General Disclaimer

One or more of the Following Statements may affect this Document

e This document has been reproduced from the best copy furnished by the
organizational source. It is being released in the interest of making available as
much information as possible.

e This document may contain data, which exceeds the sheet parameters. It was
furnished in this condition by the organizational source and is the best copy
available.

e This document may contain tone-on-tone or color graphs, charts and/or pictures,
which have been reproduced in black and white.

e This document is paginated as submitted by the original source.

e Portions of this document are not fully legible due to the historical nature of some
of the material. However, it is the best reproduction available from the original
submission.

Produced by the NASA Center for Aerospace Information (CASI)



Lo, :

(NASA-CR-173247) INPUT FILTER COMPENSATION
FOR SWITCHING REGULATORS Final Report

{Virginia Polytechnic Inst. and State Umiv,)
374 p HC A16/MF AO1 CSCL 09A

\
o it
>

St



FAR |

-

N

——

{—_—

boneee]

ol

e

Led

NS == S e R e [ R

INPUT FILTER COMPENSATION
FOR SWITCHING REGULATORS
FINAL REPORT

BY

DRs, S¢ S. KeLkar anp F, C, LEE
ELECTRICAL ENGINEERING DEPARTMENT
VIRGINIA POLYTECHNIC INSTITUTE
AND STATE UNIVERSITY

AususT 8, 1933

PREPARED FOR
NaTionAL AERONAUTICS AND SPACE ADMINISTRATION
LEwls RESEARCH CENTER
21000 BrookpPARK Rp,
CLEVELAND OHIo 44135
ConTracT No. NAG3-220




o

| —

e

J——

]

o

=)

=

3

ORIGINAL PAGE IS
OF POOR QUALITY

INPUT FILTER COMPENSATION FOR SWITCHING REGULATORS
by
Shriram 8 Kelkar

Dissertation submitted to the Faculty of the
Virginia Polytechnic Institute and State University
in partial fulfillment of the requirements for the degree of
DOCTOR OF PHILOSOPHY
in

Electrical Engineering

APPROVED:

ok clon

Dr F.C.Lee,Chairman

Leh (hom

r.D.Y.Chen

(8 Turt (3%@

Dr.C.E.Nunnally ¥ Dr.R.D.Riess

October, 1982
Blacksburg, Virginia

e




ik e T T

INPUT FILTER COMPENSATION FOR
SWITCHING REGULATORS

by

Shriram 8. Kelkar

(ABSTRACT)
An input filter is often regquired between a switching regu-
lator and its power source due to the need of preventing the
regqulator switching current frem being reflected back into
the source. The pfesence of the input filter often results
in various performance difficulties such as loop instabili-
ty, degradaticen of transient response, audiosusceptibiiity
and owtput impedance characteristics. These problems are

cause:: mainly by the interaction between the peaking of the

-output impedance of the input filter and the regulater con-

trol leoop. Conventional single-stage and two-stage input
filters can be designed to minimize the peaking effect, how-
ever this often resu.. in a penalty of weight or loss in-
crease in the input filter.

A novel input filter compensation scheme for a buck re-
gulatof that eliminates +the interaction between the input
filter output impedance and the regulator control loop is

presented. The scheme is implemented using a feedforward
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loop that sehses the input filter state variables and uses
this information to modulate the duty cycle signal. The
feedforward design process presented is seen to be straight-
forward and the feedforward easy to implement. Extensive ex-
perimental data supported by analytical results show that
significant performance improvement is achieved‘with the use
of feedforward in the following performance categories: loop
stability, audiosusceptibility, output impedance and tran-
sient response.

The use of feedforward results in isolating the switch-
ing regulator from its power source thus eliminating all in-
teraction between the regulator and equipment upstream. In
addition the use of feedforward removes some of the input
filter design constraints and makes the input filter design
process simpler thus making it possible to optimize the in-
put filter. The concept of feedforward compensation can also

be extended to other types of switching regulators.
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Chapter I
INTRODUCTION

Switching-mode dc-dec regulators are coming into increasing
use as power supplies because of the significant reduction
of weight,size and increase in equipment efficiency that can
be attained. The dissipative regulators used earlier had
the advantage of design simplicity, but suffer from low ef-
ficiency and highexr weight due to the large transformer and
filter needed to achieve the required voltage/current regu-
lation.

Since the late sixties, the rapid expansion of the com-
puter and communication industries and increasing complexity
and sophistication of various systems necessitated the de-
velopment of higher performance switched mode power sup-
plies. The incentive for performance improvement prompted
the initial development of multiple loop control schemes,
such as the standardized control module (SCM) for dec-dc con-
verters {2,7,8] and the current-injected control scheme [9].
The ever continuing search for performance improvement forms
the underlying theme of this dissertation.

The work presented in this dissertation is mainly con-

cerned with developing a control scheme to alleviate the

o
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problem brought about due te the hse of an input filter in
switching requlators. The switching regulator input current
has a substantial ripple component at the switching frequen-
¢y and this necessitates the use of an input filter to
smooth the pulsating current drawn f£from the supply. Furthe-
armore the input filter also serves to attenuate noise pre-~
sent in the supply voltage from being propagated through the
regqulator to the payload downstream. The presence of the
input filter, however, often results in various performance
difficulties such as loop instability, degradation of tran-
sient response, audiosusceptibility {closed loop input~-to-
ocutput gain) and output impedance characteristics
[3,4,5,6,10]. These problems are caused mainly by the inter-
action between the resonant peaking of the output impedance
of the input filter and the regulator control loop. Conven-
tional single-stage and two-stage input filters can be de-
sitned such that the peaking effect is minimized, however
such a design is often accompanied with a penalty of weight
and loss in the input filter [3,4,5,6,10]. This disserta-
tion presents a different approach via a feedforward control
scheme to mitigate the undesirable interaction betweeﬁ the
input filter and the regqulator control laop.l

The concept of pole-zere cancellation is used, in this

dissertation, to develop a novel feedforward controi loop
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that senses the input filter state wvariables and processes
this information in a manner designed to cancel the detri-
mental effect of peaking of the output impedance of the in-
put filter. The feedférward loop working in conjunction
with the feedback loops developed earlier [2,7,8] constitute
a total state control scheme that eliminates the interaction
between the input filter and the regulator control loop. Em=-
ploving the novel fecdforward compensation scheme presented
in this dissertation; a high performance converter together
with an effective input filter design (minimum weight and
loss) ecan be accomplished concurrently. A buck regulater
employing a feedforward control loop working in conjunction
with the feedback loops was used to obtain measurement: that-
showed significant improvement in the following performance
categories:

l. Loop stability (open loop gain and phase margins);

2. Audiosusceptibility;

3. OQutput impedance; and

4. Transient response.

In this dissertation the problem caused by input filter
interaction and conventional input filter design techniques
are discussed in Chapter 2 followéd in Chapter 3 by the con=-
cept of pole-zero cancellation developed earlier [2,7,8].

Chapters 4 and 5 present the modeling of the power stage
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with input filter and the implementation of the feedforward
for a buck regulator respectively. Measurements of open loop
gain and phase that confirm the analytical prediction of
performance'imprdvement using the feedforward scheme devel-
oped, are discussed in Chapter 6 along with other measure-
ments of audiosusceptibility, output impedance and transient
response. Chapter 7 presents experimental and analytical re-
sults pertaining to transient response whilg Chapter 8 dig-
cusses the use of the feedforward loop in stabkilizing a re-
gulator system made unstable due to input filter
interaction. Chapter ¢ is concerned with extending the con-
cept of feedforward compensation to other types ¢f contrel
and to other types of regulators i.e. the bﬁck-boost recgula~-
tors. Finally, Chapter 10 presents the conclusions and sug-

gestions for future work.
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Chapter II

INPUT FILTER RELATED PROBLEMS AND CONVENTIONAL
DESIGN TECHNIQUES

2.1 INPUT FILTER RELATED PROBLEMS

An input filter is often required between a switching regu-
lator and its power source. A buck type switching regulator
with a single-stage input filter is shown in Figure 1 . The
regulator input current has a substantial pulsating current
component at the switching frequency as a result of the
opening and ¢losing of the switch and this component should
be prevented from being reflected back into the source ; an
input filter is required te provide high attenuation =&t
switching frequency and thus smooth the current drawn from
the source. The input filter also serves to isclate source
voltage disturbances from being propagated to the switching
requlator payload downstream.

A presumably well-designed input filter, satisfying the
above mentioned requirements, when uséd with a switching re-
gulator can often cause significant performance degradations
[3,4,5,6,10]. This is due primarily to the complex interac-
tion between the switching regulator control loop, the input

filter and the regulator output filter [3,4,5,6,10].
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Figure 1: Buck Converter with an Input Filter

Vi =12v Vo =5v Ry, =0.86 ohm
Rp=20mohm C=1540microF

L1=77 microHd

R, =39.6 mohm

L=200 microH

Ro=7mohm  Tp=SOmicrosecs

Cl =412 microF
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The interaction between the contrel loop and the input
filter is illustrated in Figure 2 . The switching ragqulator
has been shown to have a nonlinear negative resistance, as
illustrated in the figure,[3]. The input current i. to the
switching regulator is related nonlinearly to the input vol-

di
tage ep and the input resistance a-g = -% . Under certain

er )
conditions the input filter-switehing regulator combination

can become a negative resistance eoscillator, producing large
amplitude voltage excursions across capacitor C. When this
happens serious degradation of regulator performance could
occur, {3], including loss of stability.

The effect of the input filter is more clearly seen us~
ing a small signal model.

The averaging technicue [l] is used to relate the low
frequency modulation component of the source voltage and
control signal to the corresponding frequency components of
the converter output voltage. Using the continuous inductor
current buck requlator with input filter of Figure 1 , as an
example, a small signal model using the dual-input describ-
ing function caﬁ be develeoped, as shown in Figure 3 , [6].
In this model the effect of the input filter is character-
ized by the following twn parameters: the forward transfer
characteristic of the input filter H(s) and the output impe-

dance of the input filter Z2(=).
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In Figure 1 the output filter is made up of Ry, L, Rg and C,
R; is the load resistanceflpiis the steady state duty cycle
ratio D = Ton/T, V; and I; are the steady state regulator
input voltage and current respectively, and the lower case

letters with a caret above them denote modulation signals.

The small signal model of Figure 3 is used +to illus--

trate briefly the complex interaction ketween the input f£il-
ter, output filter and the contrel loop and the problems

caused by the interaction. For detailed analysis please re-

fer to [B].

2.1.1 Input Filter Interaction =-- Loop Stability and
Transient Response

The stability of a switching regulator can be examined by
the open loop gain Gq(s):

Gp(s) = Ec(s)Fp(s)EFg(s)Ey(e) (2-1)
where Fa(s)Fp(s) is the duty cycle-to-output describing
function 35/3 » and Fp(s), Fy(s) are the trgnsﬁer functions
of the error processor and the pulse modulator respectively.
The peaking of the output impedance of the input filter Z(s)
has the following effects:

(1) The duty-cycle power stage gain Fp(s) includes the
output impedance 2(s) --

Fo(s) = Vi-2(s)I; or (2-2)

B i

e 2y
e —
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Fc{s) II[;I z(s{] (

Vy
The first term in the brackets ‘??‘is the negative input

impedance of the regulator. At the input filter resonant
frequency, 2Z(s) reaches a peak value and if this wvalue is
large enough the result could be a reduction in loop gain or
even worse a negative duty cycle power stage gain Fg(s). Re-
duction in loop gain could lead to loop instability, whereas
a negative Fc(s) together with the negative feedback loop
will result in a positive feedback unstable system.

(2) The power stage transfer function Ep(s) includes the
ocutput impedance Z(s) ==

[R, + 1/sC]//R

Fols) = —5 where (2-4)
d Dz (s) + 3, (s)

Zi(s) = R, + sL + [Rg + 1/sCl//Ry, {(2-5)
= input impedance of the regulator.
Excessive Z(s) at the input filter resonant £freguency c¢an
significantly reduce Fp(s), and thus the loop gain.
Figures 4 [6], illustrate the effect of peaking of Z(s)
on the duty cycle~to-output transfer function Fp(s)Fp(s) if

an improperly designed input filter is employed.
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At the input filter resonant frequency the peaking of the
output impedance Z(s) causes a sharp change in the gain and
phase of the duty cycle-to-output transfer function. This
could result in loop instability and degradation of tran-
sient response from a presumably well damped system to an
oscillatory one; control of the peaking effect of the output

impedance Z{s) is necessary to avoid these problems.

2.1.2 Input Filter Interaction--Audiosusceptibility and
OCutput Impedance

The audiosusceptibility refers to the switching regula-
tor's ability to attenuate small signal sinusoidal distur-
bances present at the input so as not to affect the regulat-
ed output wvoltage. The audiosusceptibility performance is of
considerable importance, as the regulator generally shares
the input bus with other on-line egquipment. The operation of
this equipment generates noise voltages on the input line
which must be attenuated by the closed-loop regulator so
that operation of the wvarious paylcads at the regulator out-
put will not be adversely affected. The audiosusceptibility
is expressed in terms of the closed loop input-teo-output

transfer function GA(s):

6. (s) = Vo (8) _ FI(s)Fp(s) N _ Fr(s)FL(S) (5 g
A v, (s) 1+Fc(s)Fp(s}FE(S)FM(s) 1 + Gn(s)
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where F;(s) = DH(s) = input voltage gain of the power stage.
GA(s) and thus the audiosusceptibility are affected by the
resonant peakiﬁg of the output impedance Z(s) and of the
forward trans@er'function of the input f£ilter with the regu-
lator disconnected H(s), because F;(s) is a function of H(s)
whereas Ec(s) and Epts) are functions of Z(s). The reduc-
tion of loop gain at the resonant freguency can thus severe-
ly degrade the audiosusceptibility. Figure 5 , [6], illus-
trates the audiosusceptibility of the buck regulator with
and without an input filter.

The 6utput impedance of the regulator should be small
so that the regulator behaves like an ideal wvecltage source,
however the ocutput impedance is increased by the peaking of

the output impedance of the input filter.

zp(s)

ZO(S) = r-;-G—.I"—(é—}- (2-7)

where Z,(s) is the output impedance of the power stage with
the control loop open.

At the resonant freguency the output impedance of the regu-
lator zo(s) is increased. This is a2 consequence of the loss

of loop gain GT(s) as a result of peaking.
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The peaking of H(s) and Z(s) of the input filter thus
results in a reduction in the loop gain, this in turn af-
fects stability, transient response, audiosusceptibility and
the output impedance of the regulator.

A buck type switching regulator with a two stage input
filter is shown.in Figure 6 . Figure 7 , [6], shows the mea-
sured values of open loop gain and phase as a function of
the frequency. ( The input filter damping resistance Ry is
not employved to purposely illustrate the effect of input
filter interaction with the regqulator control loop.) Signi-
ficant changes in the open loop gain and phase characteris-
tics at the resonant frequencies of both the first stage and
the second stage of the input filter are observed, [6]. Thus
it is seen that the peaking of the output impedance at reso-
nant frequency of the two stage input filter can also cause

serious performance degradation.

2.2 INPUT FILTER DESIGN CONSIDERATIONS

The design of the input filter is made more complicated by

the necessity of saéisfying the following constraints, which

result from the interaction between the input filter and the -

regulator control loop discussed in section 2.1
1. The amount of regulator switching current reflected
back into the source should be limited (conducted in-

terference requirement).

R
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Figure 6: Buck type switching regulator with a two stage
input filter.

V; =40v Vo =20v Ry =7 ohm Rg=0.05 ohm

L=1 ml C=45S5microF R;=0.0680ohm T =SOmicrosecs
Ly=1.1 mH R;=0.05 mohm L,=0.27 mH

R;=0.02 ohm C, =225 micuroF C; =20 microf
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The peaking of the output impedance of the input £il-

[
Fad)

ter Z(s) should be limited to a safe value to avoid

significant locp gain reduction.

e ey
[R—

3. The peaking of the transfer function of the input
lﬁ fllter H{s) should be limited *to achieve a satisfac-
_ tory rejection rate of audio signals propagating from
’ input to ocutput.
2, The input filter weight and energy loss should pe
limited to low wvalues.
?.- [; 5. The Nycquist stability criterion has to be satisfied;

[: thus the closed loop poles should be in the left half

plane for stable operation =-
\ 11 + Eg(s)FL(s)Eg(s)Fpls)] >0
&. The closed~loop input~to-output transfer characteris-
tic (audiosusceptibility) and transient response due

to a sudden line/load change should not be degraded

by a2 noticeable amount.

" -~ e r TR TR R T
g T T AT R R e RS i

ﬂ An input filter design that satisfies one cgonstraint

) may often result in viclating some other constraint. For ex-
‘ D ample, an input filter design that limits performance degra-
;?- [y dation (degradation of stability, transient response and au-
s

diosusceptibility) often results in higher weight and
B increased losses in the input filter. A satisactory input

filter design trades off one or more of the performance deg-
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radations for size, weight and loss. A near-to- optimal de-
sign thus requires many trial and error design attempts.
Some of the conventional input filter design techniques are

presented next.

2.2.1 Conventional Input Filter Design Techniques

A single stage input filter as shown in Figure 8(a) can be
designed to avoid performance degradation -=- but this would
result in larger f:i.lter‘L1 and C, thus resulting in weight
and size increase. The filter is simple and commonly used
but it cannot ofﬁen satisfy the stringent requirement on au-
diosusceptibility without size/weight penalty. Resonant
peaking of the filter of Figure 8(b), [3], is lowered by ad-
ding resistance R, but this lowers efficiency because the
pulse current flowing through C, increases losses. Another
deéign uses a resistance R in parallel across C,, [4], but
this results in a large c,-

The optimal design of a single stage input filter thus
is rather difficult without tradeocff between performance
degradations and the weight and loss limitations.

The degradation of the power stage transfer function
Fp(s) due to peaking of Z(s) can be avoided if there is suf-
ficient separation of the input filter resonance £requency

1
@y =——— and the cutput filter resonant fredquency

VL1 Gy
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1 .
Wy = [4,5,10), Figure 9 , [4,5,101, shows three pos-

sible combinations of Wy and w,. Fp(s) is related to both
2(s) and the input impedance of the regulator 2Zj (s) thus

s = -
P “p2a(s) + 2, (s)

vhere Zi(s) = Ry + sL *+ [Rc+ l/sc]//RL
= input impedance of the regulator.
Z(s) and 2Z;(s) peak at the frequencies wg and w, respective-

ly. If the two resonance frequencies are the same as in Fig-

‘ure 9 then both Z(s) and Z;(s) peak at the same £frequency

and thus at that frequency *he transfer function Fp(s) would
be aff-?ected, i.e. reduced, to the maximum possiblé extent.
Shifting the two frequenciss w, and w, apart as shown in
Figure 9 will result in reducing the effect of peaking on
Fp(s). Reducing W, would result in increasing the size and
weight of the input filter. A high wvalue of w, is desirable
from the point of view of weight and size reduction but this
can result in severe performance degradation -- from Figure
4 it is clear that the gain of the duty cycle-to-output
transfer- function E‘c(s)E’P(s) decreases with increasing fre-
guency and thus the effect of peaking of Z(s) on the gaiin of
E'C(s)E'p(s) would be more pronounced if Z2(s) peaks at a high-

er Wy.
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The reduction of the loop gain at higher input filter
resonant frequency w, often results in pocr audiosuscepti~
bility, oscillatory transient response or even an unstable
system. The choice of W, thus involves a tradg off betwean

meeting performance specifications and size/weight.

2.2.2 An Optimal Confiigquration

A two-stage input f£ilter configquration has been described,
[3,6] and is shown in Figure 10 . The first stage consisting
o'f L,,Cy,Rz and R, controls the resonant peaking of the fil-
ter. The second stage consisting of La' C, supplies most of
the pulse current required by the regulator. As shown in the
literature, [6], the two-stage input filter is capable of
recducing H(s) and 2(s) at resonant frequency without signi-
ficantly increasing weight aﬁd loss, unlike the single-stage
input £filter. Computer optimization techniques have .been
utilized to optimally design the two-stage filter[6]. It has
been shown that the two-stage filter is much lighter than
its single~stage counterpart under identical design const-
raints. Also it has been shown that for the same filter
weight the single stage f£ilter has a significantly higher
peaking of H_(s) and 2(sg). Figure 11 shows the gain and phase
of the Iduty cycle-to-ocutput describing function of a power

stage with a two stage input filter, [6].
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power stage with two-stage input filter.

(parameter values used are as shown in Fig.l with the fol-

lowing two-stage input filter parameters --
L, =232 microH R;=0.0276 ohm Lo=77 microH
R, =0.0119 ohm C,=1G0 microF R,=1.73 ohm

C,=30 microF ) l
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Figure 4 shows the gain and phase of the duty
cycle~to-output describing function of a power stage with a
single-stage input filter, and the two-stage filter of Fig-
ure ll was designed to have the same weight as the single-
stage input filter of Figure 4 . Comparing the two figures

the improvement in performance regarding the duty cycle-to-

~ output transfer function is dramatic.

It can therefore be concluded that the two-stage filter
provides the best compromise among the conflicting require-

ments of an input filter.

2.2.3 Input Filter Compensation Via a Feedforward Loop

Limiting interaction between the input filter and the regqu-
lator control loop is possible with the addition of a feed-
forward control loop. At this point it is important to em-
phasize that such a scheme is designed to eliminate the
effect of peaking of the output impedance of the input f£il-
ter Z(s), since the peaking of Z(s) interacts with the con-
trol loop. The forward transfer function H(s) does not in-~
teract with the regulator control loop,_as is evident from
Figure 3 and therefore the peaking of H(s) cannot be cont-
rolled in any way by adding a feedforward loop. The peaking
of H(s) can only be contrelled by proper filter design. In

this dissertation a feedforward loop is implemented for a

s ———
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switching buck regqulator employing multiple control loops.

The feedforward loop will be designed to cancel the detri-

mental effect of input £ilter interaction and thus improve

the regqulator performance and stakility. The use of the

feedforvard control loop thus removes some of the conflict-

ing desion constraints mentioned above and makes an optimal

input filter design more easily attainable.

2.2.4

Objectives of Feedforward Loop Design

The proposed feedforward loop will be designed such that :

1.

It will eliminate input filter interaction with the
recqulator loop. This will result in improvement iﬁ.
stability margins, audiosusceptibility, output impe-~
dance and transient response of the requlator.

It will allow the input filter to be optimized. Some
of the design constraints that make an optimal filter
design difficult to attain are removed with the addi-
tion of feedforward.

It will eliminate equipment interaction. Figure 12
shows a switching regulator and its preregulator
which may be a rectifier and a filter. The dynamic
output impedance of the preregulator will interact
with the switching requlator and may cause problems

like loop instability, degradation of audiosuscepti-
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' bility, output impedance and transient response. The
addition of a feedforward loop will eliminate such
interaction, thus isolating the switching regulator

, from equipment upstream.
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Figure 12: Interaction between the switching
regulator and its preregulator.
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Chapter III

CONCEPT OF POLE~ZERQ CANCELLATION USED IN TOTAL
STATE CONIROL

3.1 CONCEPT OF POLE-ZERQ CANCELLATION.

The concept of pole~zero cancellation that was developed
earlier {2,7,8] was implemented by feedback loops that sense
the requlator output filter state variables and process this
information to achieve better performance, and a control
adaptive to filter parameter and load changes.

Figure 13 [2], shows a two-loop controlled switching
buck regulator. The d¢ loop senses the converter output vol-
tage and compafes it with the referance voltage t0 generate
a dc error signal for voltage regqulation. The ac loop senses
the ac voltage across the output filter inductor to generate
an ac signal. Both ac and dc signals are processed through
an operational amplifier summing junction to provide a total
error signal at the output of the operational amplifier
integrator. It is apparent that the error signal at the out-
put of the integrator contains information regarding the
output filter state wvariables =-- the inductor current and

the capacitor voltage.

31
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Figure 13: Two loop controlled switching buck reculator.
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It was shown, [2], that the feedback control Lloops when
properly designed can provide complex zeros to cancel com-
pletely the complex poles gpresented by the low-pass output
filter of the power stage: It was also shown that the feed-
back control loop has the ability to sense filter parameter
changes and automatically provide pole-zero cancellation, To
examine the adaptive nature of the control loops the open

loop regulator transfer function GI(s) is used

SP (Juw) (3-1)

where K is a constant determined by the power stage and con-

trol loop parameters and

. . 2
1+ j2gq Ve m2/m‘nl (3~2)

2 (juw)
. _ . 2, 2
P(ju) = 1 + 32, w/u 5, = /0”1 (3-3)
P(jw) has complex poles c¢orresponding to the output filter

and Z(jw) has complex zeros produced by the two loop feed-

back control.

Wog = /;a-; (3=4)

0, = —% (3-5)
“nz2. L

;2 = —2—-(--— + R.C + REC) {3~-7)

RL s
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! .
o
. R
$ f o = --9'.. (3"8)
; NRy
%!
f
. 1 T, = (RY 4 R5)C2 + a-g {3-9)
t .
|
;
(Ry *+ Ry)
= 1
Ry = [:(RJ_/Rz) + R:,:] % (3-10)
; L, C, Ry and Rg form the output filter as in Figure 13 . The
*\ contreol parameters can be chosen such that
= -11
g Wy o {3-11)
| - (3-12
; 0 N Ty (3=12)
: thus resulting in '
z
P(jw) = Z(jw) (3-13)
- and
K
1 Gpls) = g (3-12)
E The open loop transfer function is of first order and is
‘“ completely independent of output £ilter parametexs. The
*
adaptive nature of the control loop is apparent from the
' fact that the complex =zeros imitate the change in the com=-
plex poles due to component telerance, aging or temperature
variations, thus preserving the pole-zero cancellation.
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3.2 TOTAL STATE CONTROL

The concept of pole-zero cancellation of the output filter
characteristics led to the idea of using similar means to
control the effeect of peaking of the output impedance of the
input filter. The objective of the work reporced in this
dissertation is thus to develop a feedforward loop that
senses the input filter state variables and uses the infor-
mation contained therein to eliminate the interé.cticn bet-
ween the input £{ilter and the requlator control loop. Such a
feedforward loop working in conjunction with t_axisting feed~
back loops forms a total state control scheme, which is il-
lustrated in Figure 14 . The feedforward loop senses the in-
put filter state vériables and feeds this information to the
error processor.

The other inputs to the error processor are the ac vol-
tage across the output filter inductor and the output vol-
tage -~ =23 shown in section 3.1 these contain information
regarding the output £ilter state variables.

The pulse modulator thus has as its input information re-
garding the state variables of the output filter and also
the input f£ilter. The duty cycle signal d(t), which controls
the switch in the power stage, is thus also affected by the
input filter state variables. It is shown later in thisg dis-

sertation, in Chapters 4 and 5, that the feedforward loop
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can be designed such that interaction between the input fil-

ter and the regulator is eliminated.

g e ne e
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Chapter IV
MODELING OF THE POWER STAGE WITH INPUT FILTER

The first step in.the design and analysis of the feed-
forward loop is to develop the small signal model of the
power stage with input filter for the buck-boost, buck and
boost type of switching regulators, using the averaging
technicgue, [1]. The modeling is carried out in the continu-
ous conduction cperating mode,in which the inductor current
is always nonzero. This mode is the prevalent operating mode
for mest de~-dc converters. The discontiguous conduction op-
erating mode in which the inQuctor current is zero for some
time during the cycle occurs at light loads and is seldom
used as the intended design at full load.

The modeling is carried out in the following steps ~--

1. State space equation formulation during Tgy and Topp-

2. BState space averaging and perturbation.

3. Linearization and derivation of the small signal
equations and the small signal equivalent circuit and

state space model.

38
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4.1 BUCK-BOOST CONVERTER SMALL SIGNAL MODEL DERIVATION

The buck-boost converter is shown in Figure 15 . In the
buck=-boost converter shown the input filter is composed «f

Ry,. L1, R and Cl. The load is represented by Rl,while vy

Cl
and V, are the input and output voltages respectively. Dur-
ing Tone the switch S is on and the circuit as shown in Fig-
ure 16 (a).

The equations describing the circuit are

Ny _ )

ip =71 ¢ ¢ = flux in core (4-1)

p
digg 4 R. N
e % R 21 c1 Np Ve | V1 -

a4t = Tr (Rpy - R 1)+L1LP¢' T YT {4-2)
d¢
at _;' N iT..l (Rc1 + Rp) (2-3)
dv N.

ci_ 1 % (a-2)

dc Cl-cll.P¢

dv -

c _ c
dt C(R +R.) (4-5)
RLv
v 4-6)
0 T RAR (



Sy L

g

p?
:
i

e

S RS S 5

A e ey

REEE S

R P S PR
L T, N

[

gt

L 8
1
i
;
I
1
r
i
it

40

ORIGINAL PAGE [E
OF POOR QUALITY
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Figure 15: Buck-boost converter power stage.
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Rua L2 Rp Vo
A AN
— Rea rf.P 1% Re "
TWz g . Lp . )
‘Uc:; ca we =
(a)

(B)

- )

during Topy and (b) during Topp-
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During Topp the switch S is off and the circuit is as shown
in Figure 16 (b).

The equations describing the circuit are

s
g =7 ¢ 4=7
s Lg (4-7)
‘”ﬁ iLl ey
@ ° Ry = Rey) = 3T+ IT (4-8)
R + R + R Yo v-
i o e LA, (4-9)
dt L ®, + B N (Ry + K)
iLl
c1 (&4-10)
dv ) ¢ v
c _NgRy c
dt  CLg(R;+R) ~ C(R, +R) (4-11)
AR cRLqu" -
o TR C R LS(RC-I-RL) (4-12)

The following wvectors are defined

N
p u= IvI]
£= Vo1 {4-13)
. = lvyl
C

resulting in the following state space equations
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Tox Torr
x=A1x+Bi_t_1_ 3:_==A23_<_+323 (4-18)
1=¢ 3z 2=Cyx
where
-
B tRe) R 0
LT L,
R Bt o 0
A, = Np Lp p (4-15)
L :EE.. 0 0
c1 CiL,
-1
0 0 9 GG, +R)
F —
SRy *Rey) o -1 0
L1l 11
0 e 0 L
, -+
A, = Ly Ng(Rg+Rp) (&-16)
1
& 0 ] ]
0 NgRy, o -1
CLg(Rg +Ry) C(R +Rp) |
1 T
B, = B, (4-18)
R
C, = l‘o 0 0 R R (4-19)
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R.R. N Ry :
= LLS - 4-20)
c 0 0 ¢
2 [ Lo (Rg +Rp) Ry +R :]
5 - RgR, +RR, +R.R- (8-21)
RC-PRL

The state space averaged model over the entire period T is

%= [dA) +d'A,)] x + [dB, +4d'B,] u -
2 1 2 (4-22)
3 = [dC; +d'C,] x
‘where d = duty cycle ratio = TON/(TON*TOFQ
d' = 1-d (4-23)
T =T, +T

ON  “OFF

The state space averaged model is perturbed thus -

d=D+d
d' = D' - 4
u=y+31 (4-24)
¥=Y+3
X=X+ R
Assuming that the perturbation is small
” A
d i
— << 1, == << 1 etec. leads to the following small
D X

signal linearized model
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jo
B

L} !
[lm:‘L +D A2] X+ [DBl + D Bz] VI

Vo = [DCy + D'C,l X
x = [DA, + D'A,] z + [DB, + D'B,] ;’1 (&=-25)
+ [A) - A) X+ (B; ~ B, V;] d

v = ICg -l Xd+ [Dc, + D'C,] %

Defining

'
A =DA1+DA2

B = DB, + D'By ' (&-26)

a ]
c —]ZCC:L-I--DC2

results in

Istse

=ARX+B vy
- - q . &-~27
+ [8) - A)) X+ (B - B) V.1d ( )

vy = (6 - CJEd+Ci
Using Laplace transforms results in

2(s) = [sT - a]™'B v, (s)
+ (ST - A]7M(8y - &) X+ (B, - By) V1 &(s) (4-28)

Vo(s) = [€] = C,] X d(s) + € &(s)
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The state space model is derived from the twe eguations
above, and is shown in Figure 17

To derive the small signal equivalent eircuit, it is
first necessary to use the equation for '90 to substitute for
vc in terms of v , in the. small sicgnal equations described

0
above. Simplifying, the four equations are obtained

N.D d
. . ReyMp ju 4-29
V= (Ryy *+ R ILT - I § + 11 ( )
R..N
a cl'? a2
o VCI - LP ¢ d
av, DN. N
CL .~ p~ DBNp .
Cl-'d—t— iLl - Lp ¢ - LP ¢ d {4-30)
dv. D'N ¥, N
L __ S>> _0_'8 .4
CI T T, ¢ L ¢ d (4-31)
Vel Ngdd  RyND | DRy Ng -
Dy " T W it ¢ ( )
P 3 Lp
. Ryl - DD'R R N N
Lg Lg(R, +R) Yo
R N R..d¢N
c1'1i¥s . | RBgd¥Vs
- R d+ - d v,

] '
RRNgtd(D-D") Vo :
Lg(Rg +Rp) Ny
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. (SI" A)"l - C “Vb(s)
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Figure 17:

Buck-~boest converter power stage small signal
state space model




!

'_&m =

48
AL 9@;@(2 73
ot 5

DD'R..L oD’ RCR.L

ClS

+ Rs

TTEL TR TR
v o | Rl Balls  BRIO- ) VCJ.NS .y }
1 o ip (Ro *R). - §, 0

' Figure 18:

Buck~-boost converter power stage small signal
egquivalent circuit




v |

—
&‘ﬂ"r"‘;"J:I
ph

| . F
R R S A A

49

Using a fictitious current i described by

Lgi = NS¢ (4-33)
an ecquivalent circuit can be made up that is described by
the four equations given above. This circuit will use the
current i flowing through LS and it is thus the small signal
equivalent circuit for the buck-boost converter, as shown in

Figure 18.

4.2 BUCK CONVERTER SMALL SIGNAL MODEL DERIVATION

The procedure used in deriving the small signal model for
the buck converter is exactly similar to that used for the
buck-boost converter. The buck converter is shown in Figure
19

During TON the switch 8 is on and the circuit is as
shown in Figure 20 (a).

The equations describing the circuit are

di. —(RL + R..) R v v
Ll _ 1 Cl Cl _.c T 4-32
3t 11 R % W Al % %} ( )

4, Ry e MRS
dt

_ - + - - (4-35)
L 11 T Lt LR +E)
dv
e
T i (4-36)
av |
c R i, M (4-37)

at C(R, ’JRL) TCR, F R

[
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I v A AL
TR+ Ry RL-i-R

(4-38)

During TOFF, the switch S is off, and the circuit is shown

in Figure 20 (b). The equations describing the circuilt are

2 L AT LA W |
dt 1 1T T
o h
de L ZJRLq-Rd)
e W 1
dt
_hki e
R1.Rcf'L R Ve
RL*-R RLﬂ-R
Refr
Ry = R - RL
Rafy,

(4-39)

(4-40)

(&=41)

(4-42)

(4-43)

(&-44)

(4-45)

(4-48)
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Buck coaverter pewer stage,
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(a)

Figure 20:

(b)

Buck converter powver
and (b) Topp-

stage model during: (a) TON'

N
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resulting in the following state space equation

Ton - Torr
kb x+ B ErmapEt By (4-47)
y= Cl p:1 L= 02 £
where
R +Rey) Ry -1 o
L1 L1 Ll
Fa 1 1 TR
L L L L{(R,+R)
A, = i (4-48)
1
L 3 0 0
Ci cl
0 _....EI_‘.._.._.. 0 _....._".J.-._......_
i C(RL+RC) c(RL+RC) ]
|"'" o
'_(_RL1+RCI) . -1 .
LI L1
0 :_1,{_3 0 _..:E..L..,__._.
L LR, +
A, = (R +Ry) (&-49)
2 =3 0 0 0 '
c1
0 «-—-E—L-——-- 0 —_—L
C(B; +Rp) C(R; +Rp)
- o

R S—
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L
1 T
= - 4"50
Bl [Ll 0 0 0 :l { ).
B, = By (4-51)
BrBe R
Cl = l— 0 m 0 RL_I_RC] (4~52)

{ C, =¢C; (4-53)

|

1

i The state space averaged model over the entire period T is

%= [da + d'A,lx + [dB, + d'B,lu (4-54)

y = [de; + d'Czlx

where d = duty cyele ratio = T/ {Ton*Topp)

7
- ' =1 -d {4~55)
; T =Ton * Topr

The state space averaged model is perturbed and linearized
b in exactly the same way as for the buck-boost coaverter. The

resulting small signal linearized model is

jo
([

) H
[DA, + D'4,IX + [DB, + D'B,]V;

A

|32
0

[DA, + D'A,I% + [DB, + D'B,l¥.
+ [(Al - Az)g_{_ + (Bl - BZ)VI]d (24-56)
V, = [DC; + D'C,IX

et ' Foom - 3 L e
Vo = 1€; =~ C,J&d + [BC) + D'C,lx
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e
Defining
‘ —_— ¥
| A = Dz’-’!;1 + D A2
e B = DB, + D'By (4-57)
| Cc =DC, » D'Cy
.; results in
} e 4: A A
? x = Azi_ + B‘Vl
| LGy - 88+ (By - BV,Id (&-58)
. ‘ Com . .
o Vo = [Cy - C,J3d + Cx
o
. Using Laplace transforms gives
R
PR . 1 .
e £(s) = [SI - 4] 5 v;(s)
S -1 - i -
ﬁ') + [SI - A] "[(A; = AKX + (B B,)V ld(s) (4-59)
ff vo(s) = [€, - C,IX d(s) + ¢ x(s)
P The state space model is derived from the above two equa-
¥ tions and is shown in Figure 21
The procedure for deriving the small signal equivalent
, J circuit is exactly similar to the one used for the buck-
1 boost converter. The four equations that result are
: | )
n‘ - - - ~ diLl
0 vy = (Bpy * Rl - DRy 4+ L1 (4-60)
" | . . N
B o1~ Rerfd
I "
b i = .A - - : -
o Dvgp = (BRgy + R = DRy L, + v (4-61)
.l a :
j ‘ + L rTale (RC].ILJ. - RCIIL + Vcl)d

—
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dv R n N
01-——— =i, =D -dy (4-62)
dv, ey
C - 0 .
CE& =4 "R (4-63)

The small signal equivalent circuit is described by the four
equations abhove, as in the buck-boost converter, and is

shown in Figure 22

4.3 BOOST CONVERTER SMALL SICGNAL MODEL DERIVATION

The procedure used in deriving the small signal model for
the boost converter is exactly similar to that used for the
buck-boost converter. The boost converter is shown in Figure
23 .

During TON' the swyitch S is on, and the resulting cir-
cuit is shown in Figure 24 (a).

The equations describing the circuit are

diL -(RL + R..) R :
1 1" St c:1 _
il X g+ 1.1 i - (4-64)

c1_ i L

it ¢l ¢l : (4-65)
di R (B.. + R,) v

B+ _ el (3 c1 _

e T T i, * 1 (4-€6)
d‘vc ) -vc

d&& T C(Ry + K (4-67)

v
VB

Ve S w3 ‘ 4-68
0 Ry + Ry ( )
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Figure 21: Buck converter power stage small signal state
space model.
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Figure 22: Buck converter power stage small signal
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During Topp the switch S is off and the resulting circuit is

! j shown in Figure 24 (b).
i
! The equations describing the circuit are
| dig, ~(Rq + Ry) R
1. 1 Cl _c1 _ 01 I 4-39
i at 11 itz 1711 ( )
it o tu b
4 dt cL ~ ¢l (4-70)
— cI:LL R i R
: Re1 T Rehy,
I & TT T Cathtr oy (4-71)
B R.Lv VCI
| - T IR, 4-31) L
_ F d:c B & - vf. (8~72)
b t " CRy +R)  C(R, + )
.': ‘]'B v, ‘
e v R 1o A% (4-73)
R R, R, + R

The following vectors are defined

i1
i

o x = _ (4-72)
it it z [V ]
| Ye1 0

Ve

w=I[v

Eemr—n
arermned

7!

-
k3

S

'resultinq in the following state space equations.

 Sp—

ES
"
LY
P
+
[us]

= (4-75)
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[‘-(§E;;+RCI) Ry
L1 Ll
R =(Roy +Ry)
L =1
c1 cl
0 0
-
= (R 5 +Roy) Rey
Ll Ll
fa e
L L
L =1
Cl c
B
C(RC +R‘L)
R
Rep * Ry * Rcﬁe
¢ Ry
T
1
[33 0 0 c)]
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0
0
(4-76)
0
=1
C(R, +R)
0
A
LR, +R,) (477,
)
-1
C(RC-+RL)
i
(4~78)
(4-79)
(4-80)
{4~81)
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R
oo B o
Ry *Ro e R

The state space averaged model over the entire period T is

& = [da)+d'a,)x + [dB, +d'B,lu

(4-83)
¥y = [dcl+d'c:2]_:5 |
where d = duty cycle ratio = Ton/(TontIopF)
d'= 14 |
(4=-84)

T = Ton + Topp

The state space averaged model is perturbed and linearized
in exactly the same way as for the buck-boost converter. The

resulting small signal linearized model is

@ = AX+BV;
A 4; - [_48-85)
X = Ax+3Bv
= 2 T
+ [(Al'Az) X+ (B, -B,)V;]d
Vo= CX (2~86)
vg= [ -ClXd+Cx (4-87)
where A = DA, + D'A2
B. = DB, + 1)']32 | {&-88)
. 1
c = DGl + D G2

Using Laplace transforms gives
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£(s) = [ST-A1"" B vi(s)

+ [ST-A1"1 (4, - AE + (By - B,)V,1d(s) (4-89)

Vg(e) = [Cy =C,1% d(s) + CE(s)

The state space medel is derived from the above two egua-
tions and is shown in Figqure 25 .

The procedure for deriving the small signal eguivalent
circuit is exactly similar to the one used for the buck-

hoost converter. The four equations that result are --

diy
1 . ~ ~ ~
LI = ~(Rpy *Rpp)ipy + Rypdy = Vg + vy (4~90)
&L RR,
5L ~ _ " - -_C'___. P
Lt = Royipg ~ (Rgg +RpAy DD'RC-;-RL iy © o (4-91)
R.R I.d(D-D")
R ~ . BRIy .
* Ve = Dlvg + RFRL + Vyd
dvh
L v
C1-qe =i~ (2-92)
avg - Y .
—r— ' - —— -
¢ = D'ip % .d (2-93)

The small signal equivalent circuit is described by the four
equations above as in the buck-boost converter, and is shown

in Figure 26 .
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The power stage small signal models developed include
the input f£ilter state wvariables, whereas earlier models
[3,4,5,6] had treated the input filter only in terms of its
output impedance and transfer function. The medels developed
in this chapter are used to analyze and design a feedforward

loop that includes the input £ilter state variables.
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' Chapter V
IMPLEMENTATION OF THE FEEDFORWARD LOOP FOR A
BUCK REGULATOR
This chapter first presents an analysis that leads to a de-
sign of the feedforward loops for a buck regulator. A small
signal model that includes a ceneral form of the feedforward
loops is developed first. Anal sis of the small signal model
leads to 2 design of the feedforward loop. Implementation of
the design is next discussed and two feedforward circuits
are presented. The buck regqulator alone is treated in this
chapter, however the znalysis and design procedure wauld be

similar for the boost and the buck-boost regulators.

5.1 STATE SPACE MODEL QOF BUCK REGULATOR

The state space model of the buck regulateor is shewn in Fig=-
ure 27 . In the figure the feedforward loop har as its in-
put the input filter state variables 5;1 and 301 (- input
filter inductor current and capacitor voltage respectively).
These two inputs are multiplied by the transfer functions
cz(s) and cg(s) whose properties are yet to be determined.
The feedback loop has as its inputs the output wvoltage and
the output filter inductor current. The feedback contrql in

this case is the two loop control (the standardized control

68
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module or SCM) developed earlier [2,7,8) and discussed in
Chapter 3. The error processor in Figure 27 is thus com-

poesed of the blocks labelled ¢ c, and the feedback, and

o #
has as its input information regarding the output filter and
input filter state variables. The pulse modulator is repre-
sented by its transfer function FNI[Z'BI' The rest of Figure
27 is the state space model of the buck power stage devel-
oped in Chapter &.

The feedforward and feedback signals are added and fed
to the pulse modulator. In physical terms this means sens-
ing the small signal wvariations in imsput filter inductor
current and capacitor voltage, proc¢essing these variations
{as represented by the blocks cy(s) and ca(s) in Figure 27)
and adding the processed variations to the feedback signal.
The total state feedforward/feedkack error signal is then
used to modulate the duty cycle of the switch for loop gain
correction.

The transfer function Gb(s)/@x(s), Figure 27, is used
to design the feedforward because it expresses clearly what
the feedforward does; also the resulting design is indepen-
dent of the feedback loop parameters. The generalized small
signal model for the buck regulator is developesd next and

used to write the transier function Gb(s)/ax(s).
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5.2 CENERALIZED SMALL SIGNAL MODEL OF BUCK REGULATOR

—tr DSl AN 2= = [y

The generalized small signal model of the buck requlator is
shown in Figure 28 . The requlator is modelled according to
the three basic functional blocks: power stage, error pro-
cessor and dubty cycle pulse modulator. The power stage model
consists of tw& inputs: disturbances from the line Gi and
the duty eycle control a, and four outputs: the output vol-
tage be the output filter inductor current EL, the input
filter capacitor voltage $01 ard the input filter inductor
current ;;1. The error processor has as its input informa-
tion regarding the output filter and the input filter state
variables. The transfer functions F,, Fpo and Fp. constitute
the two loop standardized control module (SCM) developed
earlier [2,7,8], whereas the feedforward loop gains €y and
c 5 are as yet unknown. The error processor processes infor-
mation regarding the state variables of the input and cutput
filters and feeds a total error signal to the pulse modula-
tor, whose transfer function Fpyy wWas developed earlier
(2,7,81.

The power stage transfer functions EFy etc. are written

using the following equations:

T11%p * T3d = v,
TpVp * Tppd = i

- (5=1)
T31V -+ T32d = vcl

-3

T

41V1 *t Typd = i,
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Thus it can be seen that
v
Too = =2 |
11 v, d=0g {5=2)
and
HF
— 11
Tip = A
P (5-3)
p o= 12
12 A

5.2.1 Development of Power Stage Transfer Functions

As c¢an be seen from equations (5~1) TII, T21, Tg; and Tay
can be evaluated with d = O and the other four with GI = 0.
The starting point for the evaluation of the transfer func-
tions is the snall signal equivalent e¢ircuit model £for the
buck regulator power stage developed in Chapter 4, Figure 22
5.2.1.1 Evaluation of Tyy » Toyr Tgy and Tai1

These transfer functions are evaluated with 8 = 0 in Figure
22 . The resulting circuit is shown in Figure 29 . In Fig-
ure 29 the input filter has been replaced by its forward
transfer function H(s) and its output impedance Z(s).

1 + sCiR
H(s) = C

1
2

- (5-4
s“Ll C1 + scl(RLl + Rcl) + 1 )

i

[ —
i

1
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2

Z(s) =

s LlCchl + SClRCIRQ; + 3Ll -+ RLl

. ORIGIMAL PAGE 13
OF POOR QUALITY

2

s"LlCL + SCl(RLl -+ RCl) + 1

(5=5)

From the eguivalent circuit of Figure 29 the following can

be derived:

11

=3
]

21

31

3
I

41 ~

where

>

DRL(l + scRc)H

_9.. =
~ A
Vg
i& _ D(L + sCRL)H
A~ T A
Vi
c1 _ H
- A
I
ey _ A = a;®
vy (RLl + shil) A
2

s LCRT + sCRL(R + R +

2
ay + DYZ(Ll + sCRL)

duty cyele = o, V’I

)

TR

supply voltage

(5-6)

(5=-7)

.
e
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Ry, * Ry = Ry

Using equations (5-3) and (5-6) the following are derived:

i
]

11 DRL(I + sCRC)
F21 = D(1 + sCRL)
31 T % (5~8)

A/H - a;
41 ~ ﬁ;;'?'EET

ry
1

In the derivation of egquations (5-8) the resistance Rg; has
been assumed negligibly small. This is not an unrealistic
assumption since the ESR of the input filter capacitor (RCI)
can be assumed negligibly small compared with the other re-
sistances; also in the derivation of T,, the following is

used:

Vi T Vo1 N (5-9)
Rpy 4+ Sil Ll
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Figure 29: Small signal equivalent circuit with 4 = 0
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These transfer fuanctions are evaluated with GI = 0 in Figure
22 . The resulting circuit is ghewn in Figqure 30 .
From the equivalent circuit of Figure 30 the following

are derived:

o oV YolRy - p%2) (1 + sCR)
12 ~ E; B DA
3 2
T22 e VB(RL - D72)(1 + SCEEL
d DRy A (5-10)
. _ Vo _ —zvo[alj_ RL(l + sCRL)]
32 3 R A
o . .'I..E'l _ zvo[al + R.L(J_ +fCRL)]
42 3 (Rp; + sLI)RZ

Using equations (5-1) and (5-10) the following are derx=-

ived:
. .
. ) VB(RL - D2} (1 + sCRc)
12 D
2
- _ VO(RL - D°Z) (1 + sCRL)
22 DR,
-zvo[al + RL(l + sCRL)] (5-11)
F3p = R

e e e b e
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zvo[a1 + RL(l + SCRL)]
Fag = TR, * SLL R,

where & and a; are as defined in equation {5-7) and

VO

Vl '-"-—D-
(5-12)

Rcl = 0

$.2.2 Eeedback Transfer Functions

Transfer functions Fs' E&c' F_ . and FDC constitute the feed=-

M
back. A two loop standardized contrel module (SCM} cont-
rolled [2,7,8] buck regulator was used to obtain experimen-
tal results that are discussed later in this dissertation.
The buck regulator used is shown in Figure 31 , and with re-

ference to that figure the followinyg are defined [2,7,8]

F3 = gsnlk
1
F =4 ———--i-—-—-
AC SClR4
L g 1
Fow = ( : + =) (5-13)
De SCi R14 + RX ZC

¢

Ry = Ry1//Rip v 9=

P
=
s

13 sC2

- w0

e i TR,
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2R4CJ'_
FM = — (Pulse Modulator Transfer Function)

M = Constant depending on the type of control used.

5.3 DESICN OF THE FEEDFORWARD LOQP.

The transfer function 65/4; is used to design the feedfor-
A
ward. With v = 0 the following equations are derived from

Figure 28 :

+ - oA 3
[V + SV + Caiy1Fy = d (5-14)
and
aF -
12 _
-
o —2 5-15
vCl = { }
.o TFao
111 )

N A
Substituting for ¥ i and d from (5-15) in (5-14) re-

c1’ L1
sults in
“ (E%a)FM
72- = (5-16)
vx 1l - 2 (=32 32)FM 3( ﬁZ)F
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In the absence of feedforward i.e. with €y = C

g = Q0 it ecan

be seen that:

>

2
Vo _ VO(R;‘ - Di) (1 + SCRc)FM

(5-17)

?

2
a; + D Z{l + sCRL)

-

®

The effect of peaking of the output impedance of the input
filter 2 is to cause a reduction in the term (RL -Dzz) and
also an increase in the denominator, thus resulting in a
substantial loss of loop gain.

With feedforward the detrimental effect of peaking of 2
could be avoided by a proper choice of the feedforward loop

gains c, and €4 . Choosing

c., = 1ay
2 VOFM (5=18)
C3 =
leads to
2
. V Py (R, = D“2) (1 + sCR_)
o DA
—= o - (5-19)
z =2 TV_[a,F B (L ¥ SCRT]
x 1L+ g Fy = A
o' M Ry,
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which can be simplified to

Fs . 2
v _ VOFM(RL - D°%2) (1: sCRc)Rl_LL‘L

- 5 (5-20)
v, Daal(RL - D°2)
Cancellation of the two ‘terms leads to
4
_ VBFM(l sCRc)RL (5-21)

Pl P

Thus a proper choice of the feedforward loop gains has re-
sulted in the transfer function Gb/ﬁ; being completely inde-
pendent of the input filter output impedance 2. It is élso
noted from eguations (5=-11) and_(5-16) that at frequencies
other than the resonant frequencies at which Z peaks, the
gain of Fgy is fairly small since Z would be small at those
frequencies. Thus the addition of feedforward would not af-
fect, in any noticable manner, the open loop gain and phase

margin at any frequency other than those at which Z peaks.
The following points regarding the feedforward loop de-

sign can be made:

l. It has been shown analytically that a proper choice
of feedforward loop gains results in eliminating com-

pletely the effect of peaking of Z on the loop gain.

1
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2. The gain ¢g = 0, thus the inductor current informa-

| [; tion is not needed, only the input filter capacitor

| ! voltage information is used.

N 3. The feedforward loop gains are independent of the in-
put filter parameter values, and are free of any fre-

quency dependent term.

s

The feedforward loop gains are independent of the
: type of feedback control used. The pulse modulator
; - transfer function Fy; is, however, an integral part of
' the design and thus the compensation depends on the

- type of duty cycle control used. The feedforward loop

design process is independent of the particular type

q) of control used and thuz the same design can be used

for other types of control, for example for single

¥
.‘.,)
.
7

i
4
f
;
i
i
?

loop control, current injected control and others.

T gell
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5.4 IMPLEMENTATION OF FEEDFORWARD

ey

The buck regqul:: ir used to oktain experimental results that

- -

are discussed later is shown in Figure 31 . The feedforitard

LALE TR

circuit processes the small signal variation across the in-

Rt

put filter capacitor and adds this processed information to

the feedback signal.

Two circuit implementations of the feedforward design

TR
H i i

were used in making measurements and they are discussed

next.

et
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5.4,1 Nonadaptive Feedforward Circuit

It was shown earlier that the feedforward loop gain is
ca(s) = -D?/V,E, ., equation (5-18)

The nonadaptive feedforward cirxcuit was developed for the
buck regulator of Figure 31 . The key parameters of the re-

gulator are as follows =~

Input-Qutput Parameters

VI = 25-40 volts VO = 20 volts Py = 40 watts

Povwer Stage Parameters

L = 230 micro = C = 300 micro F 3& = 0.2 ohm

RC 0.067 ohm ‘nominal) RL = 20 ohm (load)

Pulse Modulator Parameters

M=V, Toy = 0.88 # 16° V-sec

Control Circuit Paramelkers

Ep = 6.7 volts R,, = 33.3 Kohm R;p = 16.7 Kohm

1

Q.65 c, = 5600 picoF Cy 0.01 microF

a
i

The buck regulator was operated in a predetermined duty cy-
cle control mode (constant VITON.control), {2,7,8]. Substi~

tuting for %M’ [2,8] and for D leads to

et ee 3B o i o Bt A Atk gy A o =+
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-V nM
‘32(3) = m {5=22)
I 7471
where M = V; Ty, is constant.
Foxr the'nonadaptive design the input veoltage was kept cons-
tant at VI = 30 volts. Substituting in eguation (5-22) it
is calculated that cz(s) = =0.03. The nonadaptive feedfor-
ward circuit implementation is shown in Figure 32 . 'The in~
put to the circuit is the input filter capacitor voltage and
a series capacitor (27 microF) blocks out the dc compeonent.
The input is then multiplied by the gain of 0.03 implemented
by the 5.1 Kohm and 164 ohm resistances. The feedforward
signal available at the potential devider network is then
subtracted from the feedback signal available at the output
of the integrator in the feedback loop. The result is then
fed to the pulse modulator. The capacitor voltage fed into
the operational amplifier subtracting circuit consists of
two components - a small signal variation and a component
corresponding to the switching frequency. The feedback sig-
nal is also at the switching frequency, but the amplitude of
the feedback signal is large compared te the switching fre-
quency information in the capacitor voltage, and thus the

second component has negligible effect. It is to be noted

L
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that the circuit of Figure 32 constitutes the feedforward
circuit and also the summing juaction shown in Figure 31 .
The nonadaptive circuit has the advantage of being ex-
tremely simple and easy to implement. The gain of the poten-
tial devider in the feedforward circuit is, however, a func-
tion of supply voltage and thus the circuit of Figure 32
cannot be used at any other value of supply voltage. MNea-
surements made using this circuit are discussed in the next

chapter.

5.4.2 Adaptive Feedforward Circuit

The adaptive feedforward circuit is shown in Figure 33 .
From equation ($-22) it is clear that changes in supply vol-
tage VI will change the gain ¢, of the feedforward loop, the
circuit of Figure 33 implements the feedforward of equation
(5-22) and adjusts the gain automatically as VI changes.

The input voltage in Figure 33 is allowed to vary bet-
ween 25v and 40v. It is fed to a wvoltage devider énd then
squared. The input filter capacitor voltage consists of a
large dc component and this is blocked out by the 27 microF
capacitor in series with the feedforward path. The small
signal variaﬁion and the small magnitude component at
switching frequency are then devided by the squared input

voltage. A pair of resistances provides the final gain; the
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feedforward signal now available is then added to the feed-
back signal at the output of the integrater. As for the no-
nadaptive circuit the switching frequency component in the
input filter capacitor vqltage-is small compared to the cor-
responding component in the feedback signal and thus its ef-
fect on the duty cycle implementation is negligible.

The gain of the feedforward circuit is thus a function
of input voltage V; and is made adaptive to changes in Vj.
The feedforward is thus capable of tracking aiy variations

in supply voltage.
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Chapter VI

ANALYTICAL AND EXPERIMENTAIL, VERIFICATION OF THE
FEEDFORWARD DESICGN

This chapter presents extensive measurement data that
was made co verify experimentally the feedforward design
outlined earlier. The feedforward control was desicgned for a
buck regulator and the same regulator is used in obtainiag
measurements.

MEasurement data pertaining to the open loop gain and
phase margin are presented first; data made using thé adap-
tive feedforward circuit designed earlier confirm the adap-
tive nature of the circuit. The audiosusceptibility and out-
put impedance measurements presented next show that the
feedforward sigpificantly improves performance in both cate-
gories. Lastly, measurements of transient response are in-
cluded that show that the feedforward improves the transient

response.

91
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6.1 MEASUREMENTS OF THE NONADAPTIVE FEEDEFORWARD CONTROL

— R — —— P e ———  \———

The buck regqulator Qith feedforward used to obtain experi-
mental results is shown in Figure 34 , and is the same as
that presented earlier in Chapter V. The parameters of the
regulator are the same as given earlier in Chapter V with
the single-stage input filter parameters specified as: )
Ry; = 0.2 ohm L1l = 116 micro-H Cl = 20 micro~F
The feedforward circuit used was the nonadaptive feedforward
circuit for a fixed input voltage discussed in Chapter V,
with Vi = 30 V. The small signal open loop transfer function
of tke multilcop controlled buck regulator of Figure 34
without feedforward can be expressed as [2,7,8]
Gp(s) = Epchyfia ** FgByeFanfy (6-1)

In equation (6~1) E4p and Fgyg are the power stage transfer
functions, EDC' %u' Es and Eac are the feedback contrel loop
transfer functions, as discussed in Chapter 5 (section 5.2).
The peaking of the output impedance of the input filter,

2{s), affects the transfer functions F;o and Fpp as is seen

below:

Vo(Ry - D®Z) (1 + sCRg)
D[ D"2( 1 + sCRy) + a;]

Vo(Ry = D*Z)( 1 + sCRp)
DRy [ D*Z( 1 + sCR;) + a,]

(6-3)
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The peaking of Z(s) reduces the gain of both F,, and Fp, and
thus reduces the open loop gain at ﬁhe resonant frequency of
the input filter.

The addition of the feedforward loop modifies the open

loop transfer function as shown belowy ~-

EpcFaVoRy(1 * SCR

D al

c)

G'T (s) =

FolFp o EaVa{(l + sSCR;)
. 3'ac’M'o L (6-2)
D a;

The addition of feedforward modifies the transfer functions
Fi, and Fy9 and thus it can be seen from equation (6-4) that
the open loop gain with feedforward is not affected by the
peaking of the input filter ocutput impedance Z(s). G'p(s) is
now independent of Z{s) and is a function only of the feed-
back loop parameters and the power stage parameters, unlike
Gp(s) of eguation (6-1) which is affected by the peaking of
Z(s). Eguation (6~4) is alsoc the open loop gain of the buck
regulator without input filter, as can be seen from equa-
tions (6-1), (6-2) and (6~3) by setting Z(s) = 0, and it can
thus be concluded that the addition of the feedforward loop
should eliminate completely the peaking effect of the input

filter output impedance and that the open loop gain with
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feedforward should be identical with the open loop gain
without the input filtex [10,11].
SINGLE STAGE INRPUT FILTER

Méasurements of the open loop gain and phase margin of
the buck regqulator of Figure 34 were made with and without
feedforward, and are presented in Figure 35 (a) and (b). The
input filter resonates at around 3 KHz and results in dis-
turbances in the open loop gain and phase margin at éhat
frequency. The feedforward eliminates all these undesirable
disturbances as is evident in the figures, thus providing
close agreement with theory. It can also be seen from Figure
35 that the characteristics with feedforward are almost
identical to the gain énd phase margin pleots of the buck re-
gulator without input filter, thus providing close agreement

with the analytical prediction made earlier.

IWO-STAGE INPUT FILTER

The experiment was further extended to the buck requla-
tor with a two-stage input filter. The two-stage filter of

Figure 36 was used with the following parameter values:

R;= 0.2 ohm L1= 325 micro H Ci= 200 micro F
Rz= 0.02 ohm L2= 116 micro H cz= 20 micro F
R,= 0.075 ohm (ESR of C,). '
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The feedforward circuit used was the same nonadaptive feed-
forward circuit used to cobtain the measurements of Figure 38
with the feedforward input being the voltage at capacitor G,
The other parameters of the circuit are the same as used to
obtain Figure 3% . Measurements 6f the open loop gain and
phase margin were made with and without feedforward and the
results are shown in Figure 37 (a) and (b). The open loop
gain and phase are affected at the resonant frequencies of
the twe stages of the input filter because the output impe-
dance of the input filter Z{s) peaks at both resovnant fre-
cquencies. The use of the feedforward circuit eliminates the
detrimental effects of the input filter, as is evident from
Figure 37 . |
REMARKS |

The feollowing points regarding the above measurements
are noteworthy:
(1) Measurements of the open loop gain and phase margin
show that the input filter output impedance causes.distur-
bances in the gain and phase margin at the filter resonant
frequencies and the addition of feedforward eliminates these
disturbaqces, providing close agreement with theory.
(2) The feedforward compensation circuit is independent

of the input filter parameter values.
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(3) The feedforward compensation scheme is independent of
the input filter configuration. It was demonstrated above
that the same feedforward compensation network is equally
applicable to a single stage input filter and a two-stage
input filter. These observations lead to a s*i:zlonqer conclu-
sion that the feedforward can provide effective compensation
for an unknown source impedance. For example, a preregula-
tor which often has an unknown, dynamic output impedance can
interact with a DC-DC converter downstream and result in
system instability. The feedforward compensation scheme out~
lined can be used to isolate the switching converter from
the source thus preventing interaction between the switching

converter and equipment upstream.

6.2 ADAPTIVE FEEDFORWARD MEASUREMENTS.

The buck redgulator with feedforward used to obtain experi-
mental results is shown in Figure 34 and the parameters of

the circuit are as specified in section 6.1. The adaptive

feedforward circuit for wvariable input voltage presented in

Chapter 5 was used in obtaining measurements .The two-stage
input filter of Figure 36 was used with the same parameter
values as in section 6.1 with the feedforward input being
the voltage at capacitor C, . The value of R, was changed
to- |

Ra= 0.2 ohm (ESR of Cy plus external damping resistance)

r gl
R |

R
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Measurements were obtained at four values of supply voltage

using the same adaptive feedforward circuit in all cases -

this was done to confirm the adaptive nature of the feedfor-
ward circuit.

A computer program was written *to calculate the gain
and phase margin of the open loop transfer function with and
without two-stage input filter, at warious input voltages.
Equation (6~1) was used to calculate the gain and phase mar-
gin; setting 2(s) = 0 in the equation gives the gain and
phase margin without input filter. The following expression
for the two-stage input filter was used:

4, * R, + sLg

Z(s) = - (6-5)
1+ SCz( Zl + Rz) +3 ch‘g

where

Zy(s) = (Ry + sLy) // (Rg = 1/sC) (6-6)

Figures 38 - 41 show the computed valuas of open loop gain
and phase margin with and without the two-stage input filter
for input wvoltages V; = 25v, 30v, 35v and 40v. It can be
seen that the two-stage input filter resonates at two fre-
quencies and at each frequency the output impedance Z(s)
peaks, thus causing sharp fluctuations in the open loop gain

and phase margin. Measurements of the open loop gain and
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phase margin at each of the above wvalues of supply voltage
were obtained with and without feedforward and are also
plotted on the figures. It can be seen clearly that the ad-
dition of feedforward removes ‘the sharp fluctuations in open
loop gain and phase margin caused by the input filtér, pro-
viding close agreement with theoretical prediction made ear-
lier. The analytical prediction that the open loop gain and
phase margin with feedforward are identical to the c¢harac-
teristics without input filter is also confirmed, as exami-
nation Figures 38 - 41 show.

The +two stage input filter was modified so that
Ry = 0.075 ohm (ESR of Cz) and measurements of the open loop
gain and phase margin with and without feedforward- were
made. Figure 42 shows the ¢alculated wvalues of open loop
gain and phase margin together with the measured wvalues at
VI = 25v. With the external damping resisténce set to zero
the effect of the input filter is seen to be more pro-
nounced. Measurements without feedforward shown plotted on
the figure also show the pronounced effect of the input £il-
ter. The addition of faedforward effectively eliminates the
sharp fluctuations in gain and phase margin caused by the

undamped input f£ilter.
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The following observations regarding the measurements

1

fLovs

are made:

(1) The peakihg of the output impedance of the <first

==

stage is more pronocunced and has a greater effect on the re-

- } | gulator than the peaking of the second cstage.

‘: 1 {(2) Both- analysis and measurement results indicate that
} : the open loop gain is higher at lower values of duty cycle

i ’E D. This is further manifested by examining egation (6-4). It

, ‘ shows that a lower wvalue of D results in a higher gain.

(3) The effect of input filter peaking wvaries with the:

input voltage. This is explained by noting that both Fuz and

F,,, equations (6-2) and (6-3) depend on the duty cycle D.

The. effect of peaking of Z{s) is to cause a reduction in the

. 2
“term {RI.-D 2) and the amount of reduction would be greater

if D is larger. Consequently it is expected that at small

4

- \Qﬁﬂw?ﬁf‘—"‘w‘ T ‘f,";‘."w i

values of VI' when D is larger, the effect of peaking would
be more pronounced. This is confirmed by examinatioh of Fig~
t: ures 38 - 41 .

.. (4) The addition of the feedforward loop effectively eli-

[? minates the perturbation in open loop gain and phase caused

by the input filter. The feedforward works effectively at

B Tl aun tha TR VY SE R

Lol
! : :
LSS e e

all four wvalues of supply voltage Vi. Since the same feed-
forward circuit was used in making all the measurements of

Figures 38 - 42 the adaptive nature of the feedforward cir-

Il
( cuit is confirmed.
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(8) From the results presented in section 6.1 and from
measurements presented in this section it is logical to con-
clude that the adaptive feedforward circuit can provide ef-
fective compensation for an arbitrary, unknown source impe-
dance for a variable supply voltage. The adaptiwve
feedforward .circuit has been shown to be able to track the
supply voltage and adjust the gain in accordance with supply
voltage changes. The adaptive feedforwaxrd cireuit can effec-
tively isolate the switching regulator £rom its source impe-~
dance, thus preventing any interaction between the switching

converter and eguipment upstream.

6.3 MEASUREMENTS OF CLOSED LOOP INPUT-TO-QUTPUT TRANSFER
FUNCTION (AUDIOSUSCEPTIBILITY).

The closed loop input-to-output trfansfer function (audiosus-
ceptibility) of a switdhing requlator is an important char-
acteristic. It refers to the regulator's ability in attenu-
ating small signal sinusoidal disturbances propagating £rom
the regulator input to its output. The gain of the closed
loop input-to-output transfer function should be as small as
possible; thus the regulator will effectively attenuate
noise at the input so as not to affect operation of the re-
gulator paylecads. Unfortunately, as pointed out in Chapter

2, the peaking of the output impedance of the input filter
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and the peaking of the forward transfer function of the in-
put filter increase the audiosusceptibility. Measurements
of audiosusceptibillty with and without feedforward were
made using the two-stage input filter of Figure 36 with a
damping resistor so that Rg = 0.2 ohm. Measurements were
made by injecting a small sinusoidal signal at the input to
the converter and then using a HP network analyser to nea-
sure . the audiosusceptibility [8]. The feedforward circuit
used was the adaptive feedforward circuit of Figure 33 and
the buck regulator used is shown in Figure 34 , with its
parameters as specifiied in section 6.1.

Figures 43 - 46 show the measured values of audiosus-
ceptibility with and without feedforward at four values of
supply voltage V,; = 25v, 30v, 35v and 40v using the same
feedforward circuit in all cases. The top trace in each fig-
ure is the plot without feedforward and it can be seen
clearly that the audiosusceptibility is degraded
at the two resonant frequencieé where the ouip-
ut impedance Z(s) and the transfer function H(s) of the in-
put filter peak , with the first stage resonating around
600 Hz and the second stage around 3 KHz. It is also evident
from the figures that the audiosusceptibility is dependent
on duty cycle D or the supply voltage. At hicher values of
supply voltage when the duty cycle is low the audiosuscepti-

bility is lower, specially at the lower fregquencies.



(v

’_‘.“l A '(|’:

E eI L

e

eo

py wmm

T 0 M|

126

ORIGINAL PAGE i©
OF PCOR QUALITY

o
Q
T
—ul
' [} ) | ) [} 4 4 ‘ (] ) ) () () [ L
% without feed-forward
@
m-ﬂ L
]
o
w
ME““ S
m H
£
=
ar /
o «
S with feed-forward
o
Q
2
O
T ¥ 1 L] 1] L] 1 1 1 ' ¥ L] £ ¥ 1 ¥ 1 1

Figure 43:

FREQ(HZ)

Measurement of audiosusceptibility [vo(s)/v (s)]
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k%- The addition of feedfo:ward substantially improves the
Eir audiosusceptibility,-speciall?ﬁét the lower £requencies, as
| is evident upon examination of Figures 43 -~ 46 . The peaking
effect of audiosusceptibility with feedforward loop is how-
ever, more pronounced at the two resonant frequendies of the
two-stage input filter; this is explained by noting that in
equation (2-6), Chapter 2, the audiosusceptibility is shown
to be affected both by the peaking of'Z(s) and by the peak-
ing of the forward transfer function H(s) of the input fil-
ter. The peaking of H(s) cannot be controlled in any fashion
by the addition of a feedforward loop since the control leoop
is not affected by H(s); thus the feedforward loop is effec-
tive in cancelling Z(s) while the peaking effect of H(s) is
manifested in aﬁdiosusdeptibility. Figures 47 and 48 show
the transfer functions H{s) and Z(s) of the two-stage input
filter used. The peaking of H(s) at the two resonant fre-~
guencies is clearly seen.

The two-stage input filter was modified by removing the
damping resistor so that R3 = 0.075 ohm. Measurement data of
the audiosusceptibility with and without feedforward are
shown in Figures 49 - 52 . The top trace in a;l these fig-
ures ' is the closed loop input-to-output transfer function
without feedforward and it can be seen that the gain is

higher than in the earlier case (with damping resistance).
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Figures 53 and 54 show the forward transfer function H(s)
and the output impedance Z2(s) of the input filter used. Com-
paring Figures 47 and 48 with Figures 53 and 54 it can be
seen ¢learly that both Z(s) and H(s) peak at significantly
higher wvalues vwhen the external damping resistance is re-
moved.

The addition of feedforward substantially improves the
audiosusceptibility as is evident from Figures 49 = 52 . The
audiosusceptibility with feedforward peaks at the two reso=-
nant frequencies of the two-stage input filter as before,
but in this case the peaks are higher. This is explained by
noting that H(s) of the two-stage inpufc. filter without damp-
ing resistance peaks at a significantly higher wvalue, as
shown in Figures 53 and 54 , than that with a damping resis-
tance as shown in Figures 47 and 48 ; thus the effect of
H(s) on the closed loop gain would be expected to be greater
in the former case.

It can therefore be concluded that the addition of
feedforward significantly improves the audiosusceptibility,
specially at the lower frequencies. The audiosusceptibility
with feedforward is affected by the peaking of H(s) since
the effect of peaking cannot be eliminated via any control
means. The same adaptive feedforward circuit was used in

making all the <¢losed 1loop gain measurements mentioned
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H(s) of two stage input filter, with Ry=0.2 ohm
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Figure 48:

l.é+3
FREQ(HZ)

2 of two stage input filter,

with R3=0 .2 ohm
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at Vy=40v (measurements)
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H(s) of two stage input

£ilter, Rg=0.075 ohm
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above, this confirms anew the adaptive nature of the feed-

forward cirecuit.

6.4 MEASUREMENTS OF OUTPUT IMPEDANCE.

The closed-loop output impedance of a switching regulator
should be as low as possible in order that the regqulator be-
have as much as an ideal veoltage source as possible. Howev-
er, as pointed out in Chapter 2. the peaking of the output
impedance of the input filter increases the closed-loop out-
put impedance of the regulator. |

Measurements of the regulator output impedance with and
without feedforward were made, using the two-stage input
filter of Figure 36 with Ry = 0.075 ohm (ESR of Cp). Mea-
surements were made by injecting a small signal sinusoidal
disturbance at the output in parallel with the load of the
regulator, and theﬁ using a HP network analyser to measure
the corresponding voltage and current [8,9]. The feedforward
¢ircuit used was the adaptive feedforward circuit of Figure
33 . Figures 55 - 58 show the measured values of output
impedance with and without feedforward at four values of
supply veoltage vy = 25v, 30v, 35v and 40v using the same
feedforward circuit in all cases,

It can be seen clearly from the figures that the output

impedance is increased at the two resonant frequencies of

T
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Figure 55:

1.é+3 1.E+4
FREQ(HZ)

Output impedance with and without feedforward
{xX) at V1=25v
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Qutput impedance with and without feedforward
(X} at V;=35v

i



LY L O A .

B M LA L

L.

144

ORICINAL PAGE I;”]
OF POOR QUALITY

-8.00 -5.50 -4 .80

Z0(0B)
~11.50

& L] ll.lllz L] 1 3 L St k. M e )

% O with feedforward

1 1 L) ll!!‘l

% without feedforward

1.E+2

i
1.E+3 1.E+4

FREQ(HZ)

Cuiput lmpedance w

(X) at V,=40v

2 odele mena? pad Lol maude &
L0 Al Wisoouwo I




P

‘;‘»}1 19" R

g S ORFE SN e ey R

JOvg

i

F

—

)

145

the two-~stage input £filter. This is a consequence of the
disturbances in the loop gain prodgced at those frequencies
by the peaking of the input filter output impedance Z(s). As
was seen earlier in sections 6.1 and 6.2 the effect of Z(s)
on the open loop gain depends on the duty cycle D, at higher
values of D i.e. lower supply voltages, the effect of Z(s)
on the open loop gain is higher. Thus the effect of Z(s) on
the output impedance would be greater at lower supply wvol-
tages, and this is experimentally confirmed as can be seen
from Figures 55 ~ 58

The addition of feedforward almost totally eliminates
the undesirable perturbations in the output impedance char-

acteristic at all supply voltages.

6.5 MEASUREMENT OF TRANSIENT RESPONSE AND STARTING QF THE
REGULATOR.

In this section neasurements of output voltage and other
parameters for a step change in input wvoltage or load are

Presented with and without feedforward.

6.5.1 Small Bmplitude Transient Response Msasurements.

Photographs of the output voltage ripple and other parame-
ters are presented with and without feedforward for two cas-~
es:

(1) Step change in supply voltage.
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(2) Step change in load.

The step changes mentioned above are small enough so that

the output wvoltage remains in regulation throughout the

transient response period.

6.5.1.1 Step Change in Input Voltage.
The buck regulator used is shown in Ficgure 34 with the par-
ameters as specified in section 6.1. The input filter used
was a single~stage input filter with the following pafame-
ters:.

Ry, = 0.2 ohm Ll = 325 micxro H Cl = 220 micro F
The adaptive feedforward circuit of Figure 33 was used in
making the measurements.

The input voltage was abruptly switched from V., = 30v

I
to 40v and photographs of output wvoltage ac ripple, input
filter capacitor wvoltage, output filter inductor current and
control voltage without using a feedforward loop were taken
as shown in Figures 59 (a) and (b) , 80 (a) and (b), respec-
tively. The control voltage is the input to the pulse modu-
lator; without feedforward it is the output at the integra-
tor in the feedback loop while with feedforward it is the
sum of the above signal and thé feedforward signal. Figures
61 (a) and (b) , 62 (a) and (b) show the photographs of the

same variables with feedforward control. Comparing, for ex-
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ample, the photographs of the output voltage ripple with and
without feedforward, Figures 59 (a) and 61 (a), it can be
clearly seen that the transient response is improved with
the addition of feedforward. The amount of overshoot is
less with feedforward. The magnitude of the oscillations in
the output voltage caused by the interaction between the in=-
put filter and the regulator control are alsc lessened with
the addition of feedforward.

Comparison of the photographs of input filter capacitor
voltage, output filter indvstor current and control voltage
do not reveal much difference between the two cases (with
and without feedforward). This may be explained by noting
that the gain of the feedforward loop is fairly small ( 0.03
for VI = 30v ) and thus the feedforward signal would be
fairly small in amplitude. The addition of such a gmall am=-
plitude signal to the fairly large amplitude waveforms re-
corded on the photographs will not show very clearly. The
output voltage ripple, however, is small in magnitude and
the effect of adding feedforward shows clearly. A computer
program was written to simulate the step changé in voltage;
results from the program are presented in the next chapter
and show close agreement with the measurements.

Thus it is concluded that feedforward improves tran-
sient response for the case where the supply voltage is sub-

jected to a step change.
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Output voltage rippile (a) and input filter
capacitor voltage (b) without feedforward

é (a) Y—0.1lv/div X—1 msec/div
f (b) Y—Sv/div X—1 msec/div
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(b)

Output filter inductor current (a) and control

voltage (b) without feedforward

Figure 60:

X—1 msec/div

Y— 0.5 A/div

)

a

(

¥—0.5v/div

(b)

X—1 msec/div
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(b) |

Figure 61: Output voltage ripple (a) and input filter
capacitor voltage (b) with feedforward

(a) Y—0.1lv/div X—1 msec/div

(b) Y—5v/div X—1 msec/div
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6.5.1.2 Step Change in Load.

'I.‘hé buck regulator ussd 1is shown in _E‘iguré 34 , with the
parameters as specifieél izi section 6.1 with the fo_llowing
changes: |

Vi = 25v "Ry, =.3.69 RKilo ohm
A single stage input filter was used with the feollowing par-
ameters: ) .

Ry, T 0.20hm LI =325 micro B  Cl = 100 micro F
The adaptive feedforward circuit of Figure 33 was used in
making the measurements. '

The load was switched repetitively between Ry, =10 ohms
and Ry = 20 ohms usi:ig a transistor switch. Eigqures 63 (a)
and (b) show 'the photographs of the output voltage ripple
without and with feedforward, respectively, as ‘ﬁhe load is
switched. The output voltage ripple without feedforward,
Figure 63 , shows distinct oscillations caused by the inter-
action between the input £ilter and the requlator control
loop. The oscillation frequency coincides with the input
filter resonant freguency. These oscillations are eliminated
with the addition of feedforward, as is evident from Figure

63 (b).
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" (b)

Figure 63: Output voltage without feedforward {(a) and with

feedforward (b)
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6.5.2 Large Amplitude Transient Response Measurements.

Photographs of the output woltage ripplé and other parame-
ters are presented with and without feedfprward for two cas-
es: ’

(1) Large step change in supply voltage.

(2) Starting of the converter.
The cases mentioned above are large signal changes so that
the voltage regulation is momentarily lost for part of the

transient response period.

6.5.2.1 Large Step Change in Supply Voltage.

The buck requlator used is shown in Figure 34 with the par-
ameters as speciéied in section 6.1. The input filter used
was the single~stage input filter of section 6.5.1.1. The
adaptive feedforward circuit of Figure 33 was used in making
the measurements with feedforward.

The input voltage was abruptly switched from V; = 40v
to 25v and photographs of the output voltage were made with
and without feedforward; Figures 64 (a) and (b) show the
photographs.

The gteplchange in supply voltage is large enough to
cause the regulator to lose regulation -- the output voltage
drops by about 1.5v before the regulator recovers. This may

be explained by noting that for such a large change in sup~-
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ply voltage the input filter capacitor veoltage drops down
close to 20v, and since this value is lower than the design
range of 25v = 40v for the regulator supply, the regulator
loses regulation. Further details are given in the next
chapter which presents results from a ¢omputer program writ-
ten to simulate this large step change. The results show
close agreement with the measurements presented here.
Figures 64 (a) and (b) show that the behavior of the
regulator is similar with and without feedforward for such a
large step change in supply voltage. This is expected since
the regulator control loop momentarily loses its control
function during this transient period.'Since the feedforward
is designed to compensate for the'effects of inﬁut filter
interaction via a duty cycle modulation scheme it is expect-
ed that the feedforward does not contribute anything under
these conditions. Computer based simulation results present-
ed in the next chapter confirm the measurement resulits. It
is also to be noted that the feedforward does not have any

detrimental effect on the transient response.

6.5.2.2 Measurements of the Start Up Behavior of the
Recgulator

This section investigates the start-up behavior of the

switching regulator. The regulator used is shown in Figure
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(b)
Output voltage without feedforward (a) and with
feedforward (b)

(a) Y—O0.5v/div X—0.5 msec/div

(b) Y—0.5v/div X—0.5 msec/div
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34 with the paraneters as specifiea in section &6.1. The sin-
gle stage input filter of section 6.5.1.1 was used with the
supply voltagé set at 30v. The adaptive feedforward circuit
of Figure 33 was used in making the measurements with feed-
forward.

Prior to starting, tThe output woltage and the output
filter inductor current were both zero. Photographs of the
output voltage and output filter inductor current were made
with and without fezdforward and are shown in Figures 65 (a)

and (b) 66 (a) and (b). The output voltage without feedfor-

" ward builds up from zero to 20v (regulated output) in about

3 msec. The inductor current rises sharply at starting but
is limited te about 6.0A by the peak'current protection cir-
cuit built in with the requlator. It settles down to its
steady state value in about 4 msec.

The photographs with feedforwzrd show similar behavior
- us the feedforward does not contribute significantly to
this fransient period nor does it present any detrimental

effects.
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(b)

Output voltage (a) and output filter inductor
current (b) without feedforward

(a) Y—5v/div X—0.5 msec/div

(b) Y—1 A/div X—0.5 msec/div
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(b)

Output voltage (a) and output filter inductor
current (b) with feedforward

(a) Y—S5v/div X—0.5 msec/div
(b) Y—1 A/div X—0.5 msec/div
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(b)

Output voltage (a) and output filter inductor
current (b) with feedforward

{(a) ¥Y—5v/div X—0.5 msec/div
(b) ¥Y—1 A/div X—0.5 msec/div
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6.6 CONCLUSIONS

Extensive measurements made to verify experimentally the

feedforward desicn are presented in this chapter. Measure-~

ments of the open loop gain and phase margin, closed loop

gain, output impedance and transient response confirm the

eifectiveness of the feedforward in improving performance,

as predicted in the analysis. The following points are note~

worthy:
1.

The feedforward eliminates the detrimental effect on
open loop gain and phase margin of the output impe-
dance of the input filter.

The feedforward circuit is shown to be independent of
input filter parameters and alsco indeiaendent of input
£ilter configuration.

The feedforward effectively elimiﬁates the interac-
tion between an unknown dynamic source impedance and
the regulator control loop.

The closed loop input-to-output transfer function
(audiosusceptibility} and output impedance are both
improved significantly by the addition of feedfor-
ward.

The addition of feedforward improves transient res-
ponse in those cases where the interaction between

the input filter and the control loop degrades. the
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response. Examples of the above are small step chang-
es in supply voltage and load, and results for these
cases are included. For large signal transient behav-
ior the feedforward does not in any way degrade the

performance -- examples of these are a large step

change in supply voltage and the start up behavior of .

the requlator.

No detrimental effects have been ohserved due to the
use of the proposed feedforward compenéation scheme
through the course of study and through extensive ex-
periments when the sys?em was subjected to different

forms of small and large signal disturbancgs.
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Chapter VII

DIGITAL SIMULATION OF BUCK REGULATOR FOR
TRANSIENT ANALYSIS

This chapter deals with a program developed to simulate
the real time behaviour of the regulator with and without
feedforward control under both steady state and transient
conditions. Results for a step change in supply voltage are
includecd that are in close agreement with the measurements

presented in the last chapter.

7.1 DESCRIPTION OF THE METHOD
The starting point is the definition of the buck regu-

lator in terms of state equations [12,13,14]. The switching

regulator used was the one used in Chapter 5 and 6 and is

shown in Figure 34 The buck regulator without feedforward is
described by a set of state equations. The six state varia-~

bles used are:

#(1l) = :i.h1 (current ininput filter inductor)

x(2) = Vei (input filter capacitor veltage)

x(3) = eg (control voltage, input to pulse modulator)
%(&) = iL {output filter inductor current)
x({5) = Vo (output filter capacitor voltage)

x(6) = éR (compensation loop capacitor voltage)

162
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The contrel wvoltage is the output of the integrator in the

feedback control loop if no feedforward is used and it is

the sum of the integrator output and the feedforward signal

e et e e e T R e T

| if feedforward is used. The state variable.eflis the voltage
; at the capacitor cg in the compensation loop. The vulse mo-
| [ dulator has as its input the control voltage e and it con-
; verts the voltage to a duty cycle signal d{t). The transfer
[' function of the pulse modulator is a constant if the supply
[E voltage is a constant, [8], for the constant wvolt-sec.

(VITON) control mode that was used. Thus it can be seen that

4
SUPUCIp.
f i T

the six state variables defined above completely describe

. the buck regulator system of Figure 34 .

R
J

Loy ) The staie equations for the complete system without
% % feedforward are developed [12,13,i4] for the two time per-
S

? ; iods TON and TOFF'

-

= During ToN the transistor switch Sl is on while diode
i

T 82 is off and the system is characterized by the following
% E state equations:

i x=Flx+Glu (7-1)

o | where
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(7-6)

ie
n

U 0w

In equation {(7-6) v& is the supply voltage, Ep is the refer-
ence voltage, Eg is the r turation veoltage drop of the power
transistor and ED is the conduction voltage drop across the
diode.

Buring TOFF the transistor S1 is off while diode 82 is

conducting and the equations are:

X=F2x+G2u (7~7)
where
F2 = F1 except for
F2 (2,4) =0
F2 (3,2) =0 (7-8)
F2 (4,2) = 0
and

G2 = 0 except for

G2{1,1) = l/Ll
G2(3,2) = i
€1 Ryy
7-9
G2(3,4) = o (7-9)
1 Ra
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G2(4,4) = - %

Since u is not a function of time the solution to the state

equations (7-1) and (7-8) can be written as:

During Topp E(E+T) = ¢p » X(E) + D 4 v {(7-10)

During Ton X(t +T) = ¢y x X(E) + Dy # (7-11)

where ¢1\T'¢F are the state transition matrices defined for

a small fixed step size T [12] and

| T
= % - .
D op J e 2 Sas| G2
0

= | , (7-12)

T

® - .
eFls

Dy = ¢y ds |Gl

pre—

Equations (7-11) and (7-12) are used to simulate the behav-
ior of the requlator without feedforward. Starting at the
beginning of the ON time period equation (7-12) is used to
propagate the state. The step size T is defined as half the

ON and OFF times and this determies the matrices qu’ DN,

e
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¢F.and Dp. Substitution into eguation (7-11) along with
the initial values at the beginning of the ON period propa-
gates the state through time T. Similar substitution propa-
gates the state through the ON period [12,13,14]. For the
type of duty cvele contel used,constant V&TON control, the
ON time is fixed whenever V; is figed.

At the end of the ON period, equatien (7-10) is used to
propagate the state during the OFF period, with the initial
condition being the state at the end of the ON intezval. The
end of the OFF inﬁerval is determined as the point when the
control voltage en equals the comparator voltage ET which
was 7.0v in this case. Newton's iteration is performed to
£find the exact point in time when eq equals Eq [12,13,14]).

The egquations describing the system with feedforward
are very similar to those without feedforward. The nonadap-
tive feedforward circuit of Chapter 5 was used in the simu-
lation program and it is shown in Figure 67 . The output of
the capacitor C, is included as a state variable. The state

£
variables are thus defined as:

x(1) = iLI
x(2) = Vei

x(3) = Vs (output of cf)

x(2)= eg _ (7-13)

x(5)= iL
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%(6)= vg | |

#(7)= e
: ¥

The ecquations during Ton and Toppare the 'same as equations

(7-1) and (7=-8) with the following definitions: _‘{

R -1 7 ~
A T 0 ¢ 0 0 0 ‘
2 -1 =1 N
e IR, "R,y ° 1 0 o
P
..:1.-1.-. 0 ..‘L'_(;f.:?i;—._ o = 0 0 L
€ Ce-CLR,, "Ry - €
S -n K3« (Cg+C1) o Ei_ Ro*RL By K2 1 [:
ta M ] T Ve !
CI C[*Ré T *CL(Rg +Rgy) c T ) €T Ry, )
1 -1 ~R i
0 : 0 0 FRRQ)  TTRET ARy 0 ( |
i
Ry, -1 : g
0 0 0 [ J— 0
CIRGPR,)  CUR*RS) .
R !
0 0 0 0 TR g -'RRL( =Y e (‘
. L 2'R®3 2" R13 (R Re 2" R13]
(7~14) {
— —_ [
L B
i1 0 0 0 A
0 0 0 0 .
0 0 6 0 { |
1 n !
GL=1l0 : - o (7-15)
Ci*Ryg Ci'RFyq )
-1 T
0 0 £ 0 Ll
0 0 0
0 0 0 0




- 169

R (7-16)
] K3 = — o2
| £1 * Rez

In equation (7-15) k1, Kz and u are as defined earlier.

F2= Fl except for
L F2(2,5)= 0

LR A
e e .

F2(3,5)= 0
i F2(4,2)= 0
E F2(4,5)= -Rgekl/ C; (7+17)

F2(5,2)= 0
1ﬁ3 and
G2= 0 except for
G2(1,1)= 1/L1
G2(4,2)= 1/C;-Ry, i (7-18)
G2(4,4)= n/C-R,
G2(5,4)= -1/L

H The solutions of <he state equations and the procedufe
for propagation of the state frem cycle to ccle is identical

. to the procedure for the case without feedforward.

B Tﬁe discrete simulation technigue outlined [12,13,14]

lends .tself easily to simulation of transient response for

|
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a step change in supply veoltage. The change in supply vol-
tage is made to occurr at the start of a new ON period; thus
all that is necessary to do is to change the value of T,

before the Start of a new cycle.

7.2 DESCRIPTION OF THE PROGRAM

A flowchart of the program [12,13,14] is shown in Figure 68
while a listing of the programs is included in the Appendix.
The flowchart is for the simulation without feedforward, the
simulation with feedforward prozeeds in an identical fash-
ion.

A minimum off time duty cycle control is implemented in
the program.The regulator also has peak current protection
and this capability is also programmed. During the ON period
the current in the switch may rise above the set wvalue of
the éeak current. Newton's iteration [12,13,14] is performed
to find the exact point in time where this occurrs and the
program will automatically terminate the ON time calculation

when the current exceeds the set value.
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P=T State vector .
OFF MIN propagation during
off time.
Calcnlate ¢pmsDpn _

2(L+T) = dpn * (L)

: #
e DFT E(t)

£ = £4+T
' (40
o L) - -
T PRAC TOFF' IT 0 ‘
HT) = *x () State vector .
(e by E propagation during |
+ Dp*ul(t) off time. "
£ = £+ L

.
R

No Figure 68: continued
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Vg = VISWIT (NSWIT) Change the supply
P = V.V voltage, Ty and
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7.3 SIMULATION RESULTS

The simulation program was used to simulate the behavior of
the system with and without feedforward for a small step
change in supply voltage f£from 30v to 40v and also for a
large step change from 40v to 25v. Simulation results pre-
sented are in close agreement with the experimental résults

presented in Caapter 6.

7.3.1 Simulation of steady state operation

The computer program discussed can be used to simulate the
steady state operation of the regulator system {12,13,14].
An accurate picture of the behavior of the system is ob-
tained since the simulation ﬁethod used is an exact methed.

The buck regulator of Figurs 34 with feedforward was
simulated with the following|single~stage input filter par-
ameters: -

Ry3= 0.2 ohm L1l = 325 microF Cl =22C microF

The supply voltage Vi was set equal to 30v and the other
parameters were as presented in section 6.1. Figures 695 (a)
- (g) show the plots of the output voltage, input filter in-
ductor current, input filter capacitor voltage, output f£il-
ter inductor current, the feedforward voltage Ve . the ccn-

trol voltage and the voltage e,. It is noticed that ths

switching period is around 50 microsecs and that the output

}

i

1
[RP—
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voltage ripple is around 60 milivolts. The input filter in-
ductor current has a small magnitude ripple component at the
switching frequency, as does the input filter capacitor vol-
tage. The voltage fed forward v, consists of the switching
frequency component, however its magnitude is around 50 mi~
livolts. The switching frequency component of the control
voltage is seen to be around 800 milivelts and thus the ef-
fect of adding the switching frequency component from the
input filter capacitor voltage to the contreol wvoltage would
be negligikble as discussed in Chapter 5 ; since the magni-
tude added would be around 1.5 milivelts (v; multiplied by

the feedforward gain).

7.3.2 Simulation for a small step change in supply voltage

The same buck regulztor was used with its parameters as spe-
cified in section 7.3.1. A value of 0.6 ohm for R;, was
used. The supply voltage V; was abruptly switched from VI =
30V te 40V. Experimental results for this step change are
given in Chapter 6 where a value of 0.2 ohm was specified
for RLI‘ A value of 0.6 ohm was used in the simulation as
this represents the combined winding resistance and source
impedance. The values of the other parameters used are:
Topp(minimum) = & microseconds

IQ(maximum) = 6 amps. (set value of peak current)

Eg = 0.2 volt Ep = 0.7 volt (7-19)
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Figures 70 (a) - (d) are plots of the computed values
of outpat voltage, input filter capacitor voltaée, output
filter inductor current and the control voltage, all without
feedforward.

The nonadaptive feedforward design of Figure 67 was
used in the simulation of transient response with feedfor-
ward. The feedforward circuit parameters used at Vi = 30V
were:

Ce = 27 microF Rey = 5.1 Kohm Rpp = 164 ohm
when the supply voltage is switched to 40V the value of Rygy
in the program is chahged to 90.97 ohm at the switéhing ins-
tant thus changing the feedforward circuit gain in accor-

dance with the feedforward design.

Figures 71 (a)-(d) are plots of the computed values of

the same variables with feedforward. Experimental measure-
ments for the same step change in supply voltage were pre-
sented in Chapter 6 and are fepeated here for convenience;
Figures 72 (a)=-(d) are the measurement waveforms without
feedforward loop while Figures 73 (a)-(d) are for the case
with feedforward loop.

Comparing the plots of the computed wvalues with and

without feedforward it is clearly seen that the analytical
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results agree fairly closely with the experimental data. The
analytical results show that the feedforward is effective in
reducing the output voltage oscillations =-- the amplitude of
the oscillation is reduced (Figures 70 (a) and 71 (a}); this
is confirmed by the experimental results (Figures 72 (a) and
73 (a)}.-.The plots of the input filter capacitor voltage,
output filter inductor current and the control wvoltage are
also in excellent agreement with the experimental data. Also
in excellent agreement with the measured data is the obser~
vation *hat the plots of filter capacitor wvoltage, inductor
current and control voltage do not show any noticable dif-
ference between the two cases (with and without feedfor-
ward). An explanation for this observation was provided in
Chapter 8.

It can thus be concluded that the addition of feedfor-
ward improves the transient response for the step change in
VI' as demonstrated both from the analytical result as well

as experimental data.

7.3.3 Simulation for a Large Step Change in Supply Voltage

The regulator used was the one used in Section 7.3.1 with
the same parameters. The single stage input filter parame-

ters used were:

= 1 ohm Ll = 325 microBH Cl = 220 microF
1

e S I T R
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mcpres B woven

Yo :




PP L s

T

E_ T i ".-5

et [ g -j

R

201

The supply voltage was gzbruptly switched from Vi = 40V to
25V, Experimental results for this step change are given in
Chapter 6 where a value of 0.2 ohm was specified for Ry,. A
value of 1 ohm was used in the simulation as this represents
the combined winding resistance and source impedance. The
other parameters are as specified in Section 7.3.1.

Figures 74 (a-d) are plots of the computed values of
output veoltage, input filter capacitor voltage, output £il-
ter inductor current and the control voltage, all without
feedforward.

The nonadaptive <feedforward design of Figure 67 was
used also in the simulation of transient response. When the
voltage is switched from 40V to 25V the value ©f Rgp is
changed from $0.97 ohm to 230.27 ohm in order to change the
gain of the feedforward circuit in accordance with the feed-
forward design. Figures 75 (a-~d) are plots of the computed
values of the same variables with feedforward. Experimental
measurements for the same step change in supply voltage were
presented in Chapter 6 and are repeated here for conveni-
ence; Figure 76 shows the measured output voltage ripple
without and with feedforward.

Comparing the plots of the output wvoltage ripple with
the measured data it is clearly seen that the analytical re-

sults agree closely with the experimental data. It can be
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without feedforward
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Figure 75: (a) Output voltage simulation with feedforward
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Figure 75: (c) Output filter inductor current simulation
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@)

(b)

Measured output voltage ripple without
with (b) feedforward

(a) Y—O0.5v/div X—0.5 msec/div

(b) Y—0.5v/div X—0.5 msec/div

(a) and
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seen that the requlator loses regulation momentarily and the
output voltage drops down to around 18.3V before regulation
is regained. It should be noted when comparing the analyti-
cal plots without feedforward (Figures 74) with those with
feedforward (Figures 75),-the transient waveforms are almost
identical. This is expected, since during this large signal
transient the regulator has momentarily lost its voltage re-
gulation. Therefore the ability of feedforward compensation
via duty cycle modulation is also lost momentarily. The re-
gulator is operating in an open loop fashion (under minimum
off time control). This can be verified by observing the
voltage waveform input to the regulator.

The input filter capacitor voltage in Figures 73 (5)
and 75 {b), which is.also the input voltage to the regulator
goes down close to 20V in botﬁ cases. For such a low input
voltage to +the regulator the duty cycle would have to be
close to unity to maintain regulation, which is only possi-
ble if the off time is decreased sharply. However a minimum
Topp time of 5 microseconds is implemented for various mag-
netic reset purposes and thus the regulator loses regulation
till the input filter capacitor voltage rises.

The analytical plots of the control voltage without and
with feedforward both show the large disturbance in control

voltage as a result of the loss of regulation. The plot with

\
" Ty
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feedforward does show a somewhat smaller peak value of the
overshoot than the one without feedforward but this differ-
ence is about 9%. Negligible difference is noticed between
the analytical plots of the inductor current without and
with feedforward. The large drop in current as a result of
loss of regulation is noticed in both plots, as is the over-
shoot when regulation is regained.

The analytical results thus strongly suppeort the exper-
imental data and show that the regulatior momentarily loses
its control function. It is also confirmed through simula-
tion and testing that the feedforward does not have any de~

trimental effect under large transient conditions.
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Chapter VIII
DISCRETE TIME DOMAIN STABILITY ANALYSIS OF BUCK
REGULATOR
An important concern is the interaction of an input filter
with a switching regulator which often results in system
instability. As described in detail in Chapter 2, the input

filter interaction with the regulator control loop causes a

.reduction in the loop gain which may result in system inst-

ability. When a switching regulator is acgquired as a 'black

box'

for use in a system and an input filter is put in ex-
ternally, the improper choicge of filter parameters can cause
the system to be unstable [4,5]. Work presented earlier
{4,5] showed that the input filter desién should be incorpo-
rated in the requlator design itself in order to avoid loop
instebility and other input filter related problems.

In this Chapter the stability of a buck regulator is
examined by varying the input filter parameter values. Sys-
tem instability is predicted analytically, and backed up
with experimental data. It is then shown that the addition
of the feedforward control enables one to stabilize the sys-
tem. This is verified both analytically and experimentally.

One can conclude that the addition of feedforward , in fact,

isolates the regulator from the input filter; any input fil-

213
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ter can be used with the buck regulator without causing loop

instability.

8.1 ANALYTICAL INVESTIGATION OF STABILITY

An exact time domain analysis is perfofmed to calculate the
eigenvalues of the system with a single stage input filter;
it was used to study how the eigenvalues move with a change
in the input filter parameter (inductahce). To correlate the
'exact' discrete time domain analysis results with the 'ap-
proximate' continuous +time average analysis presented in
Chapters 2 through 5, a computer program which calculzates
the closed loop poles of the continuous system was also
written. The closed loop poles as calculated using the pro-
gram track closely the eigenvalues derived frqn the exact
time domain analysis. System instability occurs for some va-
lues of f£ilter inductance but the addition of feedforuyard

eliminates the problem.

8.1.1 Calculation ¢f Eigenvalues.

The method used in calculating the eigenvalues has been de-
scribed eariier [15,16,17]. The state equations of the sys-
tem are written for the buck regulator of Figure 34 . The
state variables describing the system without feedforward
are:

x(1l) = iLl {input filter inductor current)

™

[ i l ,.r;l ==
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z{(2)
%(3)

Vo1 (inpﬁt filter capanitor voltage)

n

iL {output filter inductor current)

x(4) = Vg (output filter capacitor voltage)

2(8) = ep |

%(B) = egq
As discussed in Chapter 7 ep is the voltage at the capacitor
ch in the feedback loop while eg is the control veltage (in-
put teo pulse modulator). Except for the order in which they
appear, these are the same state variables as used in Chap-
ter 7, wheré it is noted that the system is completely de-
scribed by the above six state variables.

The state equations without feedforward are written as

in Chapter 7:

buring TON {S1 on 82 off)

v (8-1)
% = Flex + Gleu 7
During T {S1 off 852 on)
OFF (8~2)
x = F2-x + G2-u

The matrices Fl and F2 are identical to the ones in Chapter
7 except for tﬁe following reordering; the third rows of
equations (7-2) and (7-8) are moved to the sixth place with
the other rows being moved up one place to get Fl, F2 of

eguations (8~1) and (8~-2), while the third columns of equa-
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tions (7-2) and (7-8) are moved into sixth place with the
other columns being moved up one place in a manner similar
to the rows. Matrices Gl and G2 of equations (8-1) and (8-2)
are identical to the ones in Chapter 7 except that the Third
row of Chapter 7 is moved into sixth place with the other
rows being moved up one place. The vector u of equations
(8~1) and (8-2) is defined exactly as in Chapter 7.

Figure 77 serves to establish notation regarding time
instance tK etc. and the solutions to the state equations
are written as in Chapter 7:

During TOFF

x(tp + 1) = ¢p * Xltg) + Dy - 1
During Ty (8-3)
x(t, + TR+ T) = ¢ o x(t, + TE_)
2ltg T Torr N EER T Topp
+ DN u

The matrices ¢N’F&" Dy and Dy are defined, as is time step
T, exactly as in Chapter 7.
From (8-3) the following is derived [15,16,17]

ltg,p) = oy * bp © Xltg) + o0y = Dp - B

+Dg 1

(8-4)

For +the constant voit-sec. (ViTon) <uty-cycle control mode

used in the stability investigation, the Toy is fixed if Vq

=1

[l ™ P
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is fixed and Tng is determined by the point at which e in-

tersects the threshold wvoltage ET 3

4
I Dg(6,3) » u(J) (8-5)

¢F(6'I) . X(I) + 1
J=

6
o © I£l
Tg;F is thus a function of x(tg ) and (8-4) is a nonlinear
egquation [15,16,17]. Eguations (8-1l) - (8-5) thus represent
exractly the nonlinear buck requlator syvstem without feedfor-
ward.

For the purpose of stability analysis the steady state
or equilibrium state is necessary [15,16] and this is der-

ived as

Klte,) = B(t,) = x*

(8~6)

bp + X* + (¢y * Dp + Dylu

The nonlinear system is linearized for a small perturbation,

around the steady state operating point {15,16,17]:

C8r(Ey) = x(ty) - x* (8-7)

and

Sxltgegy?) = {¢N r E’F " Bltg) + D - 2]} §x(ty) (8-8)

wk
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Equation (8~8) is derived assuming that the small perturba-

tion in the state does not change the value of TGLI){FF

The expression in the curly brackets of equation (8-8) is

[15,186].

used to investigate stability:

Sx(tpy) = ¥ - 8x(ty) (8~9)

Equation (8-9) thus describes a linear system which will be
stable if and only if all the eigenvalues of }!f are abso-

lutely less than unity =--

Ili(!!!)l <1 i=1,2,3,... (8=10)

or in other words if all the eigenvalues A, lie inside the
unit circle [15,18].

The buck regulator system.with feedforward is described
by a set of seven state variables as in Chapter 7. The nona-
daptive feedforward circuit of Figure 67 was used in the

analysis and the state variables then are:

X(l) = :i.Ll

X(2) = Ve

x(3) = v (voltage at capacitor Cf)

x(4) = i (8-11)
x®(5) = A/

x(6) = ©R
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xf?) = eg

The state equations during TON' and TOFF,are written as:
buring Ty

X = Fl.gx + Gl.u (8-12)

buring Topp -

X = F2.x + G2.u (8-13)
Matrices Fl, F2, Gl and G2 of equations (8~12) and (8-13)
are similar to the ones in Chapter 7 and are defined exactly
as the ones in egquations (8-1) and (8~2). The solution of
the state equations, the definition of the equiliibrium state
and the matrix y} are identical to the case without feedfor-
ward.

A computer program was written to calculate the matrixz
y? and its eigenvalues both without and with feédforward. It
can be easily seen that by changing the single stage input
filter parameters a set of eigenvalues can be calculated
from which inferences regarding system stability can be

drawn.

8.1.2 Description of the Program Used in Calculating
Eigenvalues

A flow chart for the program is given in Figure 78 and a
computer listing of both programs is included in the appen-

dix.

]
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There are essentially three steps involved in the
calculation of eigenvalues.
First the approximate .steady state values are computed

{15,16,17], using an approximate value of the off time Torr
Topy °© Ty * (vI - Eo)/Eo (8-14)

Equaticn (8-~56) is used to calculate the approximate steady
state values g? with ISML routine LEQIZF being used to solve
the system of linear ecquations. It is to be noted that egua-
tion {8-6) is not valid for the last state variable eq since
both ¢N(6,6) and ;ﬁﬁ(a,a) equal unity, and equation (8-5) is

used to calculate e

C
The approximate steady state calculated is used to £f£ind

the exzact steady state values [13,16]. The best way of det-
ermining the exact steady state is to determine the exact
off time by iterative linearization ( Newton's method) on
the cycle-to-cycle matching condition for e [15,16,17). The

vector ZT is defined :

_ K
2L = xltg + Topg)

—_— (8-15)

with ZT(8) = ET

The c¢ycle=-to-cycle matchind condition is expressed as:
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5
SMAT = x(6) - [:Z 4y (6,1) + Z(I) + E,

I=1 (8~16)

4
+ ] Dy(6,3) - uca)]
J=1

The value of SMAT is ecalculated using the available value of
TOFF; if SMAT is smaller than a certain error tolerance then

the value of TO used is accurate. If SMAT exceeds the to-

} O iy
lerance then Newton's method is applied to calculate a bet-
ter estimate of Tgpp. The steps involved in the calculation
are:
1. Calculate ZT and SMAT.
2. If SMAT is not less than specified tolerance, then
perturb TorF by the amount DTOFE“
3. Calculate wvalues of state variables corresponding to
the perturbed wvalue of off time, using eguations
(8-5) and (8-6).
4. Calculate SMATN.

5. Calculate a better estimate of Top using Newton's

w
iteration [15,16,17].
6. Calculate a better estimate of the state variables.
7. Calculate SMAT and go to step 2.
The last step is to calculate the matix 3& and its ei-

genvalues using the exact steady state values computed

4 1
—_—

N
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above; Figure 79 is a flowchart for the calculation. The

following are defined:

FUNL (x* + Dx(I)) = [}F * x4 Dy - é]‘ {(8~17)
J ﬁ* + DX(I)
,% PUN2 (x* - Dx(I)) = [%F * X+ Dp < éﬁ (8=18)
7? x* - Dx(I)
R (FUN1 - FUN2) (FUN1 - FUN2Z :
-k = — —— e —— 8-19
‘ IEMp2 [ 2 - Dx(1) 2« Dx(6) ]sxs ()
.
? BSI = ¢, + IEMP2 (8=20)

TEMPZ is thus the matrix of partial differentials used in
egquation (8-8).

. The matrix TEMPZ is evaluated one column at a time. For
3  the I'th column a perturbation DX(I) is made in X{I). Two
' new sets of steady state values XA and XB are defined, as is
shown in the flowchart. For the new set of wvalues XA it is
necessary to calculate an exact value of off time TEFFCl in

order to obtain ¢?, DF' The error function ZETA is defined:

6 : 4
ZETA = ] ¢p(6,I) - XA(T} + ] D,(6,J) u(J) - E

- {(8-21)
o I=1 J=1 T

g

3

-
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Figure 79: Flowchart for calculating matriz ¥°
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9

Pertur - Iteration to
b TFFCL by DTopp | £ind TFFCL

Calculate épps Dgn for new set of
and ZETAN. steady state

valuezs XA

W

SLOPE= (2ETAN=-ZETA) /D’I‘OFF
TFFC1 = TFFCL -
(ZETA/SLOFE)

Calculate ¢pr Dp

IT=1T+1 i

9 1102

Calculate FUN1

A)

TFFC2 = TOFFB
IT=20

Calculate ¢F’ D

(:) 1103

Calculate ZETA

. 1104

IT>NIT

_ Yes ..aO 1003

Figure 79: continued
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Plogr
TFFC2 = TFFC2 -
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(;) 1104

Calculate FUN2
and RVAL(IRICH)
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Figure 79: continued




' 228

9 1003

Write: "Convergence not
obtained for X(I)
I= n

o]
o
n

EPRIURIN. . S SRS P Se

Calculate, 9 and
its eigenvalues

WG g T

Ficure 79: continued




)

>
[

O

229

The value of ZETA is calculated using the available value of
TFFCl, if it is within the specified tolerance then thé va-
lue of TFFCl is the value needed. 1If ZETA is not within to-
lerance then Newton's iteration [15,16] is used to obtain a
better estimate of TFEFCl, as is evident f£rom the flowchart.
The values of ﬁb"DF are obtained and then the vector EUN1
is evaluated.

A similar procedure is used to obtain the exact off
time TFFC2 for the other set of values XB. After calculation
of EUN2 an estimate for the I'th column of TEMP2 is ob-

tained.

In the calculation of the partial derivatives it was

" observed that a better estimate of the derivatives can be

obtained using the Richardson's extrapeclation method [18].

The derivative f'(a) is sometimes approximated as:

A(h) = £{a + h) Z-hf(a - h) (8=22)

where h is the step size.
A better estimate may be obtained by evaluating A(h) and
A(rh): '

- £{a + rh) - £{a - rh) (8=-23)

A(rh) 5 R
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where » is usually 0.5 [18].

Combining A(h) and A(zrh) thus:

2
B(h) =~ &{zh) = r a(h) . (8~24)
l=-r

gives a better estimate, B(h), of the derivative £'(a) [18].
Thus by combining the value of A(h) obtained from eguation
(8-22) with two wvalues for the step size h, it is possible
to get a more accurate estimate of the derivative.

In the program four values of step size were used. The
perturbation DX(I) is assigned four values and for each va-
lue the vectors FUN1 and FUN2 are calculated. This results
in four estimates for the derivatives in the I'th column of
TEMP2.  Combining these four estimates as in the program
[18] gives an accurate estimate of the I'th column.

The whole procedure is then repeated for the next co-
lumn, thus an accurate set of values for the derivatives is
obtained. Multiplying IEMP2 by @, results in the matrix ¥
[15,16,17]. Finally the eigenvalues A of the matrix P are
obtained using the IMSL routine EIGRF.

The eigenvalues with feedforward are calculated in an
identical fashion, the only real difference heing the change
in the order of the system from six state wvariables to sev-

en.

gy
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8.1.3 Calculation of the Closed Loop Poles of the System

The closed loop peoles of the system of Figure 24 can be cal-
culated. The expression for the closed leop gain 30/31 can

be easily written using Figure 33 for the case without feed-

forward:
HeF
gt e e il/A—" (8-25)
v, pc' Ty Fra * F3*FpoFyFyy
A A

with Eil' & ete. as defined in Chapter 5.
Eguation (8-25) can also be used to calculate the closed
loop poles of the system without input filter; all that is
necessary to do is to set H = 1 and 2 = 0, as discussed ear-
lier.

Expressions for E‘m, A etc. are substituted into eqgua-
tion (B-28) for the case without input filter. The resulting
expression in the denominator is then a polynomial of the

fourth degree:

2. (s) = st Rk 10) +
5° (K,KgKg + K,CJIC + KgK,CR;) +
5% (K,C]Rg + K Kg + RyK,CR, + KgK, (8-26)
+ RgnL C Ry) +

S(K7Ci + K3K2 + K3ch Rc + nL Ks)

+ K3Kl
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The constants k., ky etc. are defined as functions of the
regulator parameters like inductance L etc. The appendix
contains a listing of the program used and the constants are
defined there. An IMSL routine ZPOLR is used to calculate
the roots of P, which are the closed loop poles of the sys-
tem without input filter.

For the case with input filter the same eguation,
(8~25), is used and substitution leads to a sixth degree po-

lynomial in the denominator:

- @b
Py(s) = 8% (RoRg¥g) +

5,0 ' .
S (K7C1Y8 + K7K6Y9 + K5K4Y5) +
4 '
S (K7C1Y9 + K7K6Y10 + K3K2Y1 + KsnLYs
+ K RK.Y,.) +

4576

3 ' - -
87 (R C1¥) g+ RyRg¥yy + KKV, + KaR, ¥V, +

KSIILYG + K5K4Y7) +

2 '
ST(K,C1¥q * RoRp¥y, + KK ¥, + KK Vo

+ KgnL¥Y. + KgK,Y,) +

(8-27)

1
S(C1K7Y12 + K. R.¥Y_ + E_K.Y f nLK_.Y

RaRi¥3 *+ K3Ky¥, 5Y4)

+ K3K1Y4
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The constants ¥; etec. used in eguation {8-27) are again de-
fined in the program. The same routine ZPOLR is used to ob-

tain the six closed loop poles.

8.1.4 Location of Eigenvalues and Poles as a Function of
Input Filter Parameters.

The computer programs written were used to locate closed
loop poles and eigenvalues as @ function of input filter in-
ductance. The buck regqulator of Figure 34 was used and the
parameters of the regulator were as defined in section 6.1
except for the following changes:
V=25V Ry3 = 200 Kohms
Cy = 100 pif Ry = 10 ohm

The values of Ry and Co were changed so that the compensa-
tion leop is largely ineffective, [7,8]. This was done in
order to facilitate making the measurements discussed in
section 8.2. It was found difficult to achieve instability
in the high loop gain system used in making the measure-
ments. Making the compensation loop largely ineffective re-
duced the lbop gain so that with a large input filter the
system was made uhstable.

A single stage input filter with the following parame-

" ters was used:

R;, = 0.2 ohm L1l variable Cl = 220 microF

&2

.‘#l........_..._g‘
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: First the eigenvalues and closed loop poles without input

! filter and feedforward were calculated using the eigenvalue

|
|
'}
)
1

and the closed loop programs. Figures 80 and 81 are the
plots of the eigenvalues and closed loop peoles respectively.
It‘is noticed that there are four poles and four eigenvalues
since without input filter the system is of the fourth ord-
er.

The eigenvalues and poles are:

j z, = 0.844 * 16”7 s; = -55,000 + jO

5}

- z, = 0.12 s, = ~50,000 + jO

. 2z, = 0.98 + j0.103 S5 = -346 + 32240

o z, = 0.98 - jO.103 S, = -346 - j2240

é' The eigenvalues and the closed loop poles are related

3

Y [15]:

5

z = &7 (8-28)

ER .

o = g + Jw

- Thus
|z] = &% (8-29)
12 = ol

Knowing the location of the closed loop poles it is thus

possible to locate the eigenvalues if a wvalue of T is Known.

- In this case T is the switching period and its wvalue was
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found to be 4£1.85 microsec.; thus equations (8-28) and
(8-«29) could be used to crosscheck the results from the ei-
genvalue program once the closed loop poles are known. Equa-
tion (8-29) was used to calculate the eigenvalues and the
calculated values were found to be very close to the values
from the eigenvalue program. The two poles on the real axis
correspond to the two eigenvalues close to the origin while
the two complex poles result in the two complex eigenvalues.

Next the single stage input filter was put in and the
eigenvalues and closed loop poles calculated using the res-
pective programs. Ficures 82 and 83 are the plots of the ei-
genvalues and the closed loop poles respectively. The values
of the filter inductance L1 used were --

50, 150, 325, 450, 650, 800, 1000, 1425 and 1800 microH
Table 1 lists the eigenvalues and c¢losed loop poles, for
different 'values of Ll. Starting at 50 microH it is seen
that the complex eigenvalues move to the ricght, cleoser to
the unit circle as inductance is increased. The two eigen-
values on the real axis 2, and z,, which correspond to z;
and Z, On Figure 80 , do not move with change in inductance.
The complex eigenvalues with a re=al part of 0.98 Zg and zg,
which correspond to Zg and Z,4 ON Figure 80 , are pushed .out
of the unit circle for a value of L1 = 800 micrcH. For va-

lues above 800 microH the eigenvalues do not move much; the
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real part stays at around 1.003 for the ones outside the
unit circle and around 0.9 for the ones inside. This may

be used to explain the bunching up of the eigenvalues for

large values of inductance. Thus the eigenvalue plot of Fig=-

ure 82 predicts that the system will be unstable for values
of filter inductance above 800 microﬁ.

The plot ©f %" =2 closed loop poles, Figure 83 , shows
similar behavior. The two poles on the.real axis s; and s,
are not changed as inductance increases, however two complex
poles s; and 54 move into the right half plane, indicating
instability. The poles move across the origin at 800 microH
which checks well with the eigenvalue plot. Egquation (8-29)
was used to calculate the eigenvalues from the closed loop
poles and the calculated eigenvalues agreed clogely with the
results from the eigenvalue program for all the values of Ll
that were used, tﬁus providing a crosscheck.

The other pair of complex poles g and s, in Figure 83 ini-
tially move closer to the right half plane, then move away
from it for wvalues of L1 greater than 450 microH. This be-
havior should be reflected in the eigenwvalue plot for eigen~-
values z, and Z,, however it is noticed than in equation
(8-29) the value of T is so small that for a change'in the
real part from -300 to =500 the change in the eigenvalues

will be about 1%, which is too small a change to show up in
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TABLE 1
Eigenvalues and Closed Loop Poles for various values of Ll.
Eigenvalues Closed Loop Poles
-0.00274 + jO -55,045 + jO
0.1234 + jO -50,005 + jO
Ll = SOfJH 0.851 = -1978 £
j 0.348 j 9314
0.9806 = -339 =
j 0.1025 j 2227
-0.0028 + jO -55,045 + jO
0.1233 + jO -50,005 + jO
0.9457 = -BB2 =
Ll =150fAH j 0.2194 j 5462
0.9819 = -319 %
j 0.1026 j 2227
-0.003 + 30 -55,045 + jO
0.1233 + jO -50,005 + jO
L1 =32§ﬁ1H 0.9706 = -351 =
j 0.1539 j 3725
0.9851 = =271 &
j 0.103 j 2232
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TABLE 1

continued

Eigenvalues

" Closed Loop Poles

=0.003 + jo
0.1233 + jo

-55,045 + 30
-50,005 + j0

L = 450}£H 0.971 -323 &
j 0.132 - j 3165
0.9897 = ~214 =
j 0.1026 i 2237
-0.003 + jo -55,045 + joO
‘ 0.1233 + jo -50,0035 + jO
L = ESOfAH 0.97 =419 =
j 0.1162 j 2684
0.9975 = -49.8 =
j 0.0952 j 2189
-0.003 -« jO -55,045 + 0
0.1232 + jo -50,005 + 50
L = BOO/LH 0.97 = -433 &
j 0.111 j 2546
0.9996 = 43.6 =
j 0.089 i 2069
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' TABLE 1

contimued

Eigenvalues

Closed Loop Poles

Ll = 1000p+H

-0.003 + j0
0.1233 + j0
0.971 &

j 0.1078
1.0002 %

j 0.082

~55,046 + jO
-50,005 + jO
~513
i 2455
98.3
i 1309

~0.003 + jO
0.1233 + jO

-55,046 + jO
-50,005 + jO

L1 = 1425uH 0.972 -517 %
i 0.1052 j 2371
1.003 # 133 #
j 0.071 j 1650

Ll = ISOOfLH

-0.003 + jO
0.1233 + j0
0.972 *

j 0.1055
1.004 =
j 0.063

~-55,046 + jO
-50,005 + 3O
-511 %
j 2339
141 +
j 1487
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the eigenvalue plot. The bunching up of the closed loop
poles for higher values of Ll is also noticed; this provides
another crosscheck with the eigenvalue ﬁlot.

Thus it is seen that the eigenvalues and the closed
loop poles match both qualitatively, as examination of Fig-
ures 82 and 83 shpw, and quantitatively through the use of
equation (8-29) to crosscheck the eigenvalues. It is also
noticed that system instability is predicted for wvalues of
Ll above 800 microH.

Lastly the eigenvalues were calculitad for +the case
with feedforward using the program. The nonadaptive feedfor-
ward circult of Figure 67 was used with the following param-
eters:

Cy = 27 microF Rp, = 5100 ohms

Re, variable from 210 ohm to 300 ohm.
Figure 84 shows the plot of the eigenvalues with feedforward
for the following values of sz, with the value of L1 kept
figed at 1425 microH:

sz ='210, 220, 230, 235, 240, 260, 270 and 300 ohms
The wvalue of Rfa was changed to see the 9ffect of feedfor-

ward on the eigenvalues. Table 2 lists the esige values for

- different values of Rp,. It is noticed from Figure 84 that

there are seven eigenvalues and that the three on the real

axis z;, Zp and 23 do not change as Ry, changes in value.

.




1
t
I
|

ﬁ

[

L]

P

¥
e

{ i

245

As Ry, is increased one pair of ccmplex eigenvalues z,4 and
z2g move outside the unit circle whila the other pair zg and
Z, move inside. For the value of Ll used the closed loop
poles and eigenvalves withoﬁt feedforward clearly predict
instability, whereas with feedforward it is seen that the
system will be stable for some values of Ry, . For the regu-
lator under consideration the value of Ry, is calculated to
be 220 ohm from the feedforward design as obtained in Chap-
ter 5. A value less than the design value causes the eigen-
values 2z and 2, to be outside the unit cirsi@ while it is
noticed that a value hicher than the design value slso caus-
es instability in the system. For the desian value of 220
ohms all the eigenvalues are. ingide the wunit circle thus
clearly indicating that the addition of feedforward stabi-
lizes a system that was unstable due to the interaction bet-
ween the input filter and the regulator control loop.

As Rfa ig increased further the real parts of the com=-
plex eigenvalues do not change much but eigenvalues Z, and
zg do move outside the unit circle. For R,, between 220 and
260 ohm all the eigenvalues are inside the unit circle, with
the optimum value being around 230 ohm.

In order to see clearly the effect o¢of changing the
feedforward loop gain the open loop gain and phase margin

were calculated for various values of sz} The parameters of
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the buck converter used in the calculation were the same as
used in the eigenvalue calculation, with L1 = 1425 microH.
Figure 85 (a) - (f) shows the plots of the open loop gain
and phase margin for three values of Rg,. The solid lines
on the figures are the plots without feedforward and with
feedforward (sz = 220 ohms), whereas the triangles repre-
sent values with Ry, either lower than or higher than the
design value of 220 ohm. Exact compensation of the input
filter interaction is achieved with Rgp, = 220 ohm, with an§
value other than 220 ohm the compensation is not complete.
Decreasing the feedforward loop gain (210 ohm) results in a
loss of open loop gain at the filter resonant frequency. In-
creasing the feedforward loop gain results in a loss of
rhase margin at the resonant frequency. For a value of.240
ohm the open loop gain obtained is ¢lose to the gain with
220 ohm but the phase margin is decreased. Increasing the
feedforward gain further (300 chm) makes the situation worse
as Figure 85 (f) shows. The open loop gain in Figure 85 (e)
is decreased to around 8 db at a frequency of about 300 Hz
while at that frequency the phase margin is almost zero, in=
dicating that the systia is close to instability. This is
confirmed on examination of Figure 84 which shows that the

system is unstable for sz = 300 ohm. It should be noted

that the open loop gain with an input filter and R;»=220 ohm

is identical to that without input filter.
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It is thus concluded that exact compensation is ob-
tained at the design wvalue of the feedforward loop gain. In-
¢creasing or decreasing the feedforward gain from the design
value results in incomplete compensation. There may be no
compensation achieved at all if the feedforward gain is far
different from the design value.

It is noticed in Figure 84 as in the other eigenvalue
plot that the eigenvalues do not seem to move very much, for
example - in Figure 84 the real part of the pair Zg and_zs
changes from about 0.9885 to 0.8975 wvwhile from Figure 22 it
changes from about 0.98 to 1.004. It is noted however that
from Figure 83 the above change in real part corresponds to
a chanée in the real part of the poles from about -323 to
+140. This may be explained by noting as before that T in
equation (8-29) is fairly small so this changé in real part
will correspond to a very small change in the real and imag-~
inary parts of the eigenvalues.

From the results presented in this section it is seen
that the eigenvalue program is a powerful tool for the ana-
lysis of stability. It is also seen that for the regulator
used, a high wvalue of input filter inductance will cause
instability, but the addition of feedforward restores sta-
bility. Experimental data that strongly support this analyt-

ical prediction are presented next.
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Figure 85%: (e) Open loop gain: calculated values without

feedforward, with sz

=220 ohm and sz =300 ohm
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TABLE 2

Eigenvalues for different values of Rm .

éw-_v.-‘-»‘-l

Eigenvalues

i

e e

0.00116 + jO

¥

0.1282 + 30

o

Rey = 210 ohm 0.9998 + jO

I 0.9974¢ & § 0.0738
0.9883 = j 0.101

0.00017 + jO

L3
I,

0.1282 + jO

b d
)
I

gp = 220 ohm 0.9998 + jO

0.9963 £ j 0.0742

—

0.9807 & j 0.1006

0.00122 + 3O
0.1282 + 3O
R,, = 230 ohm 0.9998 + j0
0.9955 £ j 0.0743

0.9922 + j 0.10121

t:‘ ;: »
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TABLE 2

continued

Eigenvalues

22

235 ohm

-0.00025 + 3O

0.1282 + jO
0.9998 + jO

0.9952 % j 0.0742
0.9931 + j 0.1006

240 ohm

0.9936

-0.00011 + jO
0.1282 + jO
0.9998 + jO

0.9948 + j 0.0743

I+

j 0.10049

f2

fl

260 ohm

0.00039 + 3O
0.1283 + 3O

0.9998 + jO

0.9946 + j 0.0744
0.9941 + j 0.1011
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TABLE 2

continued

BEigenvalues

0.00023 + jO
0.1283 + jO

270 ohm 0.9998 + jO
0.9933 + j 0.0742
0.9964 + j 0.1008

0.00029 + jO
0.1285 + jO
R,, = 300 ohm 0.9998 + jO

| 0.98952 + j 0.0724

1.0054 # j 0.1036
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8.2  EXPERIMENTAL VERIFICATION QF STABILITY ANALYSIS.

In this section experimental data pertaining teo the stabili-
ty of the system are presented. The buck regulator of Figure
34 was used with the parameters as defined in section 8.1.4
with the exception that the input filter inductance Ll had a
constant value of 1.425 mi. The adaptive feedforward circuit
of Chapter 5 was used, however it is noted that if the input
voltage is kept constant, as it was in the following mea-
surements, the nonadaptive and the adaptive feedforward cir-
cuits provide the same gain.

The regulator was set up with the HP network analyser

to measure open loop gain exactly like in Chapter 6 [7,8].

" The open loop gain and phase margin were measured without

input filter, with and without feedforward. Fiqure 86 shows
the measured values éf the open loop gain and phase margin.
It can be seen that without the input filter the gain dips
down around 320 Hz =~- this may be explained by noting that
the values of R13 and C, are such that the compensation loop
{7,8] is largely ineffective. Thus the open loop gain and
phase margin correspond to a value of « = 0.355 as shown in
the literature [7,8].

The. addition of the input filter causes the gain to
fall below O db and when the gain is close to 0O db the phase

margin is only about 10 degrees at a fregquency of about 250

Forsineny
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Figure 86:

{(2) Open loop gain: measured values without
input filter, with (¢) and without feedforward
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Hz. The system is thus marginally stable and a small signal
250 Hz sinusoidal disturbance is injected into the loop to
induce unstable operation and it was observed that the out-
put voltage has oscillations. Figure 87 shows the output
voltage ripple ~- it is clearly seen that the oscillations
are around 1.2 v in magnitude. It is concluded that the sys-
tem is clearly unstable. Analysis presented earlier showed
that the syatem would be unstable for L1 = 1425 microH while
expervimental results show a marginally stable system, thus
lending support to the analysis..

Feedforward was added to the circuit and measurements
of the open loop gain and phase margin were made. It is seen
clearly from Figure 85 that the addition of feedforward re-
moves the instability ==~ this is confirmed by recording the
output voltage ripple. Figure 88 shows the output voltage
ripple and it can clearly be seen that the oscillations that
were present earlier without feedforward have been eliminat-
ed, making the system stable, The 250 Hz oscillation in Fig-
ure 88 is the injected disturbance. The analytical predic-
tion that feedforward eliminates instability caused by input

filter interaction is thus strongly supported by experimen-

tal data.
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8.3 CONCLUSIONS

It is seen that the eigenvalue analysis program is a power-
ful tool for the analysis of stability. Using a buck regula-
tor system a stability analysis was.perférmed for wvarious
values of input filcver inductance and it was observed that
system inétability was predicted for large values of induc-
tance. A valuable crosscheck was provided by a program that
calculated the closed loop poles and it was observed that
the closed loop poles and the eigenvalues track very closely
for all the wvalues of inductance used, including those va-
lues for which system instability is predicted.

The addition of feedforward removes the instability at
large values of inductance as the eigenvalue analysis pre-

sented shows. It is noticed that complete c¢ompensation of

_the input filter interaction is obtained for the design va-

lue of feedforward gain; any other value of feedforward gain
results in incomplete compensation. It ﬁas demonstrated both
from the eigenvalue analysis and the open loop gain and
phase margin plots that a too large or too small value of
feedforward gain would not be able to remove the instability
caused by the input filter interaction.

Experimental measurements were.made to confirm the ana-
lytical results presented. It was noticed that without feed-

forward the output voltage has large magnitude oscillations
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indicating system instability. These oscillations occur at a
value of input filter inductance for which the eigenvalue
analysis also prediéts instability thus tying in the analy-
sis with experimental measurements. The addition of feedfox-
ward (with the gain set to its design value) completely re-
moves these oscillations as measurement data show. Since the
eigenvalue analysis also predicted stability with the addi-

tion of feedforward, it is thus concluded that the addition

of feedforward does result in removing the system instabili- .

ty caused by input filter interaction with the regulator

control loop.

T



Chapter IX
EXTENSIONS OF THE CONCEPT OF INPUT FILTER
COMPENSATION TO OTHER CONVERTER TYPES
The concept of feedforward loop compensation to mitigate
converter--input filter interaction is extended to several

other cases, three of which are discussed in this chapter.

9.1 EXTENSION TO OTHER TYPES QF REGULATOR COMNTROL

The concept of feedforward compensation for the input filter
has been developed with reference to a buck regulator. Ex-
tensive experimental data, together with analysis, confirm
the validity of the concept. This was done exclusively on a
buck converter with multiple-loop control and constant
volt-sec duty cycle modulation. Use of other types of con-

trol are discussed in this section.

g.1.1 Feedforward compensation for multiple-loop control .
using other types of duty-cycle control

The feedforward design was presented in Chapter 5 where it
was noted that the gain of the feedforward loop depends on
the transfer function of the pulse modulator '%ﬂ . The
transfer function EM is dependent on the type of duty-cycle
control used [2,8]. In this dissertation the constant volt-

sec. type of duty-cycle control was used. However, it is
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easy to see that for other types of duty-cycle contfrol, for
example for constant frequency control or constant ¢ f time
control, the feedforward design procedure outlined in Chzp~
ter § is still wvalid. The feedforward design process pre-
sented earlier is general since it treated the pulse modula-
tor in terms of its transfer gain only. Thus other types of
duty-cycle control can be easily incorporated in the feed-~
forward compensation after the transfer gain of the duty-cy-~
cle control is identified.

As an example for multi-lcop constant fregquency control

the following pulse modulator gain is identified [8]:

2R,C!
e Y A
Fu = "l
where v {5-1)
M= VI(l-ZD)Tp

In eguation (9-1) Tp is the constant switching period. Sub~
stitution into the feedforward loop gain expression from

Chapter 5 rasults in:

o = -D%my
— Rl
2 Vb 2R4Cl

(9-2)

For a constant supply voltage D and M would be constants and

thus the feedforward gain would be a constant. An adaptive
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feedforward circuit that tracks the supply voltage «an be
realized using equation (8-2).

For multi~loop constant off time control Fy, is identi~

fied as [8]:
[}
. 2r,CY
M= Thm
_ (9-3)
M= VyTopp

where Tgppis the constant off time. Sustitution into the

feedforward loop gain expression results in:

2
_ D nVITOFF

[o] = s e—————— (9"4)
2 V°2R4Ci

For a constant supply voltage ‘D would be a constant and thus
the gain would be a constant. An acdaptive feedforward cir-
cuit that tracks the supply voltage variations can be real-

ized from equation (9-4).

9.1.2 Feedforward compensation for single-loop control

A multi-loop feedback controlled buck regqulator was used in
the feedforward design discussed in Chapter 5. However, it
is noted that in the design- procedure the feedback loop
transfer functions played no part in the feedforward design.
This is evident since the feedforward gain is independent of

the feedback loop transfer functions.

b

o
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For single loop feedback controi-the regulator can be
represented by a generalized block diagram as shown in Fig-
ure 89 . The feedback loop has as its input the output vol-
tage ripple and it can be represented as Fp, as shown in
Figure 89.Expressions for Fp and Fpy are given in the litera-
ture [8], and it is noted that the transfer function Fy es-
sentially processes the small signal variation in the output
voltage and feeds it to the pulse modulator exactly like EDC
of Figure 28 . A feedforward loop that will sense the input
filter state variables, process this informatien and feed it
to the pulse modulator can thus be designed in a manner ex-
actly as presented in Chapter 5. The ftransfer function EM
would be a constant [6] and would be a part of the feedfor-
ward gain, exactly as it is in the design presented.

As an example the following is identified for single
lcop constant frequency control [6]:

- (9-5)
Fy = (l/AOTP)

where AO, T, are constants.

P
The error processor consists of an amplifier and a lead-lag
compensation network and its transfer function Fp is availa-
ble in the literature [6]. Since Fm[is a constant the de-

sign of feedforward loop is relatively simpler as substitu-

——
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tion into the feedforward gain expression of Chapter 5

shows:

-V AT
c, = —22 8 (9-6)
2 2

vI

For constant supply voltage the gain c, 1s a constant. An
adaptive feedforward circuit that tracks the supply voltage
variations could be developed exactly as shown in Chapter 5.

It is thus seen that an exXtension of the feedforward

concept to single loop control is easily affected.

9.2 FEEDFORWARD COMPENSATION FOR THE BUCK-BOOST AND BOOST
REGULATORS :

Extension of the feedforward concept to the two other types
of regulators-- boost and buck-boost can be obtainéd follow-
ing the outline presented in Chapter 5. A feedforward design
for the buck-boost regulator is presented.

The state space model of the buck-boost regulator is
shown in Figﬁre 90. In the figure the feedforward loop has as
its input the input filter state wvariables (inductor current
and capacitor voltage). These two are multiplied by the
transfer functions Cp and c, whose properties have yet to be
determined. This state space model is based on the model

for the buck-boost power stage developed in Chapter 4. The
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feedback loopsg form the standardized control module (SCM)
developed earlier [2,7,8} and discussed in Chapter 5. The
pulse modulator has as its transfer function F IB] and has
as its input information regarding the state wvariables of
both the input filter and the output £filter. The total
state feedforward/feedback error signal is thus used to mo-
dulate the duty cycle of the switch for loop gain correc-
tion.

The generalized small signal model for the buck-boost
regulator is developed next and used to write the transfer

. S P
function vb/vk.

8.2.1 Ceneralized small sicnal model f£or the buck-boost
regulator

The generalized small signal model is shown in Figure 91, The

regulator is modeled according to the three basic functional
blocks : power stage, error processor and duty cycle pulse
moduiator,as in Chapter 5. It is noticed that in this case
the flux is a state wvariable, because it is continuous un-
like the inductor current. The transfer functionsg Eé’ghc and
EDC play no part in the feedforward design process, as ear-
lier in Chapter 5.

The power stage transfer functions F, etc. are written

.as in Chapter 5, using the following ecuations:

A

T11V + led Yo

T21VI * Typd = ¢

!

1 =T

e S Wil SR Ny

ST S N
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Figure 90: State space model of the buck-boost regqulator




L
' 7

| WSRO

j—

28 ‘ORIGINAL PAGE 1Y
OF PODR QUALITY
TarVz * T30 = Ve (9=7)
TaaVy + Typd = ip,
Thus it is seen that
I < I R
VI !
and
o - HFll
11 A
F _ (9-9)
o = 12
12 A '

The transfer functions T, 'TZI'Tsl and Tpy are developed
with d=0 and the others with ‘;I = 0. The starting point for
the derivatiori is again the small signal equivalent circuit

model for the buck-boost regulator developed in Chapter 4.

Evaluation of transfer functions with _ci\ = 0.
The equi'valent circuit model with 3 = 0 is shown in Figure
92 In Figure 92 the input filter has been replaced by its
forward transfer function H(s) and its output impedance
Z(s), the expressions for H and Z being the same as in Chap-
ter 5. From the equivalent circuit of Figure 92 the follow-

ing are derived, assuming that Rg, 20

_ H'Dl'D"RL(l + SCRc)
11 A
o H-Ls'Dl(l + SCRL)

21 ' NSA

(9-10)
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Hea
= 1 ORIGIN 2
T = Al s —
31 A " PO R‘"Q{Sgé’ i
A - aqH Lity
Ty = (R, + sL1) B
where
a, = ézL CR. + sC ' Is
1 gCRy, + SCRy (R, + D'R, + Eﬁ;
2

' ,'A
+ RSDD Rc + D RL

s = a, +D,%2(1 + scry)
DNS ‘
D, = T where D is the duty cycle.
P
Ry, ¥ Ro = Ry

{9-11)

Using the above equations the following can be derived:

Fll = Dl D'RL(l + SCRC)
LSDl(l + SCRL)

Fag1 = N
5
F33 = 24
A/H - a
- 1

41 (R, + sLI)

{9-12)

The ESR of the capacitor Rg, has been neglected in the deri=-

vation for the same reasons as outlined in Chapter 5,while

equation (5-9) is used in the derivation of T&l'
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Evaluation of the transfer functions with ﬁ

=0.

The small signal equivalent circuit with 31 =0 is shown
in Figure 93 The following are derived from the equivalent

circuit:

2 2
Vb(l + sCRc){-Dl Z + D

)y RL - DSLS}
DD'A

- 2 12 -
ng ) Ls{vb(l + sCRL)( D Dl 2 +D RL DsLs) + DVbal}
’ 2
NSDD' RLA

Ty =

2 2

2
Vb(1 + sCRL)Dl Z{(DR + DSLS - D! RL)+Vbal(DR - D1 Z)

32 7

2
¥
DDlD RLA
(9-13)

where A and a, are as defined earlier and

Yo

R P

v
-

H
i

(9-~14)
Vl =

Using the above egquations the following are derived:

2 2
_ Vo(l + SCRC){-D1 Z + D! R = DSLg}

12 DD’

Ls{vo(l + SCRL)(~D'Dl2

2
+ D' -
2 D RL DSLS + Dvoal}
2
]
NgDD' "Ry

22

— ;e o = =

e o =

e
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V (L + sCR.)D 2Z(DR + DsL_ = D'2 ) 4+ V_a.(DR - D 22)
F32 = 0 RL 1 s RL (= A 1
2
L
DD DlRL
F42 = -F32/(RL1 + sLL.)
_ (9-15)
where R = RS+DD' R, (9-16)

The feedback transfer functions Fy, Fpo and Fpo consti-
tute the two loop SCM feedback control scheme reported ear-
lier {2,8]. The transfer functions are defined in the liter-
ature {2,7,81, and it is noted that they do not play any part
in the design process, as in Chapter 5. The pulse medulator
transfer function FM depends on the type of duty cycle con-
trol used [7,8] and it will be seen that the feedforward

loop gain depends on E ., as earlier in Chapter 5.

9.2.2 Design of the Feedforward Loop

With 31 = 0 the following equations are derived £rom

Figure 91 :
A ~ l_\ - N
[vx + CoVe + °31L1] E‘M- d (9-17)
and after substitution
~ F12, .
o (=) Fy |
— = ?32 F42 (9-18)
v
X 1 c.?.('T }FM - c3( A )FM
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In the absence of feedforward i.e. with Gy = 0 = cg it can

be seen that

2 2 \
= Vo(l + SCR‘:) {"'Dl z + D' R__L-, - DSLS}FM (9_19)
DDYA

“4 ,IO H

The effect of peaking of Z is to cause a reductionAin the
gain of the transfer function and thus alsec in the open loop
gain. It is also noticed that eguation (9-18) shows the po-
siti&e zZere term in the transfer function.

With the addition of feedforward the effect of peaking
of 2 could be avoided by a proper choice of feedforward loop
gains c, and Cg. Two approximations are made to facilitate
the design:

1. The effect of the positive zero is assumed to be neg-
ligible at the frequency at which 2 peaks. Thus it is

assumed that:
2 JR- 9~20
D'"Ry - DsLg = D'"Ry ( )
This is not an unrealistic assumptibn since 2 peaks

at a much lower freguency.

2. It is also assumed that

25 » p. 2 9-2
DR - Dl zZ = Dl 4 : ( 1)

=

=3
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at the fregquency at which Z peaks. Again this is not
an unrealistic assumption given the low value of R.

Using the above assumptions, the following choice is made:

03 = 0
oD, (9-22)
c -_— .
2 VoFy

Substitution into eguation (9-18) leads to:

- 2 2 2

o _ vo(l-!-scRL){-Dl 24D RL}FM D! R}_._Dla (0-23)

v, bba a,DD, {~D, “z+p*

Vg 1PP11-Py Ry,

which leads to

- '
Vo _ Yoll + SCRID'R Fy (9-24)
Y, Day

It is seen from egquation (9-24) that the transfer function
is now independent of the peaking effect of Z. It is also
noted that egquation (9-24) is valid only at low freguencies
where the two assumptions made earlier hold. The feedforward
loop gains are very similar to the gains developed for the
buck regulator, and are identical if Ng = Np. It is also

noted from edquations (9-15) and (9-18) that the gain of Eéz




283

would be fairly small at fregquencies other than the resonant
frequencies at which 2 peaks. Thus the addition of feedfor-~
ward would not affect, in any noticable manner, the open
loop gain and phase margin at any f£requency other than those
at which 2 peaks. Thus the feedforward compensation is ef-
fective for most input filter designs because the f£ilter re-
sonant frequencies are relatively low in comparison to the

positive zero.

9.2.3 Analytical and Experimental Verification

The buck-boost regulator shown in Figure 94 was used to ob-
tain verification of the feedforward design. A multi-loop
standardized control module (SCM) type feedback control was
used [2,7,8]. The parameters of the converter are as fol-
lows:

m Stage Parameters:

Vi =20 v Vo=28v D = 0.5833 Pg = 28 watts

Lg = 220 microH C = 300 microF
RC = 0.05 ohm Ry, = 28 ohm (load)
Ng= Np = 33 Rg = 0.087 ohm

Pulse Modulator Parameters:

=3
M =V Toy 0.5%#10  v-sec.
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Control Circuit Parameters:

= v = -
Ep = 7V Ry, =43.2 Kohm  R) = 15 Kohm
Rg = 47.5 Kohm Rg4 = 40 Kohm  Rg =1.1 Kohm
n = 0.667 ¢, = 5600 pf Cy = 32000 pf

Input Filter Parameters

1’{1 = 0.2 ohm L1 = 325 microH C, = 200 microF
Ry = 0.02 ohm L, = 116 microH Cg =20 microf
Rs = 0.075 chm ( ESR of <3 }

The regulator was operated in a predetermined duty cycle
control mode {constant Vi TON control) [2,7,8].

The open loop gain can be written from Figure 91 as

F F
12 22
{F (=2} + F_F,.(—=5) }F
GT{S) = DC" A 3"AC" A M (9-25)

P
32
l-ca (T) FM

It is noted that in deriving the above egquation o is set

equal to zZero since that is the design value. Eguation
(9-25) was used to plot the open loop gain and phase margin

without input filter, with and without feedforward. The

s+ Fae

back and are defined in the literature (2,7,8], while FI?.'

transfer functions E‘.,Dc ., F and FM constitute the feed-

Fzz and Faz were defined earlier in this chapter. Equation

(9=-25) is also valid for the case without input filter, all
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that is necessary to do is to set 2 = 0, while for the case
without feedforward ¢, is set equal to zero. Figure 95 shows
the calculated values of open loop gain and phase margin. It
is important to note at this point that egquation (9-25) is
an exact equation and that the assumptions made earlier in
the feedforward design process are not made in deriving this
equation.

It is seen from Figure 95 (a) and (b) that the two
stage input filter causes disturbances in the open loop gain
and phase at the two resonant frequencies, but the addition
of feedforward removes these disturbances. The feedforward
loop is seen to be effective at both the resonant frequen-
cies though at the higher f£requency there is a droﬁ in phase
margin. The two assumptions made in the feedforward desion
process have not been used in calculating the open loop gain
with feedforward, and thus it is seen that Figure 95 indi-
cates that the feedforward is effective in eliminating input
filter interaction with the regulator control loop.

The same regulator circuit was used to obtain exXperi-
mental results using a single stage input filter:

RL1=0‘2 ohm L =116 microH Cl = 20 microF
The regulator was set up to measure the open loop gain and
phase margin [8]. The nonadaptive feedforward circuit of

Figure 67 was used in making the measurements. The feedfor-
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ward gain was calculated from eguation (9-22) as -0.009 and
this led to the following choice of feedforward circuit par-
ameters: |

Cf = 27 microF R = 5.6 Kohm R = 50 ohm

£1 f2
The input of the feedforward circuit is the input filter ca-~
pacitor voltage, and the output is subtracted from the out-
put at the integrater in the feedback loop, as was done ear-
lier.

Figure 96 shows some preliminary measurements obtained.
It is noticed that the input filter causes a disturbance in
open loop gain and phase margin at the resonant frequency
but the feedforward compensates for the input filter inter-
action to some extent. The approximation of equation (9-20)
is wvalid at low frequencies, thus if the input filter reso~
nates at high frequencies the feedforward as designed may
not be effective in completely compensating for input filter
interaction. Measurements of Figure 96 were obtained using
an input filter with a somewhat high resonant Iregquency
which can be used to explain the fact that the feedforward
is effective to a somewhat lesser degree in conpensating for
the input filter interaction. Due to lack of time extensive
experimental verification of the feedforward design was not
possible; more measuremeﬁt data 1is necessary to check the
effect of feedforward on open loop gain and phase, and other

performance specifications.

£

[
!

i

=

(|

===

£

=

i)

| ——




S

et

[

(mo—

-
¥
S P

G aw (db)

30

20

o

290

ORIGINAL PAGE =

€ fis

OF POCR QUALITY

Withoul ¥ eed][‘crwam' —_—

).

ico

Figure 96: (&)

1K 5K

Freavency {Ha)—>

Open loop ¢gain: Measured values without

input filter, with (e) and without feedforward

1

7

P Ty



i i W s A Y
) .
-

B . Mihaui_.’[‘eedforwa.ral e

291

 PRGE
ORIGINAL P

30 T

Puase
MarGgin(®)

L o Withaol fpul .P-Hizr —_—

9g¥ T e -

105 1k 5K
Frequeney (Hz) —>

Figure 96: (b) Open loop phase margin: Measured values

without input filter, with {e) and without
feedforward

L .,..i




h

I

292

The feedforward design process for the boost regulator
would be identical to the one presented above; similar as-
sumptions may be necessary to accomodate the positive zero

in the boost regulator transfer function.

9.3 REMARKS
The following observations are made:

1. The feedforward design process presented in Chapter 5
is general; it can be used for any type of duty cycle
control and f£or single loop or multi-loop feedback
control schemes.

2. The prohlem of input filter interaction with the re-
gulator control loop is present in the buck-boost re-
gulator also and the concept of fezdforward compensa-
tion can be extended to design a feedforward loop

that eliminates the interaction.
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Chapter X
CONCLUSIONS AND FUTURE WORK

10.1 CONCLUSIONS

A novel scheme for input filter cumpensation is presented in
this dissertation. The input filter, while a necessary com-
ponent of a switching regulator,interacts with the regulator
control loop and thié interaction can cause serious perfor~-
mance degradation such as loop instability, degradation of
transient response, audiosusceptibility and the output impe-
dance characteristics 1[3,4,5,6,10]. These problems are
caused mainly by the peaking of the oﬁtput impedance of the
input filter and its interaction with the control loop.
Conventional input filter design technigques for single
stage and two stage input filters [3,5,6] minimize the peak-
ing effect but this often fesults in a penalty of weight or
loss increase in the input filter. A novel feedfofward com-
pensation scheme is developed for buck regulators that eli-
minates the undesirable interaction between the input filter
and the regulator controel loop. The compensation scheme is
implemented by a feedforward loop that senses the input £fil-
ter state variables. Extensive analytical and experimental
data confirm that the regulator is made immune to the peak-

ing of the input filter output impedance.
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The following ©points regarding the feedforward

compensation scheme presented are noteworthy:

1.

The feedforward design process is straightforward and

it is seen that the feedforward loop gain is indepen--

dent of the type of feedback control used and of the
feedback loop tranzsfer functions.
An important chariacteristic of the feedforward con-
trol scheme presented is its ease in implementation.
Extensive experimental data supported by analytical
results show that significant imprdvement in perfor-
mance is achieved with the use of feedforward in the
folleowing categories--

{(a) open loop gain and phase margin;

(b) audiosusceptibility;

A(c) ocutput impedance; and

(d) transien: response.
The data shows clearly that the peaking effect ¢f the
input filter output impedance is eliminated with the
use of feedforward.
It is shown that the feedforward loop is independent
of the input filter parameters and also. independent

of the input f£ilter configuration.

Examination of the extensive experimental data con-

firm that the use of the feedforward compensation
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scheme does not have any detrimental effect on fegu~
lator performance.

1f a switching regulator is acquired as a 'black box'
for use in a system, providing an inadequate input
filter could lead to system instability [4,5]. This
is shown analyticaliv using a program that calculates
the eigenvalues of the system, and confirmed experi-
mentally. It is then shown that the use of the feed-
forward compensation scheme can stabilize a system
that was made unstable due to input f£filter interac-
tion with the regulator control loop. Experimental
verificatien of the stabilizing action of the feed-
forward loop ;s presented and this shows that an ar-
bitrary input filter may be used with the feedfoy-
ward- loop controlled regulator.

From the results presented it is logical to conclude
that the feedforward loop can provide effective com-
pensation for an unknown source impedance. For exam-
ple, a preregulator which often has an unknown, dy-
namic output impedance can interact with a switching
regulator downstream and result in system instabili-~
ty. The feedforward circuit effectively isolates the
switching regulator from its source thus preventing
interaction between the switching converter and

eguipment upstream.
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The use of the feedforward compensation scheme re-
moves some of the input filter design constraints
thus making the input filter design process simpler
and allows the input £ilter to be optimized. A high
performance regulator system with an optimum input
filter can thus be realized with the use of the feed-
forward compensation scheme.

The feedforward design concepi presented can be easi-
ly gxtended to types of control other than those used
in this dissertation.

Extension of. the concept of feedforward compensation
to other types of switching regulators is possible.

Such a scheme for a buck-boost regulator is presented

and preliminary results indicate the wvalidity of the

compensation scheme.

SUGGESTIONS FOR FUTURE WORK

The following suggestions for future work are made:

1.

The concept of feedfofward compensation £or buck-~
boost switching regulators needs to be verified ex-
perimentally. Data indicating the effect of wusing
the feedforward scheme on performance categories like
audiosusceptibility, output impedance, transient res-

ponse and stability is also needed.
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An investigation into the use of the feedforward com=-
pensation scheme fox the boost converter should be
made.

The use of the feedforward loop is shown to isclate
the regulator from its source, and this could be used
to advantage in situations where regulators are put
in series/parallel for load sharing.

Current injected control is an important mode of con~-
trol and an investigation of the feasibility of using
feedforward compensation for this type of control
could be made.

Single loop control using the constant fredquency duty
cycle type contrel is very widely used and test re-
sults using feedforward compensation for this type of
control are needed.

It may be possible to simplify the adaptive feedfor-
ward circuit by using the dc component of the input
filter capacitor voltage instead of the supply vol-
tage. This may have an effect on the transient res-
ponse for a step change in supply voltage since then
the duty cycle would change in accordance with chang-

es in input filter capacitor wvoltage.
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Appendix A

SOETWARE FOR

DISCRETE TIME SIMULATION OF A BUCK REGULATOR
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* PISCRETE TIME SIMULATION OF A BUCK CONVERTER, #
N Rt b et e e A T S A s L

THIS PROGRAM SIMULATES THE STEADY-STATE BEHAVIOR AS WELL AS
THE TRANSIENT PERFORMANCE FOR A BUCK REGULATOR
WITH INPUT FILTER, WiTHOUT FEEDFORWARD.

DHIENSION X(6,9000),F1(6,6),F2(6,6),61(6,4),G2{6,4),TIME(S00D),
1u(l),PHIF(6,6),PHIN(6,6),DF{6,4),DN(6,4), TVECT{u), TSHIT(2),
2VISWiT(2),vDe{9000), PHIFT(6,6),DFT({6,4), TVEC2{9000}

DIMENSIOR F3(6,6),G3(6,4),TVEC3(8),Pi.FT3{6,6),DFT3(6,0),
1PHIF3(6,6),DF3({6,4)

REAL L1,L,K1,K2, JIQMAX

DATA RL1,L1,C1.L,RO,RN,RC,C/1.0,325.E~6,20.E-5,230.E-6,0.2,0.65,
20.067,300.E~6/

DATA RL,R11,R12,R13,R14,62,RY,CP1/20,0,33.3€3,16.7E3,2.E3,
147,.E3,0.01E-6,40,.7E3,5600.E~12/

DATA ER ET,V!,E0/6.7,7.0,00.,20./

DATA TON TOFM!N TbNIT VISHIT VITON/2. ?0E-5 5.E-6,0.003,10.,
125.0, 50.,0 88E-3/

DATA NIT, FRAGC,EPS,TF/10,0.5,%.£~6,0.012/

DATA 1QMAX,EQ,ED/8.0,0.2,0.7/

CL15=0.,5291665

VC15=39. 48866

EGS=7.0

CLS=0.09291243

VCS8=20.05715

ERS=20.05712

V05=19.99638

TON=VITON/VI

Ki=(R12/{R14#{R114R12) } )+( 1. /R13) (RN/RL)
K1=K1-{ RN¥RO*({ RL+RC) }/{ RU#RLH*RC
K2={RN/R§)~{1./R13)=(R12/{RI4*(RT1+R12)})
Do 1 I1=1,6

DO 80 J=1,4

Gi{1,4)=0.

G2{i,J)=0.

DF(1i,4)=0.

DN{ 1,J)=0.
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80 DFT(!,J)=0.
Do t J=1,6
Fi(1,J)=0.

1 F2{1,Jd)=0.

c

Do 2 t=1,6
Do 2 J=1,6
PHIFT(1,J)=0.
PHIF{1,J)=0.

2 PHIN(I,J)=0.

c

F1{1,1)=(=-1._#RL1})/L1
F1{1,2)=-1./L1
F1{2,1}=1./C1
F1{2,4)=-1./C1
F1{3,2)=(-1.#RN)/(CP1*RY )
F1(3,4)={~1,#RLERC#K1)/(CP1#({RL+RC) )
F1{3,5)=(RL¥K2)/{CP1#{RL+RC} )
Fi{3,6)=1./{CP1#R13)
F1{0u,2)=1./L
Fi{4,bY={-1,%¥RO}/L+{~1.*RC¥RL)/{ L¥(RC+RL})
F1{4,5)=(-1.*RL)/({L*{RC+RL))
F1(5,U4)=RL/{C#{RL+RC))
Fi(5,%9)==-1./(C*{RL+RC) )
F1{6,1}={ RL¥RC)/(C2¥RI3*{ RL+RC))
F1{6,5)=RL/(C2%R13#*(RL+RC))
Fi{6,6}=-1./{C2¥R13)
G1{1,1)=1./L1
G1{3,2)=1./{CP1#R14)
G1{3,3}=RN/(GP1#RY)
GI{l,3)=-1./L
Bo 3 1=1,6
Do 3 J=1,6

3 F2(1,d4}=F1{1,J)}
F2{2,4)=0.
F2{3,2}=0.
Fe(h,2)=0.
¢2{1,1)=6G1{1,1)
G2(3,2)=61(3,2)
G2(3,4)=RN/{CP1%RY)
G2{i,4)==-1./L
ne 530 I=166

=1,

boc
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531

532
530

535
536

704

F3(i,J)=F2(1,J)
DO 532 J=1,4
Gi{1,3)=6G2{1,J)
CONT INUVE

D0 535 1=1,6

NSWIT=0

1 TEMP=NSWIT+1
TAA=TSHIT{ I TEMP)
NT=0.1+1./FRAC
TOFF=TON*(VI~EQ}/ED
TIME(1}=0.0

ND=1

M=0

1T=0

T=FRAC*TQFF

CALL STRAN{T,PHIF,DF,¥2,62,6,4,6,4,1,0,EP5, BIFMAX, ITER, |FLAG)

T=FRAG#TON

CALL STRAN(T,PHiN,DN,F1,61,6,4,6,4,1,0,EPS,DiFMAX, | TER, | FLAG)
WRITE(6, 701 )

FORMAT{//,' VALUES GF X ON THE NEXT PAGE')

X{1,1)=CL1S
w2, 1)=ve1s

It

]
am
[l 2]
wen

=VCS
=ERS

iy oo gy g
I I7] PP T e e s
<
<
W

1A T e b ke
[=F=3--

:c::gxxxx
FWN W

s ot oy
el el mat r an kW W W W

IF(X{3,ND).GE.ET} GO TO 60
TEMPA=ABS(X(3,ND)-ET)
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571

572

513

579

574
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{F{TEMPA.LT.EPS) GO TO 40
CONTINUE
IF(X({3,ND}.LT.ET) GO TO 28

S HA 1 I A e E A e e 3 R A

MINIMUM OFF TIME CALGULATION #
AR B R B R R R

T=TOFMIN
ggL% ?T?AQ(T,?HIFT,DFT,FE,GZ.E,u.ﬁ,h.I.O,EPS,DIFMAX,ITER,IFLAG)
TVECT( 1 )=X{1,ND)

CALL FUTURE(TVEC1,U,PHIFT,DFT,6,6,6,4,6,6,6,5,1)

TEMP=TIME(ND)

ND=ND+1

TME{ ND)=TEMP+T

Lo 7 1=1,6

X{1,ND)=TVECI( 1}

VO{ND}=( RL¥RC)™X( 4, ND)/ ( RLERC }+RL*X(5, HD}/ (RL+RC})
:;%Kéh,ﬂﬂ).GT.D.ﬂ) GG TO 570

IF{ABS(X(},ND)).LT.EPS) GO TO 579 '
ITI=ITi+1

IF{NIT.GE.NI{T) GO TO 100

SLOPE3=F2{l,4)¥X{4,ND)+F2( 4,5} #X(5, ND)+G2( 4, 4)#U{l) ’
T3=-X{l,ND)/SLOPE3

CALL STRAN(T3,PHIFT3,DFT3,F2,62,6,u4,6,4,1,0,EPS,DIFMAX, ITER, | FLAG)
DO 572 1=1,6

TVEC3{ | }=X({1,ND)

CALL FUTURE(TVEC3,V,PHIFT3,DFT3,6,6,6,4,6,6,6,4,1)
TIME(ND}=TIME(ND}+T3

Do 573 1=1,6

H{1,ND)=TVEC3(})

VO(ND)=RL¥RC¥X( I, ND ) +RL*¥X{5, ND)

VO(ND)=VO{ND}/{RL+RC)

GO TO 571

CONT INUE

CALL STRAN{T3,PHiF3,DF3,F3,63,6,4,6,4,1,0,EPS,D1FMAX, ITER, | FLAG)
DO 574 1=1,6

TVEC3 (1 )=X{ 1,HD}

X{l4,ND}=0.0

CALL FUTURE(TVEC3,u,PHIF3,DF3,6,6,6,4,6,6,6,4,1)

TEMP=T IME( ND)
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ND=ND+7
TIHE(NDJ"TEMP+T3
DO 575 1=1,6
575 - X{1,ND)= TVEB3( }
VU(NDJ {RL*X(5,NDJ)/(RL*RC)
570 CONTINUE
. GO TO 10

S AR S R R R R
OFF TIME: GALCULATION: *
-H-%!--}i-'%Ht-H-H--H-ﬂ-*-ﬁ--}i-ﬂ-ﬂ*#*%i&**ﬂﬂ-*%*%ﬁa}***ﬂ-*-H--Hi!--ﬂ-ii-

28  T=FRAC*TOFF
(T=0
25  CONTINYVE
- 0o 8 1=1,6
8 . TVECT())=X{1,ND)
[F{ND.LT,300) GO’ TO 5000
WRITE(6, 706)
706 FORMAT{//,' STATE VECTOR IN OFF TIME'}
WRITE(6,9004){TVEC1({1), I=1,6
9004 FORMAT(6F15.11)

ooaan

L2
WRITE(6, ) VO(ND)- o
5000 CONTINUE 28 ©
IF(%(1,ND}.LE.0) GO 70 502 o 5
GALL FUTURE(TVECT, U, PHIF,DF,6,6,6,4,6,6,6,4,1) QA
TEMP= TIME(ND) <
" ND=HD+ o T
TJME(ND)—TEMP+T G 22
-~ DD 91=1,6 = 9
9 - X[{1,ND)STVECI{!) ot
VO( HD )=RL¥RC#X( i, ND)+RL#X(5,ND) . R
Vg(ND}*VD(ND)/(RL*RC) . "
502  CONT INUE
Fode e R A R B R R R R
# CALCULATION TO FIND WHEN X{L)=0 ¥
QE-H-*-H--H-Wﬁ*%****‘&*ﬁ%**M*%‘E**%*WF-}F*'&
ITI=0
o S oot S -k W o S S SRR o NN s SN oot SN s S S i S ssont SR s NS St S vt




503 §$§A?$§§g ,ND)).LT.EPS) GO TO 509
1F{1T§.GE.NIT) GO TO 100
SLOPE3=F2( 1, 4§ ) #X( &, HD)+F2(h,5 }#X(5, ND)+62( 4, u)*U(n)
T3=-X(it,ND)/SLOPE3
, CALL STRAN(T3,PHIFT3,DFT3,¥2,62,6,4,6,4,1,0,EPS, DIFMAX, I TER, | FLAG)
' DO 504 |= 1.6
‘508 TVEC3(1)=X(1,ND)
CALL FUTURE{TVEC3,U,PH!FT3,DFT3,6,6,6, 1,6,6,6, u 1)
, TIME{ ND}=T1MEIHD)+T3
: DO 505 1=1,6
505  X{i, ND)-TVECS( P)
: VO( D )=RL¥RCEX{ It ND)+RLEX{5, ND}
gg(ND)ugO{ND);(RL+RG)
509 GONTINUE -
gALgung?N(T PHIF3,DF3,F3,G3,6,4,6,4,1,0,EPS,D1FMAX, I TER, | FLAG)
_ 0
540 TVEC3{1)= X(I ND)
. X(4,ND)=0.D
CALL FUTURE{TVEG3,U, PHIF3,DF3,6,6,6,4,6,6,6,4,1)
TEMP=T IME{ND)
ND=ND#1
~ TIME({ND)=TEMP+T
. DO 511 i=1,6 ,
511 X{1,ND)=TVEG3(
vo(fiD)= {RL*X(),ND))/(RL*RC)

520 CONTINUE

IF{X{3,ND).GE.ET) GO TO 30

G0 TO 25
c
C *%ﬁ**%**%%ﬁ%ﬁ****ﬂ*ﬁ%&*%****ﬁ%ﬁ%ﬁﬁ%%&ﬂ%
o ‘GALGULATION TO HIT THRESHOLD VIIEN #
c X{3)=ET. . #
c I R R R
G

w
[ ]

iF[A?S(X(S ,ND}~ET).LT.EPS) GO TO 40

IF(IT GE.NIT) GO TO. 100

SLOPE=F2{ 3, 1 }#X{ i, ND) +F3({ 3, 5 ) BX(5, ND) +F2( 3, 6) #X( 6, ND)
SLOPE=SLOPE+G2(3, 2)#U{2)

T—(ET-X(S ND)}/SLOPE

T §

8 2BV NSO
y0¢€
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5001~
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60
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CALL STRAN(T,PHIFT DFT, F2, G2,6,4,6,4,1, D,EPS,DIFMAX,ITER IFLAG)

DO 10 1=1,6'

TVEGT{ 1)=X({1,ND)

CALL FUTURE(TVEG1,U, PHIFT,DFT,6,6,6,4,5,6,6, u,l}
TIME(ND)"TIME(ND)+T

D0.71 .1=1,6

X{1,ND)=TVEG1{1}

VO[HD)=RLERC*X(4, ND)+RL*X(5,MD)
VO(ND}uVﬂ(ND)/(RL+RG)

'CONTINUE
LF{ND.LT.300} GO TO 5001
WRITE(6,440) TIME(ND

)
FORMAT({ /, 'SWITCH ON TIME=' .F15 1)

CONT INUE
IF{TIME(ND).GE.TF} GO. TO 120

BRI R SRR A R

'CHANGE V1,TON,TOFF AT THE SWITCHING ~ #
‘INSTANT. ALSO CHANGE PHIF,DF, IF #

NECESSARY. #
*%*********ﬂ*ﬁ***#ﬂ%*ﬂ*%%ﬁ****ﬂ?*******

TF(TIME(ND). LT TXX) GO TO 60
NSWIT=NSWI T+

ITEMP=NSWIT+1
TXX=TSWIT( I TEMP)
VI=VISHIT(NSWIT)
TON=YITON/V?
To¥§~5?u*171-so)150

Lo
| T=FRAGHTOFF .
CALL STRAN(T, PHIF,DF F2,62,6,4,6,1,1,0, EPS, DI FUAX, I TER, | FLAG)

T;FRAG%TOn

T—FRAG*TON

!_?:,t.-—‘-’i %1 NS

MIBRIO
S0€

W

ot h
ey

X!

A1ET9ND HO0d 40
111

.GALL STRAN(T, PHIN, DN F1,61, 5 u,&,u,1 B,EPS DIFMAX, I TER, 1 FLAG)
:CONTINUE ' '

Ij T
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709
. 9005°
T OMRITE(G, ¥

c5002

Do 12 I=1,
CTVEGT(1)=X
AF(ND, LT,
WRITE(6,7

-H--H--H'-.‘i-ﬂ**%ﬁﬁ*ﬁ****ﬂ***ﬁﬁ*ﬁﬁ*ﬂ R**ﬂ**ﬂ-ﬁﬁ-ﬂ"}*

© ON TIME.CALCULATION
-*****ﬁ***%**ﬂ***ﬁ%**ﬂ**ﬂ**ﬁ***ﬁﬂﬁﬁﬁﬁﬁﬁﬁ

CONT 1 HUE
ad o 5002 .

ATE VECTOR IN ON TIME')

6
{1,N
00
g}
i E
EGI(1),1=1,6)
)

3
70
FORHAT(/{6
15

¥
STA
WRITE(6,9005) (TV
rUBMATIGF 113 -
O( ND
CONTINUE ~
GALL FUTURE(TVEC1 U,PHIH nn,s 6,6, u 6,6,6,1,1)

TEMP—TIME{ND}

- ND=ND+]

TIME(ND)=TEMP+T

g0 13:1=1,6

K1, ND)nTVECI(
VD(ND)"RL*RG*X(H ND}*RL*X{5 ND)

: VO(ND)~VD(ND)/{RL+RG)

M=M+
IF(K(H ND).GE. IQMAX) GO TO 70

CIF(MLLT, NT) 60 10 65

GO TQ 999 -
#ﬂ%ﬂ*ﬂ**%**#ﬁﬂ%%ﬁ%ﬂ%*##**ﬁ*&***ﬁ%*ﬂ**&%
‘CALGULATION 70 FIKD WHEN INDUCTOR :

-CURRENT HiTS THE THRESHOLD VALUE.
%*****ﬁ*ﬁ*%ﬂ%***ﬂ%%*%ﬂ%ﬂﬂ%ﬁ%**ﬁ****ﬁ*%*

?gNTIHUE )
:;???S(X(u ND)~1QMAX) . LE. EPS) GO TO §99

IF(IT.GE.NIT) GO TO 100

SLOPE2=X{2, ND}*F1{4,2)+x(q ND)*F1(u HYHX(5, ND)#FT(H,5)

T=( 1QMAX-X{4, 1D ) ) /SLOPE
CCALL STRAN[T PHIFT,DFT,; FT G1,6,4,6,4, 1 0,EPS,DIFMAX, ITER, IFLAG)

90¢
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DO 15 i=1,6

TVECT( I }=X{}, ND)

“ CALL FUTURE(TVECI U,PHIFT DFT 6, 6 ﬁ,u 6,6,6,4,1)

16
 :_vV0(ND) vo(ﬂo);{RL+nc)

’hua

Y 5003

© 100
7:,f120

e _103.
104 - :

7 D0°105 1=1,ND. - _

: 4'1b5A£WRITE(8,TO3) TuME(:),xtu :)_

201

106

999

: IF(TlME ND) LT.TF) GO TO 20

60 TO 1 )

.CDNTJNUE

~HWRITE( 6, 20“) TIME(ND)

_'FDRMAT(/,'MAKIMUM ITERAT!ON AT TIME" ,F15.11)
'CGONTINUE "

Do 1on i= ND o

- WRITE( S8, 103} Tqu(l) XKS I]

:FORMAT(ZEEO 10)

‘TIHE(ND)=TINE{ND)
DO 16 1=1,6
X1, ND)—TVEC1{

)
- VO(HD)=RL*RCHX (1, ND)*RL*X(S WD)

LONTINUE _
IF{ND.LT.300) GO- To 5003

WRITE(S, HH2} TINE(ND)

FORMAT(/, SWITCH OFF TIHE—’ F15 11)
CONTIN

vd TUNIDIEO

1320

GONTIHUE-

ALYND ¥ood [0

g
[

CONT INUE _ _
DO 106 I=1,ND’ o
WRITE(S, 1031 TIHE(I) vogl)
CONT I NUE

D0 107 = 1,RD

h

.o
H

CONTIN

' %"HRITE(B ,103) TIRE(I),XIE 0
07 -
.00 14 1=1;ND

TVEC2( | )—VO{ )
CALL- ABPLOT(NB, TIME TVECQ)

. 8TOP
END

1 SUBROUT[NE STRAN(TAU PHI THETA, A, 8, NA, NB, MA, MB, MODE, NTERMS,
1 TOL DIFMAX,]TER IFLAG)

it R vt R oo S v R v S ey B ci

N i RN v S o

LOE
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PHI{NA,NA), THETA{NA,NB],A[NA,NA}, B{HNA, N3},

1 HDRK1(1D 10), HORKZ(iO 10) DUMMY(T 1},FAC1 CON1, EACE Cap2

C1=1-
TE=TAU -
DO 4 I=1;MA

DO 2 J=1,MA

- FAGT=1

WORK1{ |,J)=
HORK? =
!

—
!

THETA( I,
DI THAX=]
NDO=50

TF{NTERM3.GT.0) NDO=NTERMS

- IFLAG=0

‘PG 1000 1=1,NDO

- CALL MKMUL(DUMMY WORK1 A,TS,T 1,10,10,NA,NA, MA,HA,MA,NA.T)

FACT=FACTH#I

CON1=1./FACT

lF(NTERMS EQ.0.AND.1.GE, h) GALL SERROR{PH! HORK1 CON1,HNA, NA '

110,10, MA, MA, DI FMAX)
" CALL MXADD(DUMMY;PH! HORK1 ,C1,CON1,7,1,NA,NA,10,10,MA, MA, 1)

- JF{MODE.EQ.2) GO TO 5

- FAC2=FACI¥( 141)

" CoNZ2=TAU/FAG2

500

1000
1100

CALL' MKADD(DUMMY WORKZ, WORK1,C1, CDN2,1 1,10,10,10,10,MA, MA, 1)
CONT INUE -

ITER=1 ..

{ F(NTERMS. GT.0.0R: | .LT, 4) GO TO 1000

IF(DIFMAX.LE.TOL} GO TD 1100

CONT | HUE -

CONT INUE

IF(MODE,EQ,1) CALL MKMUL(THETA,WORH& B,C1,NA,NB, 10, 10,NA,NB
1°MA, MA, MA, 1B, 2)

1F{ I TER.EQ. NDO. AND. NTERMS . EQ. 0} IFLAG=1

RETURH

ALYND ¥O0d Ao
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END.

1 SUBRUUTINE SERRDR(AMX BMX,GGC,IA,JA IB,JB,IDO,JDO,DIFMAX)
. DIMENSION AMK[IA,JA),BHK(IB. B) ' '
DIFMAXET.E~30
po. 100 I=1,1D0 _
DO 50 J=1,J00
FF{AMX( L, J) £Q.0.0 )} GO 70 50
GHANGE= ABS(BHX(I J YRCCC/ANK{1,4) )
“ JF(CHANGE, GT DIFMAX) D[FMAR—GHANGE
50 CONT1NUE .

- 700 CONT!NUE -

"RETURN -
. END

-1 SUBROUTINE FUTURE(X,V, PHI, THETA, LP,MP, LT, NT, I P,JP, IT,JT, MODE)
DIMENSION X{MP},V(MT), PHI (LP,}P), THETA{ LT, MT), TEMP{20)
D020 1=1, 1P, C , -
. sli=0 - '
DO. 10 J=1
10 sum~sum+pu|{1 J)*X(J)

©. 20 TEMP{1}=5UM

Do-30 1=1,1pP
30 X1 )=TEWP( I}
- {F{MODE.EQ.2) RETURN
DO- 60 1=1,17
SUM=0
‘DD 50 J=1,
50 SUH“SUM+THETA(! JI*V(J}
AL 1)y=X{1}+SUN
60 CONTINUE

" RETURN
END

11Sgg§g?TlNE MXADD{ RMX, AtX, BMX, AGG, BCC, IR,JR, A, JA, IB,JB, 110,400,
DIMENS10Y"® AMXL1A,JAY, BMX{1B,d8), RMX( IR,JR)

IF{1A;LT,1D0O.OR, JA.LT.JD0) GO TO 999
LF{IB.LT.ID0.0R.JB.LT. JDD) GO TO 999
GO TD {10, 100) , IODE A

F."'..‘."T..t:]

| St

[ W

7

b 1
e

ALvn0d yood 40

£

Al

[e=ss ]

d TBRO

k1
[

[ S pnpey A

60€

Lt |
5




WA e Gy

e T

10 CONTJNUE .
DO 50 I= ,IDO
D0 50 J=1,JD

50 AMK(I J)‘AHK(I J YRACCHBMX{ 1, J}*BGG

[
N

GO

100G CONTINUE

FE{ IR, LT. IDO,0R, JR LT.JDO) GO TO 999

Do 200 i=1,14D0
DO 200 J=1, ,4D0

200 RMX(I J)—AMX(I J YHACC+BMX{ 1, J )¥BCC

I F{ 1DA¥ | DB#JDA%JDB. GT . 1A% 1B JA%IB)
IF{sDB.GT.JDA} GO TO 999
GO TG {10,210),MODE
. 10°D0 100 1=1, IDA
PO 20 L=1,JDA
206 TEMP{L)=AMX{1,L)
DD 80 J=1,JDB
StM=Q
. DO KO K=1,JDA
4O SUM=SUMFTEMP{K)*BMX{K, J)
AMX{ 1,J)=SUM¥CCC
80 CONTINUE
100 - CONT I NUE
GO TO 600
210 CONTINUE
1F( IR.LT.1DA,OR.JR,LT.JDB) GO TO 999
DO 400 i=1,1DA
DO 380 J=1,JDB
SUM=0
. DO 340 K=1,JDA
340 SUM=SUMHANX( 1, K)#BMX(K,J )
" RMR( 1, J }=SUMHGCC
380 GONT | NUE

- 0O GONTIRUE

300 RETURN
999 GONT!NUE
. RETURN

END

1 S#BEO?T! HE MXMUL(RHK AMX, BHX, CCC, IR, JR, 1A, JA, IB,JB iDA,JDA, 1DB,JDB
t,HobE
DIMENSIOH - AMX{1A,JA}, BMA( 1B,JB), RM#&IR,JR) » TEHP{20})
GO 959
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600 RETURN

999  GONTINUE
RETURN
-END
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DISCRETE TIME SIMULATION OF A BUCK CONVERTER #®
HHELE RSN E RN RS SR SRR R SR R R RN S

'THfS PROGRAM SIMULATES THE STEADY=STATE BEHAVIOR AS WELL AS
THE TRANSIENT PERFORMANGE FOR A BUCK REGULATOR
WITH INPUT FILTER AND WITH FEEDFORWARD.

DIMENSION X(7,9000),F1{7,7},F2(7,7),61{7,4),62(7,4}, TINE{90CD),

N, PHIF(T,7), P"IN(? 7}, DF{? i), DN{? h), TVEGI(?} TSHITla),
EVISWIT(E} VO{QUDU),PH!FT(?,T) DFT(?,H) TVE02(9 ODJ
DIMENSION F3(7,7], ?3(7 S}, TVEGS(?),PH!FTS(? 7},DFT3{7,4),

1PHIF3(7,75,953;7,
REAL L1,1,K1,K2, 1OMAX, K3

DATA RL1,L7,C1,L,RO,RN,RC,G/1.0,325,.E~6,22,E~5,230.£~6,0.2,0.65,

20,067, 306, E-B/

DATA RL, R11,RM2,R13,R14,62,RE,CP1/20,0,33. 363, 16.7E3,2.E3,
147.E3,0., OTE-G 0. 7E3 5600. E—12]

DAYA ER ET,V1,E0/6.7,7.0,40.,20./

DATA TON TDFMIN TSHIT ViSWIT,VvITON/2.20E-5,5.E~6,0.003, 10.0,
125.,50.,0.88E-3/

DATA NIT,FRAC,EPS,TF/10,0.1,10.E-6,0.0120/

'DATA 1QMAX, EQ.ED/6.0,0.2,0.7/
DATA. RF1,RE2,CF, VFS§/5. 1E3,90.970,27.E-5,0.0507E~1/

CL15=0.69552390
~ o
- ey

VC15=39.87245
ECS=7.0 '
GLS=0. 40158130
VGS=20.06141
ERS=20.06143
v08=20.02125
VFS=%0.38948170

TON=VITON/VI

RI=(RI12/(RIU¥{R11+R12) } }+{ 1. /R13 )~ (RN/RY }

K1=RI~( RN#RO*{RL+RC) ) /{ RU*RL¥RG)

K2=(RN/RI)-(1./R13)~(RI12/(R1I4¥{R11+R12)])
. K3=RFa/{RF1+RF2)

B0 1.1=1,7

DO 8D J=1,4

G1{1,J)=0,

Gz(1,J)=0.

\IEND
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; CDF{1,4})=0.
- DR{1,d =0.
80  DFT{1,J)=0.
: po 1 J=1,7
< F1{1,J}=0.
c1 F2(1,4}=0."
- Bo 2 1=1,7
DO 2 J=1,T7
_ PHIFT(1,J)=0.
_ PHIF( 1,4)=0.
2 PHIN(1,J)=0.
F1(7,1)=¢~1.#RL1}/L1
F1(1,2 ;«1./L
F1{2,1)=1./C1
E} g;g,--} f(c1*:nf1+nr2);
i ¥ Sand
F1{3.1)=1./€1 28
F1{3,3)=(~1.%(CF+C1) )/ (CF*CI*{RF1+RER) ) g
F1{3,3)=0 g w
E1(8,3)=-1./61 &= =
E1(d,2)={~1, *RN)/(CPI*RMA _
F1{1,3)=(K3*{CF+C1) )/ { CF¥CI*(RF1+RF2)) O g
F1(#,5)={K3/CT)={ (RL¥RC¥K])/{GPI¥{RL+RC)}) o
FI{4,6 ={RL*K2)/[GP1*[RL+RG)) =3
“£1(4,7)=1,/(CP1*R13) om
Fi{5,2)=1./L :,.izé
F1(5,5)=({=1.¥ROJL)+( [~ 1.*RC*RLJI(L*(RG+RL)}}
F1{5,6)={~1. *RL}/(L*(RG+RL))
F1{6,5)}=RL/{C¥(RL+RE))
F1(6,6)=-1./{C*{ RL¥RG))
F1(7,5)={RL*RC)/(C2¥R13*{RL+RC) )
F1{7,6)=RL (02*R13*(RL+RC})
CF1(7,7)=-1./(C2*R13)
BT, )=1. /LT
N 61 u,a‘-1./(cp1*n1u)
- . G1(4,3 }=RN/{CP1#RY)
: 61(5,3)==7./L
, DO 3 I=1,7 ,
: Do 3 J=1,7 = .
3. FaliJ)F11,4)
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G35,

NSWIT=0 _
TEWP=NSWIT+1 " . .

TAX=TSWIT{ TEMP} . "
NT=0.73+1. /FRAG :

TOFF=TON¥{Vi-~EQ}/EO

TIME{1)=0.0

ND=1 .

M=o - .

1T=0

T=FRAG*TOFF

CALL STRAN{T,PHIF,DF,F2.62,7;ﬂ,7;u,I,G,EPS,DlFHAK.lTER,IFLAG]

004

All'vng
£ 25Yg wan

T=FRAGHTON -
GALL STRAN(T,PHIN,DN, F1,G61,7,4,7,%4,1,0, EPS, DI FMAX, I TER, I FLAG)
WRITE(6, 704}

FORMAT(//," VALUES OF X ON THE NEXT PAGE')

%(1,1)=CL1S
X(2,1)=VG1S
X{3,7)=VFs

]
|
{
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X{4,1)=ECS
X(5,1)=CLS
X(6,1}=VCS
X(7,1}=ERS
vO({ 1}=V0S
U1 )=V
'U(a)“ER
U(3)=EQ
u(h)=ED

;o‘)u

n
oL

IF(K(&,ND) GE. ETJ GO TO 60
TEMPA—ABS(X(# ND)-ET) - ,
IF(TEMPA.LT.E?S) GO TO Lo

GONT.INUE

IF{X(# ND} LT ET) GO TO 28

****ﬁ*ﬁﬁ*ﬂ%**ﬂ%%*%****ﬁ******ﬂ*ﬂ*ﬂ*****

CMINIMUM OFF TIME GALCULATION #
%ﬁﬁ*%ﬁ***ﬁ%**ﬁ%**ﬁ*ﬁ*&%#*ﬂﬁ*#ﬁ#%&*#ﬁﬁ*ﬁ

Cooood o

. T=TOFHIN
gng STRAN(T,PHIFT DFT, F2,62,7,4,7,1,1, 0 EPS,DIFMAX, | TER, | FLAG)
6" TVEc1(z)—x(|
“ - BALL. FUTURE(TVECT U, PHIFT,DFT,7,7,7,4,7,7.7,4,1}
TEMP=T{ME(ND)
© ND=ND+1
o TlME{ND)—TEMP+T
Do T 1=1,7
CT o XU, ND}=TVECT{ 1)
g D)= {RL*RG)*X{E,ND}l(RL+RC}+RL*X(6 #D}/{RL+RC)
85 ,ND).GT.0.0) GO TO 570
BS(K(S ND}} LT.EPS} 60 TO 579

!F(ITl 'eE. NIT} GO TO 5
SLOPES F2(5, 5]*X(5,ND)+F2(5,6)*X16 ND)+G2(5, B)*uil)
3=-X{5,ND)/SLOPE3
CALL STRAN(T3, PHIFT3,0FT3, F2,62,7,4,7,4,1, O,EPS,DIFMAK ITER, | FLAG)
D0.572 {=1,7
572 TVECS{I)—X(I ND)

SIE
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C mimmm— e -

CALL FUTURE{TYEC3,U, PHIFT3,DFT3,7,7, 7.4, 7,7, 7,4, 1)
‘TIME(ND)—TIME(ND}+T3

DO 573 }= |

573 (1, nn)—Tvcoat )

T VOLRD)=RLERCER( 5, NDJ+RL*K(6 ND) .
_VO(ND)—¥U(u03/{RL+Rc; _

" 579  CONTINUE - -
T _.ggLL7§1?AN(;3 s PHIF3,DF3, F3 63,7,4,7,4,1,0, £PS, DI FHAX, I TER, 1 FLAG)
. - 5 =1,°
. 5T ;chg(;i-X(l ,ND) :
CALL FUTURE(TVEC3, U, PHIF3, DFS,? ?,7,u,7 7,7,4,1)
TEMP=T [ME(ND)
ND=ND+T .
TIME{ND}=TENP+T3 .
- DO 575 1=1,7
575 X(1,ND)=TVEC3[ 1}
T VO(Rp)= IRL*K(6 ND))/(RL+RG}
570 . CONTINUE =~ .
Ge T0 40. :

. 'H'-!Hi-'ﬂ'-!HHtii--IH‘:'H‘#Hs--H-'H-ﬂ%%*ﬂ!**%iﬂiﬁ****ﬁﬁ%***%

" OFF. TIME GALCULATION * o
%ﬂ%%*****%ﬂ%ﬁ******ﬂ*ﬁ****#ﬁ****ﬂ*ﬁ*ﬁﬂ* ' :

ALITYNd Yooy
40
51 39vd oG
9TE

anQoo.

28  T=FRAGHTOFF -
1T=0 -

25 . cONTlHUE .
c T Do 8 I=1,7

8 TVEC1(!)=X( ND)

o . 60 TO 5000

LF(ND,LT.300}
" WRITE{8,706
706 FORMAT(//,' STATE VLCTOR nu OFF TIME')
T WRITE(6,90 uu)(Tvsc1(:} 7)

2004 FORMAT(7F15. 11

HR!TE{G,*) vo;un)
5000 CONT INUE

1F(X(5,HD}.1£.0.0) GO TO 502

CALL FUTURE(TVEGT U, PHIF,DF, 7 7 T4, 7,7,7 4,1)

|
D
)

TEMP=T!ME(ND)




ND=ND+1

TIME(ND)=TEMP4T

Do 9 J=1,7

X{1,ND)=TVEG1{ 1)

VO({ HD }=RL¥RCH*X{5, ND)+RL*X(6 nn;
gg(ND)—VO{ND}/(RL+RG)

502 "CONTIRUE

oaoon

503

‘504

505

509

540 T

SRR ST TR DS ﬁ*%#*i{-ﬁ*******

“# 'CALCULATION TO FIND WHEN X({5)=0 #
R

Rastxcs ND}).LT. EPS) GO TO 509

IFE

ITI=

IF(ITI GE NiT)Y GO TOQ 100

SLOPE3= F2(J 5)#X(5, ND)+F2(5, 6)#X( 6, ND)}+62{5,4 ) *U{ 1)

T3~-X(J,ND}/SLOPE3

ggLLnfTTA¥(T3 ,PHIFT3,DFT3,F2,62,7,4,7,4,1,0,EPS, DI FMAX, I TER, I FLAG)
5004 |I=

-TVEPS(I}-X[i ND

GALL FUTURE(TVEGS u,PHIFT3,DFT3,7,7,7,4,7,7,7,4,1)
TIME(ND)=TIME(ND)*T3

DD 505 i=1,7

X( 1, ND)=TVEC3(1) .

: VDKND) RL*RC*X{S,ND)+RL*X(6 ND)
' VD(ND)~V0(ND)!(RL+RC)

GO TO 50%

CONTINUE ‘

ggL;ugTRAN{; PHTF3,DF3,F3,03,7,4,7,4,1,0,EPS, DIFMAX, ITER, IFLAG)
VEC3(|)‘X(1 D).

X({5,ND}=0.0 .

. CALL FUTURE{ TVEC3, U, PHIF3,DF3 7,7,7,# 1,7,7,4,1)

TEMP=TIME(ND)

" ND=HD+1

511
520

o e pEmemy pessny

TIME(ND)= TEMP+T

DO 511 I=1,

X1, ND)~TVE03( }

VO(ND) (RL*X(G ND) )/ (RLARC)
CONTINUE

FR{X(4, ND), GE ET}). GO TO 30 .
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-DO: 10

Go. TO 25

'****ﬂﬁ*ﬂ*%*ﬁ4*ﬁ*#**ﬂ*ﬂ*ﬂﬁ#*ﬂ%ﬁﬂ#**#**%&
" CALGULATION.TO HIT. THRESHOLD WHEN *

X{3)=ET.. *

%**ﬁﬁ*ﬁ#%%ﬂ*ﬁ#*ﬁ***ﬂ*%****#*ﬂ*ﬂ*ﬂKﬁ#&**

}r]_vmasm(u,un)-ar) .LT,EPS) GO TO 40
IF{IT.GE.NIT) GO TO 100 °
SLOPESF2{Y, 1 )#X{ 1, ND)+F2( 1, 3 )¥X(3, N0} +72(4, 5)#X(5,ND)+

1F2€4.6)*R[6 ND)+F2(Q 7¥X(7, D)

SLOPE=SLOPE+G2{ 1}, 2)*U(?}+62{Q HYMU(L)
T“(ET“X{H;ND)}/SLOPE

GALL “BTRAN(T, PHIFT, DFT, F2 G2, 7,!: 7,4,1,0,EPS, DI £MAX, I TER, | FLAG)

1=1,7
TVECT( 1 )=%({ 1,ND)

CALL FUTURE{IVEG1,U, PHIFT,DFT,7,7,7,%,7,7,7,4,1)
géﬂg%ﬂ?);T!HE(ND]+T

K{1,ND)=TVECT( ]

)
VO( fID)=RLIRCHX(5, ND)%RL“X(S,ND)

vvo( ND}-go(ND}/(Rme)

CONT]NUE o

{F(ND.LT.1000}) GO 7D 500t

WRITE(G, MHO) TIME{ND)

FORMAT(/, SWITCH ON TIME- »F15.11)
CONTINUE

IF(TIME(ND] ,GE. TF) GO T¢ 120

%#ﬁ*ﬁ%%*ﬁ#*ﬁ%**ﬂ**ﬁ%*#ﬁﬂH%ﬁ*%*&ﬁ*ﬂ*ﬂ*ﬂ*
CHANGE..VI, TON, TOFF AT THE SWITCHING f
3

© . INSTANT. ALSO’ CHANGE PHIF,DF IF '
" NECESSARY. ’ #

i!-N*-H--!H{--Hﬂ7&%—!{-%*%E****%*ﬂ%ﬂ%ﬁ****ﬁﬂ-ﬁ*ﬁ*%*** )

lF(TIME(ND) LT, TXX) GO TO 60

NSWET=NSWITHT

TEMP=NSWIT+1

o TXX:TSwI T TEMP)

ALYNd ¥o0d 40
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VI"VISWIT(NSHl:) .
TON=VITON/V!

TDFF“TDN*{V!—EDJIEO

u(1)=vi ,

RF2=230.27

K3=RE2/{RF14RF2)

F1( ~1./{CT*{RFT+REF2) }"

(1. *(CF+G1})/(GF*C1*(RF1+RF2))
{~1.#K3)/C7.

{CF+G1})/(CF*C1#{ RF1+RF2))
J={ (RL¥*RG¥K1)/(GP1#*(RLHRC) ) )

IiHllHlIHIIH

GALL STRAN(T, PHIF,DF,F2,62,7,4,7,4,1,0,EPS, DI FAX, ITER, | FLAG)
T=FRACHTON |

GALL STRAN(T, PHIN,DN,F1,61,7,4,7,4,1,0, EPS, DI FHAX, 1 TER, | FLAG)
- 60  CONTINUE

i T=PRACHTON

**%ﬂ*****%%*******%**ﬂ*%***%%*%*&******

ON TIME CALCULATION ®
HH RIS R R R S R S R

o o o o
6TE

QaOono

65 CQNTINUE | ' _ o
ND) .
_ _ LT } GO TO 5002
| o 709 FORMATé} {A5E VEGTOR IN_ON TINE')
. 9005 FORMAT{7F15,11
WRITE(G, #) VO(N
(5002 CONTINUE

CALL FUTURE(TVEC1,U,PHIN,DN,7,7,7,4,7,7,7,4,1}

ECI(1),1=7,7)

ANTYAD ¥00d SO
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3 TEMP=TIME(ND)
ND=ND#

TIME(ND}—TEMP*T

D0 13 1=1,7

13

A, ND)= TVEC1( ]
VO(NDJ RIL#RC¥X(5, ND)+RL*X(6 ND)

_ VO(ND) VO(ND)[{RL+RG)

ooaoQoo. o

70
71

15

16 -
999

uljz
5003

!F(X{E ND).GE, 1GMAX) GD TO 70
TIF{MOLT.NT) GO TO 65

GO TO 999
*%*****i{'%ﬂ**%ﬂ '?HHE_#*1&**5**%4?*%*‘5********
'CALGULATION TO FIND WHEN INDUCTOR #
GURRENT HITS THE THRESIOLD VALE. #
**ﬁ*%*ﬂﬁﬂﬂ***ﬂﬁ*%#*ﬁ*****%**ﬁ%ﬂ%ﬂ**%*ﬂ*
CBNTJNUE

I T=0

-lg(AgS(X(5,ND)—IQMAX) .LE.EPS) GO TO 999
{F(1T.CE.NIT} GO TO 100

SLOPEE—F1(5 2)*X(2 ND}+F1(5 5]*X(5 ND}+F1(5 6}*X(6 ND)+

1G1(5;3)*0(3
T=( 1QMAX=X(5, ND} } /SLOPE2

CALL STRAN(T,PHIFT, DFT F1, G1 7,4,7,4,1,0,EPS,DIFMAX, ITER,IFLAG)

po 15:4=1,7
TVEGT[I)"X(I,N

CALL FUTURE(TVEC1 U,PHIFT,DFT,7,7,7,4,7,7, 7 4,1}

T:ME(NB)~T:ME(ND)+T
D0 16 1=1,7

X{'1, ND)=TVEC1{ 1)

VO ND )=RL*RC*X{ 5, ND)+RL#X(6, ND)
VO(ND)-vocno)f(RL+nc}

CONTINUE )

lF(ND LT. 10001 60 T0 5003

WRITE{ 6, 342) TIME(ND)
FORMAT{/,’SHITCH OFF TIME=",F15.11)
CONTINUE™ -

LF(TIME(ND). LT. TF] 6o TO 20

ALITYND ¥004 40
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100
“20h
120
1

05

124
109

a0

Qo0

GO TO 120
CONTINUE ‘o
WRITE(6, 200} TIME(ND)
FORMAT(/,’MAK!MUM ITERATION AT TIME=',F15.11)
GONTINUE

DO 105 l=1,

WR:TE{B,103) TIHE!!) X(1 1)
CONT INUE

DO 108 T

wR!TE(s 103} TIME(I) K(2,1}
CONTINUE

50 an 1=

WRITE(S, 103) TIME(!) X(3,1)
FORMAT ( 2£20, 10)

-CONT INUE :

Do 107 1=7,ND

HR[TE(B 103) TIMEEI) x(u 1)
GONTIN :
Do- 122 1-1-

WRiTE(S; 103) TiME[i} X(;,!},
CONTINUE

Do 123 I=

URITE(3, 103) TIME(I) vo[ 1)
CONTINUE

DO 124 I=1,ND

WRITE(S, 103) TlME(!},K(? 1)
CONT INUE

CONTINUE -

DO 1 I=1,ND
gvacatx)-VO(aa

CEND

SUBROUT I HE :STRAN{ TAU, PH{ , THETA, A, B, NA, NB MA,MB, MODE, NTERMS,
1 TOL,DIFMAX, 1 TER, !FLAG]

REAL PHT(NA,NAY, THETA{NA, NB),A{NA,NA),B(NA, NB],
1 WD?IHHO »10), ‘HORKEHD,TU} DUMMYH 1), FAC‘I CON1, FAGE GON2
TsuTAU :

DO 4 {=17,MA

po 2 J:“I MH

HWORK1(!, J} D

oo R o= R s N s R P T g B /3 00

=) F“m*j'_J

P i o e o

-
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g

N
IF(NTERHS GT.0) NDO'NTERHS

IFLAG-G v
0. 1000 =1, NDG
CALL MXHUL(DL'“Y WORK1 +A, TS, 1,1, 10, 19, NA, HA, NA, MA, MA, MA, 1}
.FAG1=FAGT#]
CON1=1. /FACT.
JE{NTERMS.EQ.{ AND.1. GE. Ly CALL SERROR(PHI WORK1,CONT, NA, HA,
1.70,70,MA,MA,DIFMAX) -
CALL MKADD(DUHMY P, NORK? C€1,C0N1, 1,1,HA, A, 10,10, MA, MA, T)
| F{NODE.EQ,.2) GO TO 500
- FAG2=FAGT#( 1+1}
CON2=TAU/FAGC2
- GALL MXADD(DUHMY WORK2,WORK1,C1,C0N2,1,1,10,10, 10, 10, MA, MA, 1)
500 CONTINUE
VTER=T
IF{NTERMS.GT.0,0R. [,LT.4) GO TO 000
-~ IF{DIFNAX.LE.TOL) GO TO 1160
1000 CONTINUE '
1106 CONTINUE
IF{MODE.EQ. 1) CALL HKMUL(THETA WORK2,8, 01 NA, NB 10,10,NA,NB,
-1 WA, MA, HA, MB, 2
IF{ITER EQ. NDO.AND, HTERMS EQ.0} IFLAG-
RSEUR
E

(2]

- SUBROUTINE SERROR{AMX,BMX,CCC, 1A,J A
DIMENSION. | - AMX(IA JA) BMX{ 1B,J
DfFMAX=1.E~30
PO 100 1=1, 1DO

é?,JB,iDO,JDD,DIFﬁAX)

40
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Do 50 J=1, JoD
ITF(ANX( L, J] £Q.0.0 } GO TO 50
CHANGE= ABS(EMK(I J)HCCC/AMX(L,J) )
 IF(CHANGE.GT. DIFHAX) D FHAX=CHANGE
.50 CONT | NUE
106 CONT I NUE
RETURN
ERND - -

SUBROUTINE FUTURE(X v, PHI, THETA,LP Mp, LT, HT, 1P, JP, QT,JT MODE)
DIMENSION . X{MP) V(MT) PUT(LP, P}, THETA{ LT, NT), TENP{20)
bo 206 I=1, IP
SUM=0 .
Do 10 J=
10 SUM“SUM+PHI(i,u)*K(J)

20 TEMP{1}=50M

00 30 1=1,1P .
30 X(1)=TEMP{1} :
IF(MODE. EQ. 2) RETURN
DO 60 1=T,1T .

SUM=0
DO 50 J=1,J

.50 SUM-SUM+THETA[] J;«V(J,

X{1)=X{ | J+50M

60" CONT.{NUE

EE oD e OED

RETURN -
END

1SUBR2UTINE MKADD(RMX,AMX B, AGC, BCC, IR,JR, 1A,JA, 1B,JB, [00,JD0,
MODE)
" DIMENSION - AMX{1A,JA),BMX{ {B,JB}, RMX({ IR, JR}
IF(IA.LT. 1D0.OR.JA.LT.JDO) GO TO 399
" {F{1B.LT,ID0.OR.JB.LT,JDO}) GO TO 999
GO 710 (10,100),MODE

© 10 GONTINUE

DO 50. 1=1, 100 .
. -DO. 50 J=1,JD0
50 AMX(I J)wAMX(l,J)*AGC+BHX(I J}*BCG

,.3100'00NT:NUE

IF(IR;LT;!DD DR JR.LT, JDO} 6o 70 999

B0
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N DO 200 I=1,1DO
> 00200 J=1,JD0
200 RMX{),J)=AX( 1, 3 PRAGCHBMX( 1,4 )#BCC
© 300 RETURN
999 CONTINUE

RETURN

END - -

oo,

‘ suang?rlnz MXHUL ( RMX, AMX, BHX, CCC, IR, JR, 1A,JA, 18,JB, 1DA, JDA, 1 DB, JOB
~'1,MOD
DIMENSI0K AMX( 1A, JA), BUX( 1B, JB),RHX{:R,JR) TEMP{ED)
I F{'1 DA® | DB#JDA%JDB., GT. 1A% | BEJA*JB) GO 999
[F{JDB,GT,JDA) GO TG 999
GO T0 {10, 210) HoDE
10°D0 300 1=1, {DA
D0 20 L=1,JDA
26 TEMP{L)=AMX(1,L}
DO 80 J=1,JDB
SUN=0
. DO 40 K=1,JDA
4o SUM= 5UM+TEMP(K)*BMX(K,J)
AMX( §, J)=SUM*CCC
. 80 GONTINUE -
160 .CONTINUE
© 7 60-TO 600
" 210 CONTINUE
. IF(IR, LT, IDA.OR.JR.LT.JDB) GO TO 999
DO 400 I=1,1DA
DO 380 J=1,JDB '
_ SUM=0
. D0 340 K=1,JDA
340 SUM=SUM+AMX( |, K} *BMX(K, J)
RMX( T, J )=SUM¥CCC
380 GONTINUE
100 CONTINUE
‘600 RETURN
999 CONTINUE-
- RETURN
END
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. # THIS PROGRAM GUMPUTES THE CLOSED~-LOOP POLES OF A BUCK CONVERTER *
- ® WITH A SINGLE-STAGE [NPUT FILTER,AS A FUNCTION OF THE IHPUT :

- # FILTER PARAMETERS,
%***%***ﬁ?%ﬂ**ﬁ#¥****ﬁ*ﬁ4%******%**%ﬁﬁ**ﬁ****ﬁ*ﬁ****%*ﬂﬂ@ﬁﬁ*%ﬁ***%ﬂ

noooano

DIMENSION A(7),B{6).601{7),C02(5)
REAL NXEG, IXR.f1, K1,Kk2, K3, Kit, k5,6, K7,L, L1, K8
INTEGER NDEG, 1ER

COMPLEX Z(6),Z1{5},Z2(6),Z3{4)
- DATA Vi, L,RO RG, G,RL;VO/ES 0,230.0E-5,0.2,0,067, 300.0E~&, 10.0,20.0

14
DATA RN,R71,R12,R13,R14,RH,CE,GP1,M/D.55,33.3E3,16.7E3,2.0E5,
1#7;053,90.?53,1.0E-10,5600.0E—12,0.88E~3/

DO 2000 I=1,1000 . R
READ(5,*) RL1,L%,C1 S
IF(RL1.LT.0.) 60" T0 2001 o
D=0. 8388579

Y1 RL*LJ*G1*C*RG
Y2~RL*L1*G]+C*RC*(Ll*ﬂLi*RL—{D**E)*L?]
YB-G1*RL1*RL—(D“*E}*L1+C*RG*(RL~(D**EJ*RL1}
Yh=RL={ D¥*2)H¥RLT -

. YB=REFELTHCTHCHRL
YE=RLALTHCTHOHRL¥ ( CT¥RLI¥RL-{ DFH2)#LT )
¥T7=C1#RLT¥RL- [ DH#2 ) RL1+GRRUE{ Rl -] D##2)¥RL] )
Y=L *CERLRLIH#CT
YQ‘IL*G*RL*GT“RL1}+(C*RL*LT*G1*1304RG+(L/(G*RL))})

. Y10=LHCERLACHRLECTHRLI* (ROFRCH{ L/ {C¥RLY ) }FL1¥CTH#RLE{ DE#2 JHCRRLFLY
Y1i= G*RL*(RO+RC+(L/(C*RL})}*Gl*RL1*RL+(D**ZJ*(L1+C*RL¥RLJ]

Y12=RL+{ D¥E2 ) #RIT
RK“{R11*R12)]{R11+R12)
G=RX/R11:

€1=G/ (R1+RX)
K2=C2%( 1, 0+KI¥R13)
FM=( 2, D¥RIFCPT )/ { RN#N)
K3=VORRL¥RIFFH
Kij=RHFL*C24R13"
K5=YO*FH
KG=CP1#C2#R13
K7=D*RL¥RI}

400d 4o
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101
103
102

104

KB=G*(R0+RC+(L/(C*RL))j

s TR e e T e e S S P )
# THIS GALCULATIDN IS FOR THE CLOSEDG LOOP POLES WITH z

* JNPUT FILTER.
HREBEABRE BRI R AR RER DR TR BB R R R RS R R R R

Al 1)}=K7HK6*Y8

Al 2 )=KTHCPTHYEFHTRKARYOHSHRYH#YS

Al 3 )=K7RCPTHYOHKTHKEHY1DFKIHK2HY 1 HKSHRN¥LAVS+K5H RURYE
A{l1)=KTHCPIEYI0+KTHKOHY T T K3 HK2HYR L KIHKTHY 1+ KRN L EYE+KERRY YT
A{5)=K7ECPI#YT 1HKTRRGRY 124 HIBK T RY2 T K3 HK2HY 3+ HSPRNFLEY T+ KB RKYHYD
A(6 J=CP1EKTHYI2 K3 RKTHYIHKIHK2FYY-HRNFERKSHYY

A7 )=K3¥KTH#YY :

NDEG=6 : .

CALL ZPOLR{A,NDEG,Z, IER)

WRITE(6,101) RL1,L1,C1

Sg?¥é{é/iag§,"RL1=',F15.10,' L1=',F15.10,"' G1=',F15.10)
FORMAT{ 7,20X,' THE CLOSED LOOP POLES WITH I.FILTER ARE~')
WRITE( 6,102} {Z{ IX), 1X=1,6)

FORMAT{ 7, 20K, 2E15.8)

B 1)=K5#KUHY5 :

- B2 ]=KSHRN#LAYSHUGFKUBYEFKIBKRHYT

B{ 3 )=KS¥RN¥LEYETHGHKY#YTHHIRKRHY2HKIFKTHY T
B{ i )SREHRNFLIVFEHSHEY#YYFKIRKTHYRIKIHK2FYS
B{5 J=RN#L¥KE*YYHKIFLIHYIHKIRK2EYL
B(6)=K3*K1%Yl

NDEG=5 "

CALL ZPOLR{B,NDEG,Z1, IER)

WRITE(6,104) :

FORMAT(/,20X,' THE OPEN LOOP ZERDES ARE ')
WRITE{6,102){Z1{ X}, 1X=1,5]}

CG1{1)=K7¥K6%Y8
€01 (2 )=KTHCPI¥YB+KTHKGH*YT
CC1{ 3 }=K7*CPI#YQ+HTHKEH#YTI0
CC1 (11 }sKTECPI#YT0+HKTHIGEY T ]
CC1{5 }=K7*GPI1HYT1+KTHKEH#Y 12
CC1(6)}=CP1¥KT7#Y12
CC1{7)=0,0

\/
¥
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CALL ZPOLR(CC1,6,2Z2, IER)
WRITE(6,105)

. 105 FORMAT(/,20X,' THE OPEN LOOP POLES ARE '}

HRITE(6,102](ZE{IX),IX—1 6)

-H-*ﬁ*-iH{--H-iﬁ!—*il--ﬁ-*ii-Wﬁ*ﬁ-*%ﬂ%ii*m******ﬁ%*Hm****%ﬂﬁ**%**m*iﬁfﬁ**

-: ;HI$ CALCULATION 1S FOR THE CLOSED LODP POLES WITHOUT INPUT x
L
: ‘R‘-H-Ri!l-ﬁ%%iﬂﬁ%*%&%ﬁ%-ﬂm*ﬁ*****k***%’E*h%*WH***M*H&H**H***

QOO0

CC2({ 1)=KT*KGHLHIC
CC2( 2 }=KTH*KG*KB+KTHCP1#L¥CHKEHKN*CHRL
CC2( 3 )=KT*CPT*KB+KTH¥E+KI#KRRCERCHKS*KI+KGHRN¥L¥GHRL
CC2{ It )=KTHOPT HH3¥K24+ K3 KX CHRCHRNFLFKS
CG2(5)=K3#K1
CALL ZPOLR{CC2, 4,23,153)
WRITE(G,785}
785 FORMAT(/,20X,! THE CLOSED LOGOP POLES W/0 1.FILTER ARE-')
. WRITE({6,102)(Z3(1X), IX=1,4)
2000 CONTINUE
2007 CONTINUE
~ STOP -
END

ALYAD Y00d J0
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G **%**%****H*%ﬁ**ﬁ*%*%%%*-H-iéii*-ii--a-%ﬁ*%ﬁ%ﬁ*ﬁ**ﬁﬁﬁ**%*%*%i&
c STABILITY ANALYSIS OF A BUCK GONVERTER WITH INPUT FILTER ¥
; [+ m%*ﬁ**ﬂm%**%*ﬁﬁﬁ**%i&*-ﬁﬁ*i‘.‘***i{--ﬁ-M*%*ﬁﬁ%**ﬂ%*i&*****ﬁﬂéﬁi*%
G
| ¢ THIS PROGRAM COMPUTES THE EIGENVALUES OF A BUCK REGULATOR
g- SYSTEM WITH INPUT FILTER.
o - DIMENSION F1 6,6),F2(6,6),61(6,4),62(6 ,u} u{4), PHIF{6,6),
. _ : 1PHIN(6,6),DF{6, u},DN(ﬁ u}, {6),2T(6),AA(6.6),B8(6), TEMP1(6,4),
- 2PHIFT(G,6), DFT(G,u), 6),ZN1{6),XB(6)
- DIMENSION PSI(6,6),XN 1(6},FUN!{G),FUNE(G),GONIHJ,RVAL(G,B)
DIMENSION TEMP2(6,6),DX(6)
DIMENSION wKAREA(70) (70)
REAL L1,L,K7,K2
COMPLEX W(6),Z(6,6),
DATA RL1,11,081,L, no RN RG,C/0.2000,50.0E~6,220.E~6,230.E~6,0.2E0
1,0.65E0, 0.067ED, 300. E-6/
- DATA RL,R11,R12,R13,R14,62,Rl, cp1/1o OEO, 33. 3E3, 16.7E3, 2. £5, :
147.E3,0.01E~8,40.7E3,5600.E~12/ .
 DATA ER, ET,VI,E0/6.7E0,7.E0,25. E0,20, E0/ o0
' DATA VITON, EQ, ED/D.8BE<3,0.2E0,0.7E0/ 3
DATA NiT,EPS/90,10.E-5/ - B
. - : .. .DATA EPS1,ERROR/2.E-5,0. 55— / g
P - " . DATA GON/O,1E~1,0. 05E- »0,025E-1,0. .0125E~1/ o=
b ‘... DATA TOLL/D.01/° _ =
b . : ' XK1= {R12/(R1u*(R11+R12 Y)+(1./R13) - RN/RY) O3
I ‘ o o o K= K1-(RN*R0*!RL+RG))’(Ru*nL ! [l
-~ Ke=(RN/R&)-({1. /R13)= (R12/{R14*(R11+R12))) g: o
. TON= ngoﬂé((v e ) _ _ i 26
-TOFFB=TON I~E0)/EQ =
Do 1 1=1,6 <8
Do 2 J—?T,u
“G1{1,d)=0.
- G2(1,d)=0.
DF{ 1,J)=0.
CDN{1,d)=D0,
2 . CONTINUE -
F1{1,K}=0.
F2({ I, K)=0,
AA( L, K)}=0.
_ PHIF( 1, K)=0.,
L: 3 x_:,;a it I S v MR w0 SR vt N i sk S v S et Mo I ke B i

62t



——— -

- -

.  PHIN{1,K)=0.
3  CONTINUE
1 CONT I NUE

. D05 1=1,6

={~1. *RL1)/L1
==-1.00/1.1
1)=1.00/G1 _

3)=-1.00/C1 _

2)=1. 00/L

3)=(=1.00%R0O) /L+{ -1, OO*RG*RL)/(L*(RL*RG})
I4)==1. OU*RL[(L*(RL+RC))

3 —RL/{C*(RC+RL))
4)=-1.00/(C*¥{RC*RL)) .

3)= (RL¥RC)/( C2#R13%({ RC+RL) )

I }=RL./{ C2¥RT13¥(RCHRL) )
5)=-1.00/{C2%R13)
2)={-1.00*RN)/(CP1¥#RY)

? =(=1, 00¥RL¥RC#KT ) /{ CP1#{ RG+RL))
|

5

1

3

2

3

v

E

El

E

e
-—

={RL*K2)/(GP1#*{ RL*+RC})
=7.00/{CP1*R13)
1}=1.00/L1

=~1,00/L
=1.00/(CPT*R1Y4)
J=RN/(CPT#RY) -

-
-
~ -
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G2{1,1)=61(1,1)
62(6,2)=61(6,2}
G2(3,4)}=~-1.00/L
c czzﬁ,u}=nuf(qu*3u) '
. T=TON | '
) $ALLF§TRAN(T PHIN,DN,F'I G1,6,4,6,4,1,0,ERROR, DiFMAX,lTER, IFLAG)
: =T0
C:'. GALL STRAN(T,.PHIF,DF,F2,62,6,4,6,4,1,0,ERRCR, DIFMAX ITER, | FLAG)
c _' ***%&*-}i*-ﬂ *-!H{‘-h"-)H!-'H-ﬂ--.”-it-#***%*HHH*%%‘HH‘%HH#%&F*HHHHH&M*
© G . CALCULATION OF THE APPROXIMATE STEADY STATE B
(84 %**ﬁ**%k***%*%ﬁ*%ﬂ*%*ﬂﬂ*K**#**i}**%ﬂm***ﬁ**
e

DO 5000 1=1, 6-
D0 5000 J=1,6
o AA[LLd)=0. ;
DO 5001 K=1, 5 P

- 5001 AA(T,d)=AA(T,d)+PHIN (| K)*PHlF[K Jy
C T AL )==10AA ,J)

- 5000 GONTINUE

, |
5002 AA(1, [)=1

TEE

é .
EMPI{,d wmunu m*mqmd)
EMPT(1JJ4DN( 1,9

5004 TEMPT(:
- 5003 TEMP(

ALIYND HOod d0 -
B Hovd "WNIDIHO

5006 BB{1)= BB(I}+TEMP1(I,J)*U[J)
5005 CONTIN
RN 7=
Ni=5
[AA=6 "
" {DET=0 -
CALL LEQTaF(AA MM, NN, 1AA, BB, 1DGT, WKAREA, | ER)
. Do 5007 1=1,5
35007 X{1)}=BB(1)
X(6)=ET~Pi] F(6 8 ;*
1&) PHlF(ﬁ 5)#X(5

e =

S ek
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5008
5009
5010

Qoooo

27
28
26

a————a e -

56
29

3h

200 | =1,5
©CZT(1)=0,00

SHAT=X(6)-PHIN (6, YRZT(1)=PHIN{6,2)*¥ZT{2)~PHIN
HYHZT(U)=PHIN(G
20N(6,3)#U(3)~DA(&, 4 *D{})
CIF(ABS{SMAT},LE.EPST) GO TO 70

)z
o 1
- DO 32 J;

i
DO 34 K

_TEMP1(I

A | | S | [ US— | Lot | S Lol i | IR, | I it
2u(4) .
WRITE({6,5008)
FORMAT(IH1,37X, ! APPRDXIMATE STEADY STATE VALUES, X= ')

WRITE(S6, 5009)(X(I)

FORMAT{TH ,6F15. 10)

WRITE( 8, 5010) TDFFB

FORMAT(1H0 37X, 'APPROXIMATE VALUE OF OFF TIME= ',F15.10)

AR R I M S T R R R R S N

CALCULATION OF THE EXACT STEADY STATE VALUES #
**ﬁ****ﬂ*%**%*%*ﬁ*ﬁ*%%*%**%***ﬁ***%**ﬂ**ﬁ%ﬂ**&ﬁ*%

Do 27 K=T1

-

& -
.ZT(I)-ZT(I)+PHIF(! K}#R(K)
- DD 28 J=1,4
gZT(I)~ZT(]}+DF(I J)*U{J)

CONTIN
IT1~ITT+1
3}¥ZT(3)~PHIN{6,4

,5)HZT(5)~-PHIN(S, 5)*ET-DN(5,1}* DN(G 2)y¥u(2)-

LF(1T1.6T. 60) GO TO 70

'ADTOFF“D 01¥TOFFB.
-~ T=TOFFB+DTOFF-

CALL STRAN(T PHIFT,DFT,F2,62,6,4,6, H 1,0, ERROR,DIFMAX 1TER, IFLAG)

‘DO 29. I=1,
DD 29 Jg=1 ,6
JAAlLL,J)=0.00
DO 56 K=1,6

AAall,d)=AA(L,J)FPHIN(I, K)*PHIFT{K J)

AA(1,J)=~1.00%AA |,J)
CONT{NUE
DO 31 I=

AAL L, 0+AA[ 1, 1)

=0.00

TEMP1( o
TEMP1( |, J)+PHIN( |, K)*DFT({K,J)

B II-S'-:‘D\DU\

1
1.
=1,
T
o
1

>
»

- i W

J)

ko -
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. 32 TEMP?(! J)uTEMPI(I J)+DN(I J)
- DO 35 |=1,6
S .as{;)-o 04"
Y Do 36 J=1
o 36 BB{1)= BB(I)+TEMP1{I J)*U{J)
... 35 ' CONTIN
R Y 7~y _
NS
T IAAEG
L IDGT—-—O -
- CALL LEQTEFIAA,MM,NN 14A, BB,]DGT,HKAREA IER)
L. 0o 37 F=1,5.
.37 XNi111)=BB{1)

L XN1(6)=ET-PHIF
1PHIFT(6, 1 }¥XN1
2DFT(6,3)%U(3)~

po 38 1=1,5.
- ZN1({$)=0.00"
DO 39 K=1,6"
-39 ZNT(I)“Z¥1IIJ+PHIFTII SKIBNT(K)

0 J=1,4
i h0 2N1(i)“2N1(1}+BFT(I JyHuggy

38 CONTIN -

: 'SMATN-xH1(6) PHIN(6,T)#ZNT{1)}-PHIN{6 )*ZH1(2)
1PHIN(G, I )RZN1 (4 )-PHIN{6,5)¥ZN1{5)~PHIN{6, 6 )*ET-
2)*U{2)-DN(G, 3)*U(3) -DN(6, 4)#U(4)

DSMAT=SMATH-SHMAT
‘;Togg?;EOFFBil( -1, OO*SMAT)/(DSMAT/DTOFF)}
: _EQLEES{R?NIT » PHIF, DF, F2,62,6,4,6,4,1,0, ERROR, DI FMAX, I TER, | FLAG)
DO ug =1,6
CAALTL,J)=0.00
7 D043 K=1,6
43 AALTJ)=AAL J)+PH}N{! K)*PHIF(K J)
g AACLLd J==1,007AA( 1,
T2’ GONTINUE -
. DO 55 1=1,6
- B5 L CAA(T, 1)-AA(|,|)+1
7 poyh 1=1,6 _
. DO 4l =140
_,TEMP1(|,J) o.oo IR E _
DD li6 k=1,6 S ' o :

1)*}“\!1(
PHIFT(6
6 i

, ) H.FT[ 2)¥AN1{2)=PHIFT{6,3)¥XN1(3)~
(6,1 )*

5-)- KN1{5 FT(E,iJ"*U(‘I}‘- FI(a,2)*u{2)~

T{ﬁ 1
(4} s
DFT by

ST TYNIDINO
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g

70

50
199
- 198

- g2n
51 -

ooaoo

61"

" # CALCULATION OF THE MATRIX PSI AND ITS E1GENVALUES

K)*DF(K,J)

- D ~,h.
7?
-y
M.
=
o
par!
—
L
B3
[~
L=

1DGT=0

CALL LEQTZE(AA, MM,NN,IAA BB, 1DGT, WKAREA, 1ER)
DO 49 1=1,5

X(1)=BB(})
X{6)=ET-PI
XU j=PHIF(
" 2DF(6, 47U
GO T0:900.
"CONTINUE
WRITE(6,50)
FORMAT( 7110, 37X, ' EXACT STEADY STATE VALUES,X= ')
WRITE(6,199)(X( 1), I=1,6)

FORMAT(1H ,6F15.10)

WRITE(6,198) TOFFB

- FQRMAT{ 1HQ, 37X, EXACT OFF TIME= *,F15.10)
DVAL=TON/( TON+TOFFB)

WRITE(S,62n) DVAL -

FORMAT (1HG, 37x, VALUE OF D=',F15.10)

HWRITE(6,51) IT*
FORMAT(lHﬂ 37K,‘ NO. OF !TERATIONS REQD.= ', 14)

**ﬁ*#*ﬂ%%%ﬁﬁ**%*%****%%*ﬂ***%***ﬂ*R**%*****%ﬁﬁ%*%ﬂ*ﬁ**ﬁ*
e

FHH AR IR T R HH  E H E H IE  H HE

4=Ch-

DO 2000 I=1,6 .
DO .2010 IRIGH 1,4
D061 1Z=1,6 .
HALIZ)=X(1Z2)
XB{1Z)=X(1Z} . _
DX{ [ }=CON{ IRICH)}*ABS{X( 1))
LF(ABS{X{1)).LE.TOLL) Dx[l) 0.01
XA€IJ~X(!)+D (1 }

‘ ¥00d 40
81 39V ynmg
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XB( 1 )=X(1)=-DX{ 1)
TEFGI=TOFFD

18=TOFFB - : ' '

GALL STRAN(TB,PHIF,DF,FE 62,6,4,6,4,1,0,ERROR, B! FMAX, I TER, | FLAG)

E 1101 ZETA—PHFF(6,3)*XA(3)+PHIF(ﬁ u)

1102 DO 13 J=1,6

81

14
15

.13

: J
- quﬁNW)o

- Do 15 K=1,

g . CALL: STRAN( T
1103 ZETA=PHIF(6

2DF(6,3)*u(3

CTXALB)PHIF(6,5 ) ¥XA(5)+1, O*XA(6)+DF(6,1)*U(1)+DF{6 2yru(2)+
. 2DF(6,3)*U{3)+DF(6, H]*U(h)

IF(ABS(ZETA) LE, EPS) GO TO 1102

JE{IT.GE,NIT) GO TO 1003

BTOFF=CON{ IRICH)*TFFCT

T=TFFC1+DTOFF

~ CALL. STRAN{T, PHIFT,DFT,F2,62,6, Q,B,ﬂ 1,0, ERROR DIFMAX 1TER, IFLAG)

ZETAN—PHIFT(G 31EXA(3)FPHIFTLG 4

VVEXALL)+PHIFTLG, 5 ) #XAL5 ) +1. D*XA(6)+DFT(6 1)#U(1)+DFT(6,2)%
2U(2)+DFT(6,3 ) *U{3 )+DFT(5, 4 ) *U{§)~E

DZETA=ZETAN~ZETA .

SLOPE=DZETA/DTOFF

¥F$g;~¥FFG1 (ZETA/SLOPE)

?%L%TSTRAN(T,PHIF,DF,Fa ,G2,6,4,6,4, 1, ,0, ERROR, DI FMAX, I TER, I FLAG)
80 10 1i01 .

TEMP=0.00 -

DO 14 K=1,6

DO 81 MENT=1,5
PHlF(MENT,G) 0.0
PHIF(6,6)=1.
TEMP—TEMP+PHIF{J K)*XA(K)

Ded "itii‘&i‘é)lﬂﬂ

ALTVND ¥00d 40
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TEMP-TEMP+DF(J KYRU(K)
FUN1(J )=TEMP _
CONTINUE
TEFC2=TOFFB
17=0 : -
T=TOFFB
HIF,DF,F2,52,6,4,6,4,1,0,ERROR, DI FMAX, I TER, | FLAG)
yHPHIF(6, 11)%
2141 ?*xe(5)+nr(5 » 1}#U(1)}4DF(6,2)BU(2 )+

)*uU
) GO To 1104
1003 .

LPHIF,D
,3)#XB{3
1XB{&J+PHIF(6,5)*KB(
J+DF(6,1
1F(ABS{ZETA).LE. EPS
GO TO

i

gee

-

o 1 e 2241 i 3
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DTOFF=CON({ IRICH)#TFFC2
T=TFFC2+DTOFF
CALL STRAN(T,PHIFT,DFT,F2,62,6,4,6,4,1,0,ERROR, DI FMAX, ITER, | FLAG)
ZETAN=PHIFT{6,3)*XB(3)+PHIFT(6.4
1)#XB( 4 ) +PHIFT{6, 5 J#XB(5)+1. D¥XB{ 6 )+DFT(6, 1YHU(1)}+DFT{86, 23*
au{2)+DFT( 6,370 3)+DFT(6, u)*U{u)-cT
DZETA=ZETAN-ZETA
SLOPE=DZETA/DYOFF
. TFFG2=TFFC2-{ZETA/SLOPE)
T=TFFC2
_ ??LL STRAN{T, PHIF,DF,F2,G2,6,4,6,4,1,0, ERROR, B! FMAX, 1 TER, | FLAG)
. §oTo 1103
1104 DD 62 J=1,6
TEMP=0.00"
DO 63 K=1,56
_ DO .82 MENT=1 ]
82 PHIF(MENT,6)=0.0
- PHIF(6, 6}-1. :
63 TEMP*TEMP+PHIF(J K)*XB(K)
DD Gt H=1,0
&6h TEMP—TEMP*DF(J K)*U(K)
' FUN2(J)=TEMP
62 CONTINUE
N0 2011 J=
. 2071 RVAL{J, IRICH) { FUNT{J)=FUN2(J))/(2.0%DX( 1)}
2010 CONTIHUE

l'__
RVAL(J,S%
65  RVAL(.

[=.3

L25¥RVAL{J, 1))/

+E25%RVALLY, 2
,3
d,

(RVAL( 1-0.2
}=0.2
i) 0.25*RVAL(J
)-0 Q
=0.0

1)/0.75
}3/6.75
))/0.75
}
)

}/0,9375
}/0.9375
8

) }/0. 98#375

L L
e ) w———
22
‘_:b* .
—
[
w . W
Gy &Eish

RVAL(J, B25#RVAL(
RVAL{J,7 GZH#RVAL(J,

{RVAL{J,9)=0.015625%RVAL

66  RYAL(J )

67 TEMP2(
2000 GONTINI

)
}
) ]
1
} 5
bE 6
3
| {dJ

I G\-"'-

j

o Hm- II\ﬂOD U} OV

19 TEMP= TEHP+PHIN(I RI*TEMP2{ K, J)
Psi[l JI=TENP

004 40
Vel TUNIBINO
9gE

AL'vnd o
gilio}



T ERC R =

prrerseiarsnipOfc oA Ok

17. CONTINUE
. WRITE{6,92)
92 - FORMAT{1H0, 37%, " MATRIX PSle= 1)
“" Do 30 i=1,6
30 WRITE(6,93){PSI(1,J),J=1,6)
93 FORMAT(6f15 10)
. G0 TO 1008 _ _
1003 WRITE(6,100) 1 _
100 FORMA1(//, CONVERGENCE NOT OBTAINED FOR X{1),I= *,14j

1004 CONTIH

- .CALL EIGRF{PSI 6,6,2,W,2,6,4K, 1ER)
: WRITE(6,94) e
oy - FORMAT(1HO,37X,’ THE ElsEﬂanuss ARE-~ ry

T WRITE(6,103) (W 1),11,8)
103. ‘FORMAT(1H ,&6F15., 10) S .
WRITE(6, 104} WK{1),
104 FORBATTIHO. 375 | GONVERGENCE TOLERANGE—' Fi5.10," IER=', I4)
905 CONTINUE
- STOP
END -

- SUBROUT!NE STRAN(TAU PHI, THETA, A, B, NA, NB, MA, B, MODE, NTERMS,
L TOL DIFMAK tTER, I FLAG)

“REA PHI{NA,NA), THETA{ NA,NB),A(NA, NA),B{NA,NB),
1 ¥ORK1{10,10) NDRKE(IO 10) BUMMY(T 1),FAC1 CONT, FAC2,CON2

CTS=TAU .
DO 4 I=1,MA
- Do2 J—1,MA

PHI(I,J)=0

2 CONTINVE . .
WORKI({, 1}=1
WORK2( 1, | }=TAU
PUILE, 1)=T

4 CORTINUE
DO 6 I=71,MA.
DO 6 J=1,MB

6 THETA{!,J)=0
DIFMAX=1.EB

anyd TONOHO

(ynd ¥ood 40
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|

(=Y~}

[z =]

1 F{NTERMS.GT.0) NDO=NTERHS
FAG1=T -
-EFLAG-O

1000 =1, NDO
'CALL HKMUL(DUMHY,HORK1 A,TS,1,1,10, 10, NA, NA, MA, MA, HA, NA, T)
FAGT=FAGT¥]

- CONI=1./FAG1

500

1000

1100

TF{NTERMS.EQ. O, AND l GE 4) GALL SERROR(PHI WORK1,GCON1, NA, NA,

1-10,30,HA, MA, DI FAX}

-GALL MXADD(DUMMY RHI, HORK1 Ci, 00N1 1,1, NA,NA, 10, 10,1A, 1A, 1)

iF(MODE.EQ, 2} GO TO 500
CFAGR=FACTHCI+1) , v ,
“CON2=TAL/FACE2 : _ '

CGALL HXABD{DUMHY,JORKE;HGRKT,G1,GON2,1,1,10,}0,10,10,MA,MA,1)
CONTINUE ' '

ITER=|

TF(NTERMS.GT.0:0R. 1.LT.4) GO TO 1000

1F{DIFMAX.LE.TOL) GO TO 1100

CONT I NUE

CONT I NUE
115£M325MEQ 1)20ALL.MXNUL(THETA,wonkz ,B,CG1,NA,NB, 10,10, NA, NB,

» El 2t

1F( ITER. EQ. NDO. AND, NTERMS. EQ.0) 1FLAG=1

RETURN

END

‘ SUBROUT!NE.SERROR{ﬁMX,BMX,GGG,IA,JA,IB,JB,IDD,JDO,D!FMAK]

50
100

DIMENSION AMX{ 1A, JA) ,BHX( 1B,JB}
D1FMAX=1.E=-30 .

Do 100 1=1, IDO

DO 50 J=1,JD0

LF{ANX( 1, J) 'EQ.0.0 } 60 TO 50
GHANGE= ABS(BMK(I,J}*CGG/AMX(I JI)
| F{CHANGE. GT. DIFMAX] DIFHAK“GHANGE
CONTINUE .

GCONTINUE

RETURN

END ‘

' SﬂBRﬂ?FINE MXADD(RHX AHX BMX, ACG, BGC, IR,JR, 1A, JA, 1B,JB, 100, JDO,
1

ALITYND ¥o0d 40
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-rlb .

DIMENSION AMX(1A, 48).BUX( 13,481, RMI( 1R, J%)
VYFEIA.LT. 1D0.0R: JA. LT.JD0) T0'9
1F(1B.LT. 1D0,OR. JB. LT.JD0} oy 19 558

 GOTO (18, 100),MODE
10 GONTINUE

DO 50 -|=1, lﬂO
DO 50 J=1,

50 AMX(] J)-AMX(I J)*AGC*BMK{I J)*BGG

GO TO

100 QONTIkUE

LF( IR, LT.IDO OR JR. LT, JDO] ‘GO TO 999
DO 263 I=1,1D0 °
b0 200-J=1, JD

200 RMK(] J)—AMX(] J]*ACG+BMK(I J)*BGG .

999

- END-

© 300 RETUR

CONTIMUE
RETURN ~

SHEROUTINE MXMUL{ RMX, AMX, BHX, GCG, IR, JR, 14,4, 18, JB, 1DA,JDA, 108, JDB
*1, MODE) _

DIMENSION - ' AMX{IA,JA),BHX{ 1B,JB), RMK(:R,JR),TEMPgao)
!F(IDA*tDB*JDA*JDB GT. 1A% 1BRJARIB)’ GO TO 699

-~ TIF{JDB,GT.JDA)Y GO 'TO 990
.- 60 TO- {10,210),MODE

1 1=1
© . DO 20 L=1,.DA
20

DO'1DD;I=1;IDA'”

TEMP(L)=AMX(I,L)
DO 80 J=1, JDB

" SUM=0

no
80
100

210:

DO 40 K=1,

SUM~SUM+TEMP(K}*BMX(K J) e
AMK(T, J )=SUMHCES ,
CONTINUE

GONT INUE

GO TO 500

CONT | NUE

- DO HOO -1=1, IDA

1F( 1R, LT. DA, OR.JR. LT. JDB} GO To 999

DO 380 J=1,4DB
SuM=0 -

B0 340 k41 JDA

e

i

© ALIMYND ¥00& €0
g1 A9Yd WNIDRIO

Lgrpe=rrriy ]
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rr:::—i

Ere-carrad




P

340 SUM=SUM+AMX: L, K}EBMK{K,J}
RHX{ 1, J }=SUMHCGCC

380 CONTINUE

S 400 CONTINUE

600 RETURN

999 CONTINUE

- RETURN

END
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FHE RN R R R R R R S R R

# STABILITY ANALYSIS OF A BUCK COMVERTER *
FRRR R R R R R R R R SR R R S R R R R R

_THIS PROGRAM COMPUTES THE EIGENVALUES OF A BUCK
REGULATOR SYSTEM WITH INPUT FILTER AND
FEEDFORWARD.

DIMENSION F1{7,7},F2(7,
TPHIN{7,7),DF(7,4},DN(7,
2PHIFT(7, 7) DFT{7,4},XN1

DIMENS|ON PS((?,?) XA(7

DIMENSION TEMPE{?,T) DX

DIMENSION HKAREA{QO), WK

REAL L1,L,K3,K2,K3

COMPLEX W(?) Z(? 1},

- DATA RL1,L1, 01 L, RD RN RGC,C/0.20E0, % .425E~3,220.E-6,230.E~56,0.2E0,
10.65E0, 0. 067EG 300, E~6/

DATA RL R11, R12 R13,R14,02, R4, CP1/10.0EQ, 33, 3E3, 16, 7E3,2.E5,
147.E3,0. 01E~8 10, 7E3, 5600. E~12/

DATA ER,ET VI,EOIE TEO 7.E0,25. E0, 20, E0/

DATA VITON, £Q, ED/O. 88E-3 0. 7E0,D EEOI

- DATA NIT, EPS/150 5.E~6/

DATA EPS1/0.5E-6/

DATA ERROR/0.5E-6/

DATA CON/OC.2E-1,0.1E~1,0.05E~1,0,025E-1/

DATA CF,RF1, RF2 TOLL/2,.7E-5,5,1E3,220.0E0,0.13/

k1= (R12/(R11|*(R11+R12)))+(1 /ms) {RN/RE)
K1=K1=[ RN#RO¥{ RL+RC) )}/ { RUXRL¥R
Ke=(RN/RlI)~(1./R13)~ (ma/(mu*{mnman)
K3=RF2/{RF1+RF2)

TON=VITON/VI

TOFFB=TON#{ {VI~EQ)/EQ)

Do 1 1=1,7

ROOODANOD

1,62({7,4),U{h), PHIF(7,7}),
?(7} AA(T,T) BB(?),TEMP](?,#},

FUN2{7),%8{7),CON{i},RVAL({7,9)

&1 39vd YNIsiHO
54>
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[ XX o R R e b Ty Ry B R By Ry B ey A B R R R B |

F1(1,K)=0.
F2{1,K)=0.
AA( 1, K)=0,
PHIF{1,K)=0. .
PHIN{1,K)=0.
CONT INUE
CONTINUE
Do 5 1=1,7T
ZT{1)=0.
BE( | )=0.
FUN1{1}=0.
FUN2( 1)=0.
. XAall)=0.
- XB(1)=0,
KHH 1 ¥=0,
ZN1{ 1)=0.
GONT INUE
FT1{1,1)=(-1.¥RL1)/L1
F1{1,2)=~1. UO/L1
F1{2,1]=1.00!
: F1{2, 31=-1 /[GT*{RF1+RF2)J
1{2,h§=—1 .00/C1
(3,13=1./01 .
1({3, 3 j==1.¥(CT+CF)/[CI¥CF*{ RF1+RF2})
1(3,4)=-1,/C1" -~ :
1(4,2)=1. ﬂD/L
104, 4 1=(~1.00¥R0} /L+{~1.00¥RC#RL) /{ L¥{RLARC) }
1{u,5}=~1.ao*RL/(L*(RL+Rc))
1({5, 4 )=RL/{C*{ RC+RL
1(5,5)==1.00/(C*{ RCF+RL)})
1{5,4‘—(“1*nc)/{ca*a13*(nc+nL))
1(6,5)=Re A1 C2¥R13%#[RCGHRL) )
1(6,6)=-T. 00/(82*R13)
17, 1)==1.%K3/0G1
1{7,2)={~1.00%RN)/{CP1¥RY)
1(7,31"K3*{CT+GF)}(01*CF*SRF1+RF2))
1(7,4)={K3/C1)-({ (RL¥RC*¥KY } /I CPI*{ RL+RC) ) )
1{7,5)*(RL*K2]/(GP1*(RL+RG)}
1{7,6)=1.00/(CP1¥R13)
1(1,1¥=1.00/L1
1{4,3)=-1.00/L.
1{7,2)=1.00/[CP1¥R14)
1(7,3)}=RN/{CP1#Rl})

00d 40
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rew

Qoooon

5001
5000

5002
D

5004
5003

LT
mmm
oo=

-3 ok

w .
im0
4 le] e
- .
-
o
St

52 ] et o] ] L2 G O o B I

“ b ww NNy

FoNmENN SO —
Nl et il Syt N St Nt S st} W

W HnaRIrnn

"1 QO=DODOCTY v

T=TON ,

?A%éFﬁgﬁAN{T,PHEN,DN,FT,G1,7;Q,?,h,1,0,ERROR;DIFMAX,ITER,]FLAG)

CALL STRAN(T, PHIF,DF,F2,62,7,4,7,4,1,0, ERROR, DI FMAX, I TER, | FLAG)

SR R R SR R R R R A R R A R R TR

* CALCULATION OF THE APPROXIMATE STEADY STATE *
FHEBHE R O R R RS R R SRR R AR RN R R R

Do 5000 1=1,7

DO 5009 J=1,7

AA(1,J)=0,

Do 50071 #=1,7
AAL1,J)}=AA01,J)+PHIN{ 1, K)*¥PHIF{i,J)
AAL 1, 0)=-1.%AA(1,J)

Mei(l,

.}
EMPT{1,J }+PHIN{I, K)¥DF{K,J)
% JJHDN( 1 ,d)

ALTYND 800d 40
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R

DO 5006 J=1;4

5006 BB( )= BB(I)+TEMF1(I JYEU(J)

5005 CONTINU

- MM=1

NN=5
1AR=T
IDGT=Q -
CALL LEGT2F({AA, MM, NN,IAA BB, IDGT,WKAREA IER)

Do 5007 1=1,6

5007 %(4)=BB{4)

S KET)=ET=PHIF(7 1)*X(1)epﬂis(7, yER(2)- PHIF(?,3}*X(3) PHIF ( LU )RR
T)=PHIF(7,5)%X (5)-DF(7,1)*UI1) DF(7,2)*U(2)-DF{7,3)*U{3)-DF{7,4}*
aU(u1 PHIF(7,6)%%(6)

RITE(6,5008)
5008 FOr ‘AI(1H1,37X,' APPROXIMATE STEADY STATE VALUES,X= ']
WRITE(S, 5009)(K(!),I-1 7}
5009 FORMAT(1H ,7F15.10)
WRITE(6,5010) TOFFB
5010 FORMAT{1H0,37X,’ APPROXIMATE VALUE OF OFF TIME=',F15.10) °
¢
c *RR**%*%%**#**HM'H'-!"-H'%ﬁ*ﬂ-*%ﬁ-‘ﬂ(’*ﬂﬁ**%%ﬁ%ﬁ********-ﬂ-‘fH-
G+ CALGULATION OF THE EXACT STEADY STATE VALUES  #
i %i{-'ﬂ"ﬂ-i{' AR R ST B R S 5 3 31 H"}H‘ﬂ‘-ﬂ‘éﬁﬁi'*"('* P B HH N H R
c
. 1T1=0
930 DO 26 1=1,6
ZT(1)=0.00 -
: DO 27 K=1,7
27 ZT(H)=ZT(1)+PHIF(1, K)¥X({K)
DO 28 J=1,4
28 ZT(I)—ZT(1)+DF(:,J)*U(J)
26 CONTINUE
CITI=ITI41
SHAT=X{7)~PH! ( LTYZT{1)=PHINCT, 2)%ZT(2)~PHIN(T, 3)¥ZT(3)-PHIN( T, 4
YEU{1)=-DN(7,2)}*U{2)-

N 7,1)
1)¥ZT{M)-PHIN(7,5)¥ZT{5)~-PHIN{ 7, 7)*ET-DN(7,1
2DN{7,3)*U(3}-D (7,u)*U(u)—PHEN(7,6)*ZT(6)

IF(ABS(bHAT) LE.EPS1) GO TO 7

IF(171,GT.60) GO TO 70

DTOFF=0.01*TOFFB -

T=TOFEB+DTOFF

33L595¥RAN%T PHIFT, DFT,F2 G2,7,h,7, H 1,0, ERROR, DI FMAX, I TER, | FLAG)

1
bo 29 J=1,7

ALITYND yooy 40
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| CAA(1,43=0.00
1 DO 56 K=1,7
f 56 CAA{1,J)=AA(1,;J )+PHEN(I KY¥PHIFT(K,J)
[ ©-AALLL J)=-1.00 AA{I J)
29  CONTINUE -
3N AA(J,|]=1.00+AA(I,I)
) DO 32 1=1,7
DO 32 J=1,4 " ,
TEMPT(1,J)=6.00 .
DO 34 K=1,7 : : .
i 34 TEMPI(1,J)=TEMPI{I,d ) *PHIN{1,K)¥DFT{K,J}
( 32  TEMPI{I,J)=TEMPI{1,J)+DN{1,J)}
i DO 35 I=1,7
w BB(J}=0_OD
_ DO 36 J=1,4
36  BB{1)=BB({I)+TEMPI(1,J)#t(J)
35 CONTINUE
MM=1
NN=6
|AA=T
106T=0
CALL LEQTZ2F{AA,MM, NN, 1AA,BB, 1DGT, WKAREA, 1ER)
- DO 37 I=1,6
37 XN1(1)=BB{1) ' :
‘ XN1{7)}=ET=PRIFT(7, 1 )8XNT {1 }~PHIFT(7,2)¥XN1(2)=PHIFT(7,3 ) ¥XN1(3 )~
TPHIFT(7,4 ) * XN {4 ) ~PHIFT{7,5)#XNT(5)~DF Tf7 1)#U(1)=-DFT{7,2)*U(2)~
. 2DFT(7, 3)*0(3}-DFT( SUYERU(L)-PHIFT{7,6)#*XN1{6}
- D038 I=1,6 .
ZN?(I} 0 00 .
S PO 39 R
39 %g1(l)-2$1£lJ+PHIFT(I K)*XN1(K}
40 ZNT(I]*ZNI(I}+DFT{I J)*U(J) . f o
38  CONTINUE : -
.. SMATN=XN1{7)-PHIN(7,1)%ZN1(1)~ FH!N{?,E)*ZN!(E) PHIN(7,3 *ZN1(3]"
CAPHIN(T, M YFENT{N)-PHIN{7,5)¥ZNT (5 )=-PHIN{7, 7 )#ET=DN(7,1)¥U(1}-DN(7,2
2)8i(2)- DN(T,3)*U(3) DN(7 Ly*U{L)~PHIN(T, )*ZNT(B)
. DSMAT=SHMATN-SMAT
TOFFB~TOFFB+(("1 UD*SMAT)/(DSMAT/DTDFF)]
c-
T—TOFFB
“. BALL STﬁAN(T,PHlF DF,FE GE 7,4, 7,“,1 0, ERROR, DIFMAX ITER, | FLAG)
e B v e R s R e W st I s R o N i AN G N St R
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PRESPICTEEN

. —————

Do 42 |
00 42 J

3

y2

55

48
47

49

70

50

199
198

51

QoOOoo

{
- TEHP1E

IF
TXCH)- PHIF(T,%
20F(7,4)*U(y

o]
o
-—
e
ﬁl] 0l
o P Y

1LKIHPHIF{R,J)

Yo
=~

0.00

TEMPT( | ] HIN[ 1, KY*DF{K,J)
TEMP1(1,J)+D ( 2J)

[ o I A Y T

[}

Q

-

=
;Q—c..—.-._._'.:.._.

TEMP1

et % b s

St

+TEMP1(I JIHU(J)

me e II" -

IDBT=0 ¢ '
CALL LEGT2E(AA, M1, NN, 1AA, BB, 1DGT, WKAREA, I ER)

0\

DO 49 |=1,
X(1)=BB(1} -
X(7)=ET=PHIF(7,1)}#X
1EX(B)

J=PHIF(7

60 TO 900" e

- CONTINUE
‘WRITE(6,50) -

FORMAT(1H0,37X ' EXACT STEADY STATE VALUES X=")

HWRITE(S, 199)[X(|)D;—1 27)

FORMAT(1H ,7F15.1

WRITE(6,198) TOFF

.FORMAT( 110, 37X, ' EXAGT OFF TIME= *,Fi5.10)
WRITE{6,51) T

FORMAT(THO 37X, NO. OF ITERATEDNS REQD.= ', 11)

**45**%*1&-}{ R H R A0 A A AR A AR 3 A R R SRR MR SR

# CALCULATION OF THE MATRIX PS! AND ITS EIGENVALUES . #
*%ﬁHﬁﬁ%H%*%%H%%%**%%%**H**ﬂ%*ﬁ*ﬂ%*k*%*ﬁ**%***%**%*k**ﬂ*ﬂ

9%¢E

40
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61

1101

1102
a1

1%

15

DO 2000 1=1,7

DO 2010 -IRICH=1,14

No 61 1Z=1,7. -

HALIZ)=K(1Z})

AB{1Z)=X[I1Z) '

DX l)“GON(lRICH)*ABS(X(l))
IF(ABS{X(lll.LE TOLL} DX(I)—CQNIIRlCH)
KAL1)=X{1}1+DX{ | )

HBL)=X{ 1 ])~DX{ )

TFFC1=TOFFB

| T=0.

T=TOFFB -

CALL STRAN(T, PHIF DF, F2, 62 Ts
ZETA=0. O*XA(1)+D D*XA(2)+PH1F

? T,.08,1, ERROR DIFMAK,lTER,IFLSG)
IXA[)+PHIF(7,5)%XA(5)+1. D“XA(;
0z

2% 0;

L 3)RRA(3)+PHIF(7, 1)*

$0.0%U(1)+DF(7,2)%0(2)+

2DF(7, 8)¥U(L)~ET+PHIF(7, 6 ) ¥XA(
IF{ABS{ZETA), LE,EPS} GO TO 11§
FF{IT.GE.NIT} GG TO 1003
DTOFF=CON{ | RICH)*TFFC1
T=TFFC1+DTOFF

CALL STRAN(T, PHIFT,DFT F2,G2,7,4,7,4,1,0, ERROR, DEFMAX,ITER,IFLAG)'

ZETAN=0, 0%XA{ 1 )40, O#XA{2 ) +PHIFT(7, 3 ) #XA(3 )+PHIFT(7, I
TYSXACH ) EPHIFT(7,5 JEXAL5 )41, O¥XA(7)+0. 0¥U{ 1 )+BFT{T7,2)#
2U(2)+DET(7, 5 )*U{B)-ET+PRIFT(7,6)¥¥A(6)
DZETA=ZETAN-ZETA

SLOPE=DZETA/DTOFF

TFFCI=TFFC1-{ ZETA/SLOPE)

T=TFFC1

GALL STRAN(T, PHIF, DF, F2, 62,7, ,7,1,1,0, ERROR, DI FAX, ITER, 1 FLAG)
Go TO: 1101 .

DO 13 J=1,7

TEMP=0,00 .~ -

DO 14 K=1,7

DO 81 MENT=1,6

PH1F(HENT,7)=0.0

PHIF(7,7)21.0

PHIF(7,1}=0.0

PHIF(7,2)=0.0

TEMP=TENP+PHIF(J, K)EXAK)

Do 15 K=1 ,; _

DF{7,1)=0.0

TEMP—TEMP+DF{J K)*U(K)

ALvnd ¥ood 40
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FUN1(J]—TEMP
13 . CONTINUE
' TEFC2=TOFFB
IT=0 )
T=TOFFB
" CALL STRAN(T, PHIF,DF,F2,G2, 7, u 7

s RROR, DIFMAK,ETER,IFLQG)
1103 ZETA=0.0%¥XB({1)+0. O*XB(2)+PHI g 1.4

)

4

0,E
{ {3)+PHIF(T7,0)%
IRBLY)HPHIF{ 7,5)¥XB[5)+1,0%XB{ 7 )+ (1)+DF(7,2}*U(2)+
2DF(7,4)*U{#}~ET+PHIF(T,E}*RB(6
IFZABS(ZETA).LE.EPS) 60 TO 110
1F{IT.GE,NIT) GO TO 1003
DTOFF”CDN(IRICH)*TFFGE
. T=TEFCR2+DTOFF
~CALL STRAN(T, PHIFT,DFT,F2, G2, 7
, ZETAN=0, O#XB{1)+0, 0*KB(2)+PH1F {
L -11*x8{u)+PH!rT(? 5 YEXB(5)+1, oﬁx B{
o 2U{2)HDFT{7, h)*U(h)»ET+PHtFT(7 6 )#X
DZETA=ZETAR-ZETA
-‘SLOPE=DZETA/DTOFF .
TFF02~TFF02~{z£TA/SLOPE}
T=TFFC2
?¢L%TS¥RAM{T,PHIF ,DF, F2,Ga,7 u,? 4,1,0, ERROR, D1 FMAX, JTER,IFLAG}
“E G0 TO 1103 :
1704 DO 62 J=1,7
S TEMP=0.00" -
Do 63 K=1, 7 :
_ DO 82 MENT=1,6
82  PHIF{MENT, 7} 0.0
© PHIF(7,7)=1.0
PHIF(?,1)—0.0
S PHIF(7,2)=0.0
63  TEMP=TEMP+PH|F{J, K}*XB{K)
S - DO &4 K=1,4
. DF(7,1)=0.0
6 TEMP= TEMP%DF(J,K)*U(K}
. 'FUN2{J)J=TEMP
75 CONTINUE
Tt Dae 2011 Jd=1,7
Zull RVAL(J,; IRICH) (FUNT(J) FUNE(J})/(Z D*DX(I))
20710 coNTlM.J 17

06
RVAL{J SJ’tRVAL(J 2)~ n 25*RVAL(J 1})/0 75

, ERROR, DIFMAX, ITER, IFLAG)
PHIFT(7,4 :

3 %)+DFT(?, W

BVE

¥NO dood 4o
B! 2BYd TwNIBNG
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S J,6)={RVAL(J, 3)}-0.25%RVAL(J,2))/0.75
65 ° ggA%éJjT%=%RVAL{J,u)-O -25*RVAL(J,3))/0.75
=i
. RVAL(J,8)=(RVAL{J,6)}-0.0625%*RVAL{J,5)}/0.9375
P &6 EXAE%J59%=%RVAL(J 2 73-0. 0625*RVAL(J 6)}/0.9375
| s [ J= A,
L 67 TEMPZ(J,])=(RVAL(J 93)-0, 015625*RVAL{J 8))/0.984375.
2000 CONTJNUE -~
‘ Do:i7 1=1,7°
D0 17 J=1,7
TEMP=0.00 .
- . DD 19 ¥=1,7
19 - TEMP=TEMPHPHIN{ 1, K)¥TEMP2(K, J)
- ©PBI{1,J)=TEMP
47 CONTINUE
© o U WRITEL6,92)
g2 FORMAT{IHD,37X T MATRIX PSi= LS
. Do 30 I=1,T
30 - WRITE(6,93)(PSI(1,d),J= 1 »7)
93 FORMAT(7F15.10)
SN GOOTO 100 v (ole
1003 WRITE{6,100) )
1m-mmmug'mwm%mEmemmmmeu)r!gm g &y
1201 CONTIN ’ o=
CALL E1GRF(PSI 7, 7,2,H;z 7 wa,:zn; Q%5
WRITE(G,54) 50 =
o4 . FORMATUTHD, 7x v THE E(GENVALUES "ARE=-=*) _
 WRITE(6,103) (W{1), 1=1,7) Q3
103 _Fonrm(w ,TF15, 10 S H
Co : . S 1) FORMATt1N0 37x, GONVERGENGE TOLERANCE“' F15 10,' IER= ',lu) e R
| o SHE 905 GONTINUE | <5
L s - , STOP -
i : END
¢
C

SUBROUT]NE STRAN(TAU PHl THETA,A B NA NB,MA,MB,NODE NTERWS,
1 TOL DIFMAX I'TER, | FLAG)

;16WORK1(10 10) WORK2{10 10) DUMMY{1 13, FACT GON1, Fﬁca CON2 ' ;
o=t .

PHI NA, NA)Y, THETA[NA NB) A{NA,NA), B(NA,NB},

TS=TAU

DO B IST,MA

,..':1

. ::;]
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OIFMAX—1 EB :
ND0=50

" 1F{NTERMS.GT.D) NDO"NTERMS
i FACTEY
< IFLAG=0 . o
4-D0 1000 4=1,NDO .
© CALL MXHUL(DUMHY, HORK1, A, 18,1, 1 , 10,10, NA, NA, MA, M8, MA, HA, 1)

‘FACGT=FACT#|

CONT=1. /FAGI

IF(NTERMS EQ.0.AND. I GE. u) CALL SERRBR{PHI WORK1T,CON1,NA,NA,
110, 10,MA, MA, DIFMAX)

.-CALL MXADD(DUMMY}PHI WORK1,C1, GON1 1,1,NA, NA, 10, 10, MA, MA, 1)

1F{MOBE.EQ.2) GO TO 50

- FAG2=FACT¥( 1+1)
- CON2=TAU/FAC2

. 500

1000

~ 1100

ggh%ngABD(BUMMY,NORKE »WORK1, G1, GOME 1,1,170,170,10,10,MA,MA, 1)
1'TER=1

“IF(NTERMS, GT 0.0R.1.LT. k) 60 TO 1000

CAF(DIFMAX, LE, TOL} GO TO 1100

GONTINUE "

CONTINUE °

I F{MODE.EQ. 1) GALL MKMUL(THETA,WORKQ B,C1 NA,NB,1D,10,NA NB,
1 MA,MA,MA,NB, 2}

1F(1TER EQ DO, AND NTERMS EQ.0) IFLAG=1

" RETURN .

oo

END 1:“1

.SUBROUTINE SERROR{AHX BHX,CGG IA,JA,IB JB, 100, JDO, DI FMAX}
DI%ENS]DN . AMX(IA JA} BMK(!B,JB

0S€
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D} FHAX=1.E-30
00" 108 i=1, 100 '
DO 50 J=1, - B |
TPCANKLT .- 7F0.0.0 } GO TO 50 :
GHANGE= ABS{BMX( 1,J }#CCC/AMX{ 1,J)) :
_ IF(CHANGE.GT.DIFMAX) D] FMAX=CHANGE ;
%0 CONT [NUE !
100 CONTINUE _ !
‘ I
1

RETURN.
‘ END
g .
i SgBRg?T!NE MXADD{ RMX, AMX, BHX, ACC, BCS, IR, JR, 1A, JA, 1B, JB, 1D0,JD0,
1 MOD: :
DIMENSION AMK(!A,JA) BMKEIB,JB),RMK{[R,JR)
IF{IA.LT.IDO.OR.JA.LT,JDO) GO

© JF(IB.LT.IDO.OR.JB,LT.JDOD) GO TD 999
GO 70 (10,100),MODF : :

10 CONTINUE
DO. 50 1=1,100
D0 50 J=1,400

50 AMK{I,J}=AMK(1,J)*AGC+BMX(I,J]*BGG‘

100 SONTINE

IF{IR,LT: IDO OR.JR.LT. JDD) GO T0 999

DO 200 1=7,1D0

Do 200 J=1, Jbo -
200 RMX{{ J]—AMK(I J ) FAGCH+BHX( 1, J }¥BCC :
300 RETU N *
899 CONTINUE

- RETURN:
END -

TGE

1S!{BROI}JTINE MAMUL{ RX, aMK, BMX, GCG, IR, JR, 1A, J4A, I1B,JB, tDA,JDA, 1DB,JDB
HODE

DIMENSION ANMX{ [A,JA),BMX({ 1B,JB}, RMX{ IR, JR) TEMP{20)

LF{ | DA% | DB*JDA*JDB. GT. IA*IB*UA*JB) GO TO 999

IF(JDB.GT.JDA) GO TO 999
. 60 -TO {:10,210),MODE
10-DC 100 1=1, DA

D0 20 L=1,JDA
20 TEMP{L)=AMX(1,L)

ALVND Y00d S0
21 30Vd TYNIDIEO
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© DO 80 J=1,JDB
| SUM=0
DO 40 K=1,JDA -
Lo SUM‘SUM+TEMP(K)*BHX(K J}
AMX( |, J J=8UMH#CCE
80 GONT INUE '
100 CONT!NUE
. GO TO A0G
210. CONTINUE
“IFCIR.LT. IDALOR.JR. LT JDB) GO TO 999
Do 400 I“1,IDA
Do 380 J=1,dDB
SUM=0
- DO 340 K=, JDA
340 SUM*SUM+AMX{I K)#BMX( K, J]
' RMA{1,d])= SUM#COG
384 GONTINUE . )
. 400 CONTINUE
600 RETURN
‘999 CONTINUE
RETURN -

END

HOO«:? 40
81 39vd g
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