for error sensing also

. rémoves all restrictions. regarding the applicability to
different switching-regulator power circuits operating in
" either continuous or discontinuous output-inductor current.

5 _

e The ramp or the threshold level depends on amplified error
at the amplifier output over the entire controllable time
interval, during which an external complementary threshold
or ramp is generated. The concurrent internal/external
threshold-ramp formations must be accomplished by specific
circuits. Different control and protection philosophy
imbedded in various duty-cycle control modes generally
requires quite different circuit implementations to realize
the desired functions. It is thus difficult to achieve
different duty-cycle controls based on different inter-
connections within a common control-circuit configuration.

3.2.2 Handicaps in Power Processor Performances

Desirable performance features of a SCM include the following:

® High degree of immunity to noises attendent to fast and
high-current switching

e Minimum variation of power-processor performance as a
function of component parameter changes due to tolerances,
environments, aging, and external loading. The perform-
ance characteristics most commonly identified with the
control circuits are stability, regulation, and line and
load sinusoidal/step transient responses.



In relation to these requirements, existing free-running and time-

constraint types of control are assessed as the following:

(1) Free-Running Control

In this type of control, the switching spikes attendent to
high-current switching can intersect the threshold level,
and deprive the legitimate ramp function of its role in
dictating the on-off of the power switch. For example,
using free-running control for a preregulator and coupling
the preregulator output to a de-to-dc parallel-inverter
converter (such as a Royer circuit or a Jensen circuit)
may result in the prereguiator switching frequency being

sinked to that of the parallel inverter. Such a "noise
synchronization" may cause havoc in the system if the designs
of the preregulator and the dc-dc converter are independently
conceived (e.g., by two venders) to operate at drastically-
different frequencies.

The excellent stability and dynamic responses of power pro-
cessors using single-loop free-running control have been

well established. However, the dc output voitage is a func-
tion of the instantaneous output ripple waveform; its average
value within the boundary of two hysteretics is not precisely
controlled for a single-loop regulator. :

(2) Time-Constraint Control

Since the average information is now used to determine a

time duration complementary to a constrained time interval,
the switching spikes and other switching-related noises no
longer directly effect the on-off of the power switch. While
these noises may still assert themselves indirectly through

a weak control-circuit component of low noise immunity, (e.g.,
a TTL gate) generally they can be negated through proper
packaging techniques.

Due to the presence of a second-order low-frequency energy-
storage element and the lack of dual threshold levels to con-
strain the output response, the utilization of a high-gain and
wide - bandwidth amplifier for good static and dynamic reg-
ulation usually resuits in an increasing risk of instability.
While the stability can be enhanced through various second-
order pale-zera cancellation techniques, the cancellation be-
comes grossly ineffective in the face of cumulative component
changes due to tolerances, environments, aging, and most im-
portantly, external loading; the last factor is generally un-
known in the power-processor development stage.

15
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3.2.3 Handicaps in Power-Processor Power Component Peak Stress Control

The need for peak-stress control is promoted by the fact that one
of the most lagging aspects of power processing to date is that of
reliability. By this is meant the failure to consistently achieve in
operational equipment the reliability that one might anticipate from
consideration of the reliability of components themselves. Most equipment
failures occur during line or load transients when the peak stress in the
failed component exceeds its safe operation region, which justifies the

need for peak-stress control. Furthermore, a significant number of
present and future loads, such as the traveling wave tube, the ion engine,

and the laser application, are hostile in nature as they encounter arcing
either regularly or on an off-nominal basis. Needless to say, power
processors for such Toads must be peak-stress protected; the existing
average-stress type of current limiting is simply too slow to reliably
control the peak dissipation in'all vulnerable cdmponents for these types
of power processors.

Existing power processor control circuits often forsake the peak-stress
control. As mentioned in Section 2, this practice is not only risky, but
becomes impractical in view of the forthcoming higher power trend.

Regardless the free-running or the time-constraint type, the present
lack of component peak-stress control in existing powér processors is due
mostly to ignorance of the need, rather than any difficulty in its imple-
mentation. Consequently, the handicap described in this paragraph should
not be regarded as inherent to existing single-loop power-processor control
circuits. Rather, it serves as a reminder that the provision of power
component peak-stress control must be an integral part of an improved SCM.



3.3 SUMMARY OF NEEDED IMPROVEMENTS FOR SCM

From the foregoing discussion, the improvements needed for a SCM

are identified. as follows:

(1)

(2)

Inherent Ramp Formation:

A major difficulty to enable various duty-cycle control modes

within a common control-circuit configuration(through different
interconnectionglhas been the different functional requirements of
internal/external ramp-threshold formations associated with each
type of duty-cycle control. This difficulty can be minimized if the
ramp formation during on- and/or off-time can be derived from in-
herent switching wafeforms within the regulator power circuit.
Elimination of the circuit needed for external-ramp generation

or interna] analog-signal-to-ramp conversion will serve to

release significantly the circuit complexity, thus enhancing the
possibility of designing a SCM capable of various duty-cycle control
modes and applicable to all'switching regulator types operating
with continuous or discontinuous output-inductor current.

Autocompensation of Second-Order Filter

With the existing pole-zero cancellation ineffective against compon-
ent and loading changes, compensation 6f the low-frequency second-

order filter should ideally be achieved adaptively, i.e., any outnut-
filter component parameter change is met with a corresponding change
in the compensation network such that an effective pole-zero cancel-

- lation is maintained automatically independent of filter narameters,

Intuitively, such an achievement must involve the sensing and pro-
cessing of inductor voltage or capacitor current associated with the
output filter. No adaptive compensation of the second-order filter
is conceivable without utilizing its state variables for control pur-
poses.

17
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(3) Peak-Stress Limiting

Two important points to be observed in peak-stress limiting are:
(1) The imptementation should be simple and its benefits wide-
spread to cover a maximum number of power components, (2) the
implementation should allow both steady and transient peak-stress
1imiting actions without causing attendent problems such as in-
complete reset of magnetics or incompatible operation between the
basic control circuit and the stress-limiting circuits for all
power-circuit types under various duty-cycle control modes.

These improvements are designed into the SCM, The SCM functional block
diagram is presented next,

3.4 FUNCTIONAL BLOCK DIAGRAM OF A MULTI-LOOP SCM-CONTROLLED POWER
PROCESSOR

A SCM-contro]léd power processor b]ock diagram is shown in Figure 2.
The power circuit shown in_ the upper half of Figure 2 is jdentical to
that of Figure 1. The control circuit, now labelled SCM, is shown in.

_the lower half of Figure 2.

In terms of signal processing, the power processor of Figure. 2 can
be separated into four major portions:

(1) Discréte-time-pu]se-to-analog-signa]Fconversion
(2) Analog-to-analog-signal conversion

(3) Analog-to-digital-signal conversion

(4) Digital-to-discrete-time-pulse conversion

These four conversion processes are described in the following sections.

This block diagram will lead to detailed discussions on the theory
and practice of the SCM-topics of the subsequent sections.
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3.4.1 Discrete-Time-Pulse-to-Analog-Signal Conversion

The discrete-time pulses generated from the control circuit of
Figure 2 is applied to the power-switch drive, causing a voltage or
current pulse train to occur within the power stage. Similar to the
single-loop control of Figure 1, the power-stage output at point A
of Figure 2 represents the dc average information of the pulse train,
i.e., an analog signal.

3.4.2 Analog-to-Analog-Signal Conversion

While in Figure 1 the signal at poiht.g_is the only analog signal
resulting directly from pulse train and serving as the input to the error
amplifier, in Figure 2 the discrete-time pulse is further used in con-
junction with the power stage for the purpose of providing the inherent
ramp formation outlined in Section 3.3. The error processor and the
inherent ramp formation are combined to form an Analog Signal Processor
(ASP) shown in Figure 2. Similar to Figure 1, the signal sensed at
point A_is compared with a reference, and the error is amplified to
appear at the ASP output. |

In addition, an ac signal within the power stage is used as an
additional input for inherent ramp generation. The ramp may be obtained
by integrating the rectangular ac voltage pulses across the output-filter
inductor, or by directly utilizing the ac current in the output-filter
capacitor. The sum of dc and ac signal processing becomes the output of
the analog signal at the ASP output. Other than the ramp formation, the
significance of the ac Toop in terms of control-loop stability will be
addressed in a later section. For the time being, it suffices to state
that the SCM autocompensation of output-filter and loading changes is a
direct result of this added ac Toop.

The fact that the ramp formation is originated from a state variable
inherent within the power-stage energy-storage elements enhances the uni-
versality of the SCM; these state variables are always present in all
switching regulators operating in continuous/discontinuous filter inductor
current and in all duty-cycle control modes. Furthermore, the elimination
of the extra ramp generator reduces considerably the circuit complexity,
thus promoting the ease of physically implementing the SCM concept.



3.4.3 Analog-to-Digital-Signal Conversion

The function of this block is to intersect the ASP analog output,
which contains the amplified dc error and the ramp, with an externally-
generated threshold level. A digital signal is issued at the output of
this block when the intersection occurs, which serves to initiate a
switching event for the power switch. Once the switching event is in-
jtiated, its duration is determined by the Digital Signal Processor (DSP)
to be discussed in the next section.

Consequently, the function of this block is to interface between

the ASP and the DSP, with the intent of releasing the ASP of any influ-
ence in prescribing the duty-cycle control mode. Unlike the error ampli-
fier output of the sing]e-]oopAcontro] shown in Figure 1, the ASP output
of Figure 2 is neither used as a threshold level nor integrated into a
ramp. A SCM user is thus free to select the desirable duty-cycle control
mode from all possible choices implemented 1n'the-DSP, thereby achieving
a greater degree of flexibility. |

3.4.4 Digital-to-Discrete-Time-Pulse Conversion

This conversion block, labelled Digital Signal Processor (DSP) in
Fighre 2, can be regarded as the nérve center of the control system, as
it must process all incoming signals and transmit the correct output sig-
nal to operate the power switch. The signals processed by the DSP can
be divided into two categories: control and protection/command.

(1) Control Signals Processed by DSP

° Regulator Control:

The regulator control signal is the digital signal derived
from the output of the aforedescribed analog-to-digital-
signal conversion block. Upon receiving the signal, the DSP
will proceed to issue a discrete-time pulse to prescribe the
on time or the off time of the power switch.
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Duty-Cycle Control:

This control signal determines whether the duty cycle of the
power switch is to be constrained by constant on-time, constant
off-time, constant frequency, external synchronization, or
other possible modes.

Minimum-0ff-Time Control

This signal prescribes the minimum nonconduction time intervals
of the power . switch following the termination of each conduction
interval due to regulator control or peak-stress protection.
Such nonconduction intervals are needed to allow complete flux
reset of the main energy-storage inductor and the power-switch
base-drive magnetics during transient operations such as con-
verter starting and load arcing.

Input/Output Isolation

The function here is to satisfy frequent applications requiring
source/load to be isolated by a large impedance (greater than
10M) .

(2) Protection/Command Signals Processed by DSP |

Peak Stress Protection

The signal is used to control the peak electrical stresses of
major power-handling components. Over the normal steady-state
operation, there is no peak stress protection signal. How-
ever, it appears at the instant when a transient power-switch
current greater than a pre-set value is detected.. The signal
is processed by the DSP to effect an immediate turn-off of

the power switch (subsequent to the elapse of the power-switch
storage time, of course). Following a controlled off time,
the power switch is turned on again. If the cause for the
excessive peak current is no longer present, the peak-stress
protection signal will again disappear. If the cause persists,
so will the signal. Consequently, the protection essentially
limits the power-switch current to a pre-set value during any
1in? or load transient including converter starting and output
fault.

The reason to choose the power-switch current for peak limiting
is that in any type of power processor the switch is invariably
placed in series with the main power magnetics during the con-
duction time. By virtue of the facts that the MMF of the power
magnetics cannot change instantaneously, and that the electrical
stresses on all power components including those of input filters,
output diodes, and output filters are intimately related to the
instantaneous MMF in the power magnetics, the peak-stress pro-
tection essentially controls the stresses of all power components
during all operating conditions. This is the approach through
which the SCM accieves the intended peak-stress control for re-
liability enhancement.



° Power Stage Shutdown

The signal is generated upon a long-duration input-source
undervoltage or output-load overvoltage/overcurrent, which
generally are manifestations of persistent line/load abnorm-
ality or circuit malfunction. In these cases, a signal will
be provided to shutdown the power stage when the faulty dur-
ation exceeds a pre-set time interval, thus protecting the
source and/or the load. Only an external command can
restart the power processor, which will shutdown again if
the faulty cause persists.

® On-0ff Command
The signal is externally apﬁlied to enable command on-off
of the power processor.

The foregoing discussions have provided a geneka] overview of existing
single-loop control circuits and their limitations, from which the improved
concept of SCM is introduced. The unique system, including the ASP, the
DSP, and their combined operation in controlling a power processor, will be
presented in detail in the following sections. '
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4. THEORY AND PRACTICE OF ANALOG SIGNAL PROCESSOR (ASP)

As stated previously, the ramp derived from the Analog Signal Pro-
cessor {ASP) is based on state variables within the output filter. This
method of ramp formation not only simplifies the design complexity and
promotes circuit commonality of various duty-cycle control, it also
achieves (1) adaptive autocompensation of the output-filter parameter
changes, and (2) instantaneous duty-cycle adjustment capability.

Within this section, the ASP-related design details and performance
features are presented. Starting with the basic ASP circuits, the dis-
cussion will be followed by proper choice of state variables for ramp
generation. SCM features of autocompensation and instantaneous duty-

" cycle adjustment are described. The ramp-threshold implementation of the

SCM as a function of the given duty-cycle control mode, along with a
certain SCM operation subtlety involving constant-frequency control, are
then clarified.

4.1 BASIC ASP CIRCUIT CONFIGURATION

The ASP cohfiguration is represented in Figure 3 using a switching
regulator for illustration. The error processing component is a high-
gain amplifier. Three input signals are applied to the amplifier through
three feedback Toops working in unison.

The first loop senses the dc output e, at point A, divides it by a

factor Kd, and compares to amplifier reference E The difference €dc

R"
= Kd'e0 - ER becomes the dc error. Inconjunctionwith externally-generated
threshold Tevel ET’ the dc output of the amplifier is determined by €4c-

The loop therefore corresponds to the error amplifier block of both Figure 1

and Figure 2. It is no different than any of the single-loop error amplifier.

The second Toop senses the state variables associated with the output
filter for ramp formation. The variable can be the ac voltage (eiLeo)
across the filter inductor, or the ac current ic in the filter capacitor.
For dc-to-dc converters in which the ac filter inductor voltage is of
rectangular waveform, a triangular ramp is conveniently achieved through
the integration of the rectangular voltage. In this case the amplifier is
configured with a capacitor feedback to serve a dual function of amplification
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and integration. On the other hand,‘when filter-capacitor current is

used for ramp generation, the integration process may or may not be
necessary. For the buck switching regulator shown in Figure 3, the tri-
angular capacitor current (during continuous-output-filter-inductor-
current operation) becomes a legitimate ramp by itself; it can be directly
utilized as the ramp. Conversely, for a continuous-current buck boost
converter with trapezoidé] capacitor current, the utilization of such a
waveform as the basis of the ramp is impossible without further integra-
tion. The choice of a proper state variable for ramp formation is further
elaborated in Section 4.2.

The third loop shown in Figure 3 consists of either a capacitor or
a capacitor-resistor network, connecting from the output of the output
filter to the sensing input of the error amplifier. Its function is to
sense any change in deo/dt, and feed the change to the integrator ampli-
fier accordingly to improve the output transient response of the power
processor. The significance of this network to transient-response improve-
ment is described later in Section 4.4.2.



4.2 CHOICE OF PROPER STATE VARIABLE FOR RAMP GENERATION

The state variable chosen for ramp generation must satisfy the following
criteria:
(1) It is an inherent ac waveform so that it will not affect the

input and output dc balance of the average-sensing error
amplifier. ’

(2) TIts waveform is either a directly-utilizable ramp or easily
processed to produce a ramp. While the ramp is not required
to exhibit linear slopes during on time and/or off time,
preferrably it will have distinct peaks and valleys that
correspond to the initiation of on- and off-time intervals
of the power switch. Such correspondences tend to ease the
complexity of tne SCM control-circuit implementation.

(3) It must provide the intended autocompensation of the output-

filter parameter change.

The first criterion restricts the choice to either the voltage across
the output-filter inductor or the current in the capacitor, as they are
the only two steady-state waveforms that are inherently ac.

Regarding the second criterion, the adaptability of these two wave-
forms depends on the power processor power-circuit configuration. When
the inductor voltage is integrated to produce a ramp, the second criterion
js satisfied for the buck, the boost, and the buck-boost power processor.
The universality is made possible by the fact that the inductor-voltage
waveforms for all three configurations are rectangular; the integration of
these voltages invariably produces triangular waveforms whose peaks and
valleys initiate the controllied on- and off-time intervals. On the other
hand, the same universality is not enjoyed by the capacitor current. The
buck-regu]étor output capacitor current is inherently triangular, allow-
ing such a waveform to be transported to the ASP output and used directly as
the ramp. The direct utilization, however, does not apply to either the
boost or buck-boost configuration. The waveform of the capacitor current
in these configurations is trapezoidal. Additional integration is necessary
before a ramp function can be derived.
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The assessment of the third criterion depends on results of qualitative
control-Toop design-oriented analysis, which is presented in Section 4.3.
It suffices to say at this time that the autocompensation of the output-
filter parameter change is achievable when the integration of the inductor
voltage is used as the ramp-producing mechanism.

Consequently, based on consideration of universal adaptability and
filter autocompensation, the output-filter inductor voltage is selected
as the basis for ramp formation.

4.3 SCM FEATURE OF OQUTPUT-FILTER AUTOCOMPENSATION

An observab]e'feature of the SCM is jts capability of output-filter
autocompensation, ji.e., in a properly-designed SCM the regulator stability
can be made quite immune to the change of output filter inductance and
capacitance.- As previously stated, this feature releases the designer of
the frequent concern on the effect of filter parameter change due to com-
ponent tolerance, temperature, aging, and more importantly, due to the effect .
of reguTator loading; the nature of the load is often unknown to the designer
at the time when the regulator is being designed. ‘

Frequency-domain stability representation through Bode Plot of the
open-loop transfer function was performed to provide the analytical insight
into this feature. Details of the analysis are reserved for presentation
in Section 7, SCM Modeling and Analysis, For the time being, it Suffices
to point out several key findings: S

(1) In assessing the stability of a multiple-loop system such
© as a SCM-controlled switching regulator through its open-
loop transfer function, the location at which the analyst
chooses to mentally "open" the loop is of utmost importance.
Opening the loop at different locations within different
loops of a multiple-loop system generally calls for differ-
ent interpretation of the analytical results.

(2) The correct place to open the loop in order to assess SCM reg-
" ulator stability through its open-loop transfer function
is at the output of the integrator amplifier.



(3) As stated previously in Section 4.1, there are three feed-
back loops in the ASP; the dc loop, the ac loop, and the
transient loop. A design criterion for the first two loops
is identified through analysis, with which ideal autocompensa-
tion of the output-filter parameters, and therefore the
optimum regulator stability, can be achieved without the
third loop.

(4) The function of the third Toop is to improve the transient
response, i.e., to change the damped oscillation into a
critically-damped appearance. In doing so it actually detracts
the first two loops from achieving the ideal autocompensation.
This SCM trait differs significantly from a single-loop con-
trol in which a change from damped oscillator pattern to a
critically-damped one invariably signifies an improvement in
stability margin. This is not necessarily so in a multiple-
loop system such as a SCM-controlled requlator. In fact, such
an output-response pattern change may be actually accompanied by
a degradation of stability margin in the SCM regqulator.

(5) If the design criterion for ideal compensation mentioned in

jtem (3) is not observed, the regulator may become unstable
_without the third loop. Stable operation may be achieved

with the proper design of the third-loop compensation. How-
ever, without utilizing the basic SCM autocompensation feature,
such a design requiring custom-made compensation reduces the
SCM to any other conventional single-loop control insofar as
the control-loop stability is concerned.

‘The aforementioned autocompensation design criterion, along with
other analytical details, will be presented later in Section 7.1, SCM-
Controlled Regulator Frequency Domain Stability Analysis.
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4.4 INSTANTANEOUS DUTY-CYCLE ADJUSTMENT

As previously stated, in most control systems, either the ramp
function or the threshold level is transformed from the error-amplifier
output. Since the error amplifier generally derives its input from the
output of the output filter, the analog-to-discrete time formation, i.e.,
the rate of duty cycle adjustment, is limited by the low-frequency nature
of the output filter.

In SCM, however, the ramp does not depend on the error-amplifier
output, and is derived from the integration of an instantaneous voltage
or current waveform that is inherent within the output filter. Therefore,
the control system will achieve within half of a switching cycle the cor-
rect on/off time ratio in response to a line change. Using a constant-
TOn buck switching regulator for illustration, the manner with which this
instantaneous duty-cycle adjustment is accomplished is described in Fig-

ure 4,

4.4.1 Accomplishment of Instantaneous Duty Cycle Control

In Figure 4, a given input vo]tége Ei is assumed.
The voltage EL across the inductor corresponds approximately to (Ei'Eo)'
during on time Tn and to E0 during off time Tf.A The mechanization

" is such during Tn the integrator output ramp exhibits a negative slope,

while during Tf the ramp slope is positive.. ‘Every instant when the
positive-going ramp intersects the thresho]d-detector level ET’ the
threshold detector releases a pulse, which in turn generates a constant-
on-time pulse through the digital signal processor DSP to cause transistor
Q to conduct for a constant interval Tn‘ In steady-state operations, the
descending ramp amplitude during Tn is equal to the ascending ramp ampli-

tude during Tf.

At t = T], a step increase is assumed for the input voltage Ei‘ This
increase, coupled with the negligible change in Eo at the filter output
due to the long filter time constant, is instantly reflected as a voltage
increase in EL_across the inductor. The sudden increase in EL due to.the
step change in Ei causes instantly a steeper negative slope starting at
t = T]. Consequently, at the end of the fixed on-time interval, the
negative ramp is terminated at a lower voltage level with respect to that
prior to any increase in Ei‘ Starting with this lower voltage, coupled
with the essentially-unchanged positive ramp slope (due to a relatively
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constant Eo), the immediate consequence is that it will now take

a longer time before the positive ramp can again reach the threshold
level. Thus, an increase of E under the constraint of a constant T

is automatically met by an’ e]ongat1on of Tf, within the very operat1ve,

'cycle when the step increase in E1 occurs., Subsequent to the initial
adjus tment, the Tn/Tf “ratio of succeeding cycles inherently maintain

their correct operating values, as is shown in Figure 4.

While the description is based on a buck switchihg regulator with
the constant-Tn control, it is easily extended to any other converter
configurations using different duty-cycle contro] modes. The instantan-
eous duty-cycle adjustment is therefore a SCM property that is inherent
and universal. ' | a

4.4.2 The Effect of Instantaneous Duty Cycle Contro1

It should be noted such an 1nstant atta1nment of the proper duty

- cycle for steady- state regulation is not sufficient in terms of achiev-

ing fast transient response against step input voltage change. - The
insufficiency is caused by the slow rate at which the filter-inductor
can proceed in'adjusting its minor-BH-1oop operatfon between two input-
voltage levels. This adjustment is illustrated in Figure 5, where the

~ parallelogram ABCD represents the minor-loop operation corresponding
" to a given input vo]tage E. ]and a given on time T In conjunctiqn

with the buck switching regu]ator shown in F1gure4. |f1ux excursion

D | between point A and point B can be expressed as (E;y-E )T /N

where N is the number of turns on inductor L. When E11 is 1ncreased

to EiZ in a step fashion such that E12 Eo f-Z(E{]fEO), the post-transient

steady-state minor Toop would be A'B'C'D'. The loop is twice as tall,

yet its geometrical center corresponding to NIO remains the'same, as the
Toad current I0 ha?d]y changes. What is left to be determined is the
transitional details between these two parallelograms.

For e1arity, it is assumed that the operation is at point A when
the step change between.Ei] and Ei2 occurs.. During Tn of the first cycle,

the flux moves from A to E, where AE = 2AB. Flux returns from E to D -

through F during the first Toff’ where FD = KEZ: The instant attainment
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of the proper steady-state duty cycle thus returns the flux to its start-
ing level. However, the geometrical center of the elongated Toop AEFD is
now NI;, which is higher than NIO. The energy supplied to the load is
therefore higher than what is required to maintain a constant output volt-
age across the constant load; output voltage e, thus rises at a rate deter-
mined by the LCR time constant of the filter-load combination, and becomes
(EO+AE0) at the end of the first cycle. The second cycle again starts at
point A, and reaches slightly lower than point E at the end of Ton; the
flux excursion now corresponds to (EiZ'Eo'AEo) Tn/N. However, due to the
slightly higher E0+4E0, the flux descends from about E through F to G,
where G is lower than D. Following the same sequence, the third cycle

flux excursion during Ton is HI, and is JK during Tf , where K is lower -
than G. It is through this slow process of mirror-loop migration that the
flux will ultimately settle at its new stationary loop A'B'C'D' correspond-
ing to an input voltage of EiZ' '

The foregoing discussion shows that, even though the correct duty cycle
is adaptively achieved in an instant manner, the dynamic response of the
converter output is still handicapped by the output-filter time constant
As a matter of fact, due to the low-loss design of most output filters,
the settlement of new loop A'B'C'D' can only be achieved through an oscilla-
tory transient reminiscent of the underdamped nature of the Tow-frequency
second-order filter. To illustrate the slow settlement, the inductor current
of a constant-T, buck regulator is shown in Figure 6A. With the step input-
voltage variation shown in the upper trace, the current in the Tower trace
provides a true representation of the minor-loop operation of Figure 5. Due
to the much lower filter frequ<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>