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I. INTRODUCTION

An input filter is often required between a swiltching regulator
and its power source, The filter serves to 1) prevent the regulator
switching current from being reflected back into the source, and
2) to isolate cﬁe source voltage transients so as not to degrade the
performance of switching regulators downstream, Thus the filter is
required to provide high attenuation at the switching frequency and
sufficient damping against line disturbances. Unfortunately there
exists a complex ‘interaction between the input filter, the output

Lo’
filter and the control locp{2’3»‘,>]

which can result in loop instabi-
lity, degradation of transient response and of the audiosusceptibility
characteristic; this makes the input filter design more difficult,

In this report the problems caused by the interaction between the
input filter, output filter, and the control loop are [irst discussed.
The input filter design is made more complicated because of the need to
avold performance degradation and also stay within the weight and loss
limitations, Conventional fnput filter desipgn techniques are discussed
next. The concept of pole zero cancellation developed earlier[ﬁ] 1s
reviewed next; this concept is the basis for an approach to control the
peaking of the output impedance of the input filter and thus mitigate
some of the problems caused by the input filter. The proposed approach
to control the peaking of the output impedance of the input filter is to
use a feedforward loop working in conjunction with the feedback loops

(6]

already developed , thus forming a total state control scheme. The

design of the feedforward loop for a buck regulator proceeded in three

-1 -




[ steps which are presented next. The report ends with a possible
" implementation of the feedforward loop desgign,
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II. INPUT FILTER RELATED PROBLEMS

A buck type switching regulator with a single atege input filter
is shown in Fig. 2.1, The switching regulator has been shown to
have a nonlinear negative reslstance, Flg, 2.2, |3]. 7The Input

current ir te the switching regulator is related nonlinearly to the

di
input voltage e. and the input resixtanue‘jgi =-%'. Under certain

r
conditions the input filter-switching regulator combination can

become a negative resistance oscillator, producing large amplitude
voltage excursions across capacitor Cqe When this happens serious
degradation of regulator performance could oceur, [3], including

loss of stabiliry.

The effect of the input filter is more clearly seen using a small

signal model.

The averaging technique [1) can be used to relate the low fre~

quency 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 regulator with input filter
of Fig. 2,1, as an example, a small signal model using the dual-input
describing function can be developed, as shownkin Fig. 2.3, [2].
In this model the effect of the input filter is characterized by the
following two parameters: the forward transfer characteristic of the
input filter H(s) and the output impedance of the input filter Z(s).
In Fig. 2.1 the output filter is made up of Rg, L, RC and C, RL is the

load resistance, D is the steady stats duty cycle ratio D = Ton/T,

-3 -
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VI and II 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 Fig, 2.3 can be used to Lllustrate the
complex interaction between the dinput filter, output filter and the
control loop and the problems caused by the interactdion, [2].

2,1 Input filter Interaction -- Loop Stabllity and Transient Response

The etability of a switching regulator can be cxamined by the open

loop gain GT(s):
Gy(s) = Fo(8)T, ()T (8) By () (2-1)

where Fc(s)Fp(s) is the duty cycle~to~output describing function §o/a,
nnd FE(S),FM(H) are the tronsfer Tunctions of the error processor and
pulse modulator respectively. The peaking of the output impedance of
the input filter Z(s) has the following effects:

L. The duty-cycle power stage pain Fc(s) includeys the output

impedance Z(s) -~

Fo(s) = Vy = Z(s)Ty or (2-2)
Vo
Fc(s) = I »f; - 7(8) (2-3)

%

The first term in the brackets Tl 1s the negative input impedance of the
‘T

regulator. At the input filter resonant frequency, Z(s) reaches a peak

value and 1f this value is large enough the result could be & reduction

in loop gain or even worse a negative duty cyele power stage gain FC(s).

Reduction in loop gain could lead to loop instability, whereas a

A‘.,,_N‘,AT,,.,“,‘.,»
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negative Fc(s) together with the negative feedback loop will result

in a positive feedback unstable system.

2, The power stage transfer function Fp(s) ineludes the output

impedance Z(s) ~

i
1
i
i

(Ry + 1/8C]//R|,

Fp(s) - where (2-4)

D?%(s) + 7, (s)

24(s) = Ry + 8L + [R, + 1/sC)//R (2-5)

= input impedance of the regulator,

Excessive Z(s) at thz input £ilter resonant frequency can signifilcantly
reduce Fp(s), and thus the loop gain.

Figures 2.4(a) and 2.4(b), [2], 1llustrate the effect of peaking
of Z(s) on the duty cycle-to-output transfer function Fc(s)Fp(s) if
an improperly designed input filter is employed. At the dnput filter
resonant frequency the peaking of the output impedance %(s) causes a
sharp change in the gain and phase of the duty cycle-to-output transfer
function. This results in loop instability and degradation of transient
response from a presumably well damped system to an osclllatory one;
control of the peaking effect of the output impedance Z(s) is necessary
to avoid these problems.

2,2 Input filter Interaction - Audiosuscoptibility and OQutput Impedance

The audiosusceptibility is defined as the closed loop input-to-
output transfer function.GA(s); this transfer function indicates how a
small audio frequency disturbance on the input voltage affects the

regulated output voltage.

SN
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(s) P (a)l (a) Fy (8)T_(8)
- c:wxm A aum;ﬂm ot
6a®) = TG " T '8)1‘ B TV oM (2-6)

where Fl(s) w DH(s) = input veltage gain of the power stage, GA(B) and
thus the audiosusceptibility are affected by the resonant peaking of the
output impedance Z(s) and of the forward transfer function of the input
filter with the regulator disconnected H(s), because Fl(s) is a function
of H(s) whereas Fc(s) and Fp(s) are functions of Z(s). The reduction of
loop gain at the resonant frequency can thus severely degrade the audio-
susceptihility., Fig, 2.5, [2], 4illustrates the audiosusceptibility of the
buck regulator with and without an input {ilter,

The output impedance of the buck regulator is affected at the resonant
frequency. The output impedance should be low but at resonance the
reduction in loop gain causes an increase in the output impedance.

Gontrol of the peaking of Z(s) and H(s) 1is thus necessary to avoid
serious degradation of audiosusceptibility at the resonant frequency. It
is also seen that the reduction in loop gain affects not only stability but
also audiosusceptibility, output fmpedance and transient response,

A buck type switching regulator with a two stage input {ilter is
shown in Fig. 2.6, TFig. 2,7, [2], shows the measured values of open loop
gain and phase as a function of the frequency. Significant changes in the
open loop gain and phase characteristics at the resonant frequencies of
both the first stage and the second stage of the dnput fllter are observed,
[2). Thus it is seen that the peaking of the output impedance at resonant
frequency of the two stage input filter can also cause serious performance

degradation.
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ITII. CONVENTIONAL INFUT FILTER DESIGN TECHNIQUES

The design of the dnput filter is constrained by the following
requirements -

1)  The amount of regulator switching current reflected back into the
source should be limited (conducted interfercnce requirement),

2)  The peaking of the vutput impedance of the input filter Z(s)
should be limited to a safe value to avold loop instability,

3) The peaking of the transfer function of the input filter H(s)
should be limited, whi¥ H(r) is designed to satisfy the conducted
interference requirement, [5].

4)  The input filter weight and energy loss are limited.

5) The Nyquist stabillity criterion has to be satisfied; thus the closed

loop poles should be in the left half plane for stable operation -

1+ FC(S)Fp(s)FE(s)FM(s) >0

6)  The closed-loop Input-to-output transier characteristle

(audiosusceptibility) should not be degraded by a noticeable amount.

The input filter design is made more complicated by the necessity of
avoiding performance degradatlon and stlll stay within the welght and loss
limitations. An input filter design that limits performance degradation
(degradation of stability, transient response and audiosusceptibility)
often penalizes the input filter weight and loss. A satisfactory input
filter design thus trades off one or more of the performance degradations
for size, welght or loss.

Some of the conventional design techniques are presented.

- 11 -
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3,1 The single stage input filter

The single stage input filter can be designed to avold performance
degradation ~~ but this would result in larger filter Ll and Cl’ thus
resulting in weight and size increase. The filter of Fig. 3.1(a), [3],
is simple and commonly used but it cannot often satdsfy the stringent
requirement on audiosusceptibility. Resonant peaking of the filter of
Fig. 3.1(b), [3], is lowered by adding resistance R, but this lowers
efficiency because the pulse current flowing through C1 increases
losses., Another design uses a resistance R in parallel across Cl’ {51,
but this results in a large Cl‘

The design of a single stage input filter thus is not possible
without trade off between performance degradations and the weight and
loss limitations.

3.2 Separation of the input and output filter resonant frequencies

The degradation of the power stage transfer function Fp(s) due to
peaking of Z(s) can be avoided if there is sufficient separation of the
input filter resonance frequency Wy S and the output [Llter

4 LlC‘l

resonant frequency Wy = ~l-, [2,4,5]. " Tig. 3.2, [2,4,5], shows
V1.C

three possible combinations of Wy and Wo Fp(s) is related to both Z(s)

and the input impedance of the regulator zi(s) thus

[Rc + l/sC]//RL

]

FP(S) (3-1)

DZZ(S) + Zi(s)

i

R"‘ ¥ sl + [R, + 1/sC1//R; (3-2)

where Zi(s) X

input impedance of the regulator.

Z(s) and Zi(s) peak at the frequencies Wy and Yo respectively. If the two

N
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Fig, 3.1, Single-stage {nput tilters,
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resonance frequencies are the same as in Fig, 3-2(a) then both Z(s) and

Zi(s) peak at the same frequency and thns at that frequency the transfer
function Fp(s) would be affected, i,e. reduced, to the maximum possible

extent, Shifting the two frequencies ¥ and Wy apart as shown in Figs.

3.2(b) and (c¢) will result in reducing the effect of peaking on Fp(s).

Reducing w, would result in increasing the size of the input filter, thus

L
possibly violating the weight limitation. A high value of Wy is desirable
from the point of view of weight and size reduction but this results in
performance degradation -- from Fig. 2.4 it is clear that the gain of the
duty cycle~to-output transfer function FC(S)FP(S) decreases with increasing
frequency and thus the effect of peaking of Z(s) on the gain of FC(s)Fp(s)
would be more pronounced if Z(s) peaks at a higher Wy . The reduction of
the loop gain at higher input filter resonant frequency Wy often results

in poor audiosusceptibility, oscillatory transient response or even an

unstable system. The choice of Wy thus invelves a trade off,

3.3 The two stage input filter

A two-stage input filter configuration has been described, [2,3] and
is shown in Fig., 3.3. The first stage consisting of Ll’cl’RS and Rl
controls the resonant peaking of the filter. The second stage consisting
of L2, 02 supr:lies most of the pulse current required by the regulator.
As shown in the literature, [2], the two stage input filter is capable of
reducing H(s) and Z(s) at resonant frequency without significantly in-
creasing weight and loss, unlike the single-stage input filter, Computer
optimization techulques have been utilized to optimally design two-stage

filters, It has been shown that the two~5;sge filter is much lighter

than its single-stuge courterpart under Identical design constraints.
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Also 1t has been shown that for the same filter weight the single stage
filter has a significantly higher peakinp of H(s) and Z(s). Fig. 3.4
sliows the gain and phase of the duty cycle=to=-output desceribing function
of a power stage with a two stage input filter, [2]. Fig. 2.4 shows the
galn and phase of the duty cycle~to-outpnc deseribing function of a
power stage with a single-stage input [ilter, and the two-stage (ilter
of Fig. 3.4 was designed to have the same weight as the single-stage
input filter of ¥ig., 2.4. Comparing the two figures the improvement din
performance regarding the duty cycle-tu-output transfer funetion is
dramatic and obvious,

It can therefore be coneluded that the two=stage filter provides

the best compromise among the conflicting requirements of an input filter.
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IV. CONCEPT OF POLE-ZERO CANCELLATION

A two loop adaptive feedback control implementation was developed
earlier, [6]. TFig. 4.1, [6], shows a two-loop controlled swltching
buck regulator, The dc loop senses the converter output voltage and
compares it with the reference voltage to generate & dc error signal
for voltage regulation. The ac loop scenses the ac voltage across
the output filter inductor to generate an ac signal, Both ac and de
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
output of the integrator contains information regarding the output
filter state variables ~- the inductor current and the capacitor
voltage. It was shown, [6], that the feedback control loops when
properly designed can provide complex zeros to cancel completely the Do
complex poles presented by the low-pass output fllter ol the power
stage. It was also shown that the feedback control loop has the
ability to sense filter parameter changes and automatically provide
pole-zero cancellation. 7To examlne the adaptive naturce of the control
loops the open loop regulator transfer function GT(s) is used

_ RZCGW)
Gp(s) = E??%GT (4-1)

where K is a constant determined by the power stage and control loop

parameters and

Z(jw) = 1 + j2el w/wnl - wz/wﬁl (4-2)
P(jw) = 1 + j2e, w/-w*n2 - wz/wi2 (4-3)

- 17 -
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P(jw) has complex poles corresponding to the output filter and Z(jw)

has complex zeros produced by the two loop feedback control,

-
v = (4-4)
1
W, % (4=5)
n2 ‘/ﬁ‘c‘
W
1 % “%i "z (-6
W
n2 ,L
e, =5 Qﬁ: + RCC + R&C) 4=7)
R4
a6 = .I:ITR; (4~8)
T o= (R, + R)C, + (4-9)
Z Y 52 GRI
- (R] + Rj)
— 2

L, G, Rz and RG form the output filter as in Fig. 4.1. The control

parameters can be chosen such that
Ya1 = Yn2 (4-11)

e; = e, (4-12)
thus resulting in
POIw) = Z(3jw) (4-13)

; _ K -
and GT(S) =3 (4~14)

The open loop transfer function Is of first order and is completely
independent of output filter parameters. The adaptive nature of the

control loop is apparent from the fact that the complex zeros imitate




the change in the complex poles due to component tolerance, aging or
temperature varilations, thus preserving the pole-zero cancellation,

This concept of pole-zero cancellation of the output filter

characteristics is used to investigate the pole-zero cancellation of

the input filter characterlstics as well,
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V. MODELING OF THE POWER STAGE WITH INPUT FILTER

The first step in the design and analysis of the feedforward 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,
uslng the averaging teehnlque, [17,  The modeling &8s carrled out lu the
continuous conducition operating mode, in which the inductor current is
always nonzero, This mode is the prevalent opexating mode for most
de~de converters, The discontinuous conduction operating mode in which
the inductor current is zero for some time during the cycle ocecurs at
light loads and is seldom used as the intended design at full load.

The modeling 1s carried out in the following steps -

1)  State space equation formulation during T.. and T

ON OFF

2)  State space averaging and perturbation.
3) Linearizaticn and derivation of the small signal equations and the

small signal equivalent circult and state space model.

5.1 Buck=boost converter small sipnal model derfvation
The buck~boost converter is shown in Fig. 5.1. During TON’ the
switch § is on and the circuit is as shown in Fig. 5.2

The equations desceribing the clreult are

N
i =t ® ¢ = {1ux in core (5-1)
p "I,
dd i R, N Y v
o o a . Ya Vi .
Fe -1 P TR PIT L T YT (5-2)
R
d¢ _Yer . el ~
ac "N, TN, LTI (Rey + Rp) (5-3)

-2 -
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dy i N.
Cl L1 P
Il T (5-4)
dv -y
¢, ¢ )
dt G(RLfRC) (5-5)
RVe
Vo TR (5-6)
Rtk

During TOFF the switeh 8 is off and the clrcult is as shown in Fig. 5.3

The equations describing the circuit are

e

is = -fzr ¢ ()"7) :
dil i vy F
P Y _le - ,
e " T Ot Red T iE Y o (5-8) j
s | m(lib& _‘(‘ + R‘.RI + RR );}1 RLv(. (5-9) :
dt (R 4 n ) N, (R(‘ ¥ RI)
i
dv i
¢l Ll -
dv,, ih v
d!? cis IfR +R.) _ C(R ‘C-H{ 3 (5-11)
s L L
R, v R Ry Nt
vy ot (5-12)
0 R +RL L (R +R)
The following vectors are defined
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Ya
b u= [v,]
x -
S Vo1 (5-13)
ALY
Ve
- J
resulting in the following stote space equations
X= A X+ B, u xX= A, x+ B, u
EEAhETH AU A7 fyxTi 4 (5-14)
'z " C'L .8.. v om (’2 %
where
C M tRe) Rady o s 0
Ll LlLP )
R Bt g .
N T, N
/\1 o P P P (5-15)
=N
& a0 0
- -IP
=1,
0 0 0 ot e s
C(Ry, +Rp)
e -
(R g +Rey) 0 -1 .
L] 11
0 s S
Ay = Ls No(Re*+R) 1 (5-16)
1
& 0 0 0
0 e ,N;q.)tr Len .c“:.‘.l..,,,w,.
'I’S (RC + RI.> G RC + RL)
e o
By 131‘ 0 0 o7 (5-17)
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C, =10 0 0 ~—EE——~
1 R.C+RL
o wlo RN o By

2 i LS(RC-kRL) RC*JH, |
o ReRoReRy RO,

1 RC'H{L

space averaged model over the entire period T is
$ = { )
x [dAl + d A2] x + [dBl + d B2] u
y = [dcl-fd'czj X

rl‘
d = duty cycle ratio = r _E$
ON OFp

d' = 1-d
T = Ton*Torr

space averaged model 1is perturbed thus -
d=D+d

d' = D' -d
u=U+u
y=Y+y
E=X+X

Assuming that the perturbation is small

oo
N>

<< 1,

linearized model

(5-18)

(5~19)

(5-20)

(5-21)

(5-22)

(5-22)

(5-23)

(5~24)

<< 1 etc, leads to the following small signal
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<

(DA, + D'Az] X+ [DB1 + l)‘ng] v

= I

Vo = [DC) +D'¢y) ¥

g = [DA; + D'A,] X+ [bB, -+ D'B,] GI ' (5=28%)
tTAy = Ay X+ By = By V]

v:) @ [0y = Cy] X Ak D kDY) R

Deflining

A w DAp + D'A,

B o= DB+ D'B, (h=206)

¢ = DGy +D'C,

rosults In

RoAR4BY,
oA = Ay) Xk (By - By) VD d (5=27)
Vo= (€ =Gl Xd+ex

Using Laplace translorms results in
R(8) = [SI = A1 '3 Vi(s)
#I8Y = AT, = A X b (= By V] dCs)  (5-28)
Vols) = ey - Gyl X d(8) + € F(s)

The state space model is deorived from the two ecquations above, and Is
ghown in Flp, 8,4,

To derive the small signal equivalent clveult, it is first necessary
to use the equation for v“o to substitute lor \'rc In terms of ‘\;0, in the

small signal equations described above,  Simplifyving the four equations

P T
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Fig. 5.4. Buck-boost converter power stage small signal state spaee model.,
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Fig. 5.5. DBuck-boost converter power stage small signal equivalent cirecuit.
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are obtained

A

Raqy N D di
V. = S 2 S L, -
Vy = (R + R4y L ¢ L1 = (5~29)
R,..N
A cL'p "
+ Vop ~ L. ¢ d
¥
dv, DN N
Cl e P P4 . ,
Rl T S ol Bl (5~30) L
P I ‘ J:
dv, D'N v, N ;
C g o s , -
Crm= = e = = =2 (5-31)
dL Lg R Lg
v..N. N.dd R, N.D DR, N |
poLis 87 ei’st -, Tels B (5-32) i
Np dt NP Tl] lll, g
, \‘
S s Re +1y, |
N
RettpaNg » o RegdiNg ., |
- 5 d +—5 - d v, :
P P i
- i
RoR Ngbd (D -D') i VoqNg ] 1
Lo (R +R) N, ;
Using a fictitious current i described by
Lsi = Nyt (5-33)

an equivalent 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 cquivalent circuit for the

buck-boost converter, as shown in Fig. 5.5.
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5.2 Buck converter small signal model derivation

The procedure used in deriving the small signal model for the buck
converter iIs exactly similar to that used for the buck-boost converter.
The buck converter is shown in Fig, 5.6.

During TON the switch S 1s on and the circuilt is as shown in
Fig. 5.7,

The equations describing the circult are

My P tRy) R, Ya Y (5-34)
dt Ll L1 L1 "L Ll Ll :
E}—E = FQ—I—- : i{—l— i, + Mo WAL (5-35)
dt L "Ll L. 'L L L(RC'%RL)
e e S N (5-36)
dt cl cl
dc:tC = C(II:Li-Iﬁ y © C(RVC+ ) (5-37)
¢t Ry ¢t R
i A N
v, = (5-38)
0 RL + R RI + R
During TOFF’ the switch S is off, and the circuit is shown in Fig. 5.8.
The equations describing the circuit are
Yy P tRy)  Ya,nt (5-39)
dt Ll Ll Ll L1
diL _ ~R21L ) RLVC (5-40)
dt L LR+ Rp)
dv i
L Ll (5-41)
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g, 5.6, Buck converter power stage .
Fig. 5.6, Buck ¢ OF POOR QUALITY
Rua  La Rt L
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Fig. 5.7. 3Buck converter power stage model during TON‘

" pig. 5.8. Buck converter power stage model during i,
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de ) RLiL o VC
A
dt C(RL + R(‘:" G(RL o RC)

RLRCiL R

Ve

vV, * + -
0 R.L+]’.C RL

Ry

Ry

ReRy,

R, + =t
2R, R

Rex

+RC

L

R
+ R, TR

C'% RL

The following vectors are defined

I

b

Vel

Ve

P

resulting in the following state space equation

‘LON
x = Al x+ By
Y= Cl X
where
B thy)  Rg
L1 L1
Re1 Ry
L
A, =
1 .l :;j];
Cl clL
0 !
i C(RL+RC)

ORIGINAL PAQE (3
OF POOR QUALITY

lll

COrF
X= Ay x+ Bou
y=0C,x
-1
L1 0
R )
1 R
L L(RC +RL)
0
. __1
0 COR. 4R

(5-42)

¢ |

e e

(5-44)

(5-45)

(5-40)

(5-47)

(5~48)
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ff&iijxﬂj 0 ud 3 0
L1 Ll
1
1 . A 3
L L(RC+RL) ;
Ay, = (5-49) B
2 L 0 0 0
cl [
0 ..._....[.{._L..._.c 0 ! SO L
C(RL +R) C(R; +Rp)
By = _ﬁ 0 0 0:] (5-50)
B2 = Bl (5-51) i
L°C ’
C, = 0 0 (5-52) 3
1 RL + RC RL +Re :l
¢, = ¢ (5~53) &
The state space averaged model over the entire period T is
X = [dAl + d’Az}z{_ + [(IBJ + d'Bz]g (5=-54)
4
y = [dey +d'Cylx
0N 4
, ON ’
where d = duty cycle ratio = T T
ON COFF
d' =1-4d (5~55)
T = Toy * Torr
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 i
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9 = [DA; + D'A)JX + [DBy + D'B, IV,
£ = [DA) + D'A,)E + [DBy + D'B, IV,

+ [(Ay = A% + (B = B,V ]d (5-56)
Vo = [DCy + D'CyIX

A

* - 3 Ly -
Vo = [ = C,1Xd + [DC; + D'Cylx

1
Defining
'
A= DA, o+ D'A,
= ' Y
B = DB, + D'B, (5-57)
; L e
C = Dcl t D L2
results in
X = AX + nél
r . ) - 1 a3 {
+ [(A) = AX + (B, B,y)Vy1d (5-58)
vy = [C = CyIXd + Cx
Using Laplace transforms gives
L4} —1 "~
x(8) = [ST - A] B vI(s)
FIST = ATTLGA = ADX 4 By = BV 1d(s) (5-59)

= v — ) K (‘ * o N
vo(s) =[G = €)X d(s) + C x(s)

The state space model is derived from the above two equations and is
shown in Fig. 5.9.

The procedure for deriving the small signal equivalent circuit is
exactly similar to the one used for the buck-boost ceunverter. The four

equations that result are
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Fig. 5.9. Buck converter power stage small signal state space model.
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Fig. 5.10. Buck converter power stage small signal equivalent circuit.
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N

df
» " * - * I n---!"-;a -~
Vp = (Rpg b Ry )py = DRy 4 L1 et (5=60)
+Vey = Begfpd
Dvgy = (BRgy *+ R L = DRydry + v (5-61)
di7 ‘ | " 1
tLgp - (Rgylyy = Reyly, + Vgpdd
dv, R
cl A - ’
CIMEE~»¥ iLl - DiL - dIL (5-62) i
dv? v,
c -~ Yo ,
C gt = ) - =2 (5-63)

1, RL
The small signal equivalent clreuit 1s deseribed by the four equations

above, as in the buck-boost converter, and is shown In Fig., 5.10.

5,3 Boost converter small signal model derlvation

The procedure used in deriving the small signal model for the boost
converter 1s exactly similar to that used for the buck-beost converter.
The boost converter 1s shown in Tig. 45.11.

During TON’ the switeh $ is on, and the resulting circuit is shown
in Fig. 5.12,

The equations describing the cirecuit are

diLl = ~\RL1 * Rcl), 1 + E.(.;.,l, 1, - .Y.g.l. 4 :,,.].:. (5-64)
at L1 10 R O W PR 36 R )
Ve i 4 )
i - oL - T (5-63)
: EEE =.§§l 1. - jg&ﬂ;j;fﬁl Lo+ Vo1 (5-66)
dt L L1 L LT v
-
: dgf ¥ TR vﬁ 3y (5-67)
¢ TR
L v, R
v =l (5-68)

0 R + RL
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Fig. 5.11. Boost converter power stage,
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Flg, 5.12. Boost converter power stage model durlng Loy
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Fig. 5.13. Boost converter power stage model during TOFF'
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During TOFF the switch S 18 off and the resulting eircuit is shown in
rig., 5.13.
The equations describing the circuit are
di ~(RL + R.q) R k12 v
L1l L1 "cl’ ¢ NP 1 R & -
a6 "L hpt5r -1t (5-69)
dv i 1
Cl L1l L
& " Tl " @ (5-70)
di, R i R,.F i
L Rer L ¢k, 1
T T~ T (RCl + R, + Rc"” RL) (5~71) ]
v
&
Rive Vel ]
IR +RY T :
cthy ' 1
?t? " G(II:Lii R) ~ T vﬁ ) (5-72) |
¢t iy ¢t Ry
Yo * "i‘}i&%‘“’“ b+ %&"‘Xﬁ"r” (5-73)
- ¢t Ry Re * By,
The following vectors are defined
g (5-74)
x = ) .
= y = [v.]
VCl 0
resulting in the following state space equations.
Ton Torr
%= Alg_(_ + Bllz_ % = Az_Jg + Bou (5-75)
Y= Cx Y= Cox

where
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=~ (R 1 +Rey) Rey
%) i1
Rey ~(Rgy +R,)
) L i
1 -1
1 Cl1
0 0
TRy tRe) Ry
i1 %)
Xa !
L L
e
2 fod 3
1 el
0 A
4 .
LR
R R
™ m.g..-lia-
Roy T Ry + R+,
- T
L
= Bl
~ .
=10 0 0 :
R +R.
= 0 RLRC . 0 ......}..{.L.......
R +R, Ro R,

E?§;Tr§27

L(Rc'kRL)

C(RC'+RL)
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0
-1

...R_L

0

1

-

(5~76)

(5-77)

(5-78)

(5-79)

(5-80)

(5-81)

(5-82)

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

™ ki e ©

X = [dAy+d'Aylx + [dB) +d'B,Ju (5-83)
y = [dey+d'Cylx

Tow

Torr * Ton

where d = duty cyele ratio =

d' = 1 ~4d (5~84)

T = Ton * Topr

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

lincarized model is

; 0 = AX+BV;
| 2 = AZ+BV (5-85)
‘ + (A -4y X + (B ~B,)V,]d
Vo= CX ‘ (5-86)
Vo= (6 ~C) Xd+Cx (5-87)
= '
where A DAl + D A2
B = DBy +D'B, (5-88)
— !
; C = DCy +L'C,
; Using Laplace %ransforms gives
%(s) = [ST-A1"" B v (s)
! _arL - - g -
g + [ST-A] "[(A] ~A)X + (By ~By)V ]d(s) (5-89)
) )
% vo(s) = [C) -C,lX d(s) + Cx(s)

3
ok
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The state space model is derived from che above two equations and is
shown in Fig. 5.14,

The procedure for deriving the small signal equivalent circuit is
exactly similar to the one used for the buck-boost converter. The four

equations that result are -

"

diy X . ) X

Ll = =Ry +Ra My + Rogdp = vay o+ vy (5-90)

L %1,_ = Ry dpq = (R +R ) = 1)1)'%% EL (5~91)
+ v - D'vy RCRLLZ;El:; b + V()a

€1 dzil =iy -4 (5-92)

c %‘% = D' - ';']i"g - 1,d (5-93)

The small signal equivalent circuit is described by the four equations
above as in the buck-boost converter, and is shown in Tig. 5.15.

The power stage small signal models developed include the input
filter state varilables, whereas carlier models [2,4,5]) had treated the
input filter only in terms of its output impedance and transfer function.
The models developed in this chapter are used to analyze and design a

feedforward loop that includes the input filter state varilables.
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Boost converter power stage small signal state space model.

Boost converter power stage small signal equivalent circuit.
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VI. ANALYSIS OF FEEDFORWARD LOOPS LEADING TO A DESIGN OF
THE FEEDFORWARD LOOPS FOR A BUCK REGULATOR.

This chapter presents an analysls that leads to a design of the
feedforward loore for a buck regulator. A small signal model that
includes the fegdforward loops is developed; analysis of the model
leads to a design of the feedforward loops. The buck regulator is
treated in this chapter, but the analysis and design procedure would be
similar for the boost and the buck-boost converters.

6.1 Development of a small signal model that includes the feedforward

loops.

The small signal model to study the behavior of the feedforward
loops was developed in two steps - in the first step and output voltage
to duty cycle transfer function was developed, and in the second step
the above transfer function was used to develop a model that includes
the feedforwﬁrd loops.

The small signal equivalent circuit model of the buck converter
described earlier was used to relate 8(5) to Qb(s), with the input J}(s)
set equal to zero. Fig. 6.1 shows the clrcuilt used. Expressions for
il(s) and ﬁa(s) were written and used to relate a(s) to Vb(s). The

cransfer function developed is -

V(&) Vg (RL—Dzz)(1+SCRC)

5 - D 2 2 (6-1)
d(s) D Z(l-fSCRL)-FLCRL(s +aS+h)
where
1 -

1 DD RCl-+R£-+RC )

a =z + (6=-2)
RL L

s -

b = e (6-3)

- 42 -
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Fig. 6.1, Small signal equivalent circuit of the buck converter power
| stage with vi(s) = 0

P e S 2 A
x(!’l) W‘ xl”l_l"
s o2 " A A
O B Ly Xo21) Vol
AT A S e e0
I A) V| XS Ve
RN
X BV
Ay~ AglX M v

e
n

—feafeg]

r....(gg . 1 FEHEDEORWARD
e =L

t ]

;truw,« ..

xis) BACK g eersrimereeeeee]

Fig. 6.2. Buck converter model with feedforward and feedback loops.

[ ———
ERTR :

"

e A e aad

A T——— o




[ER

! . W

ORIGINAL PAGE 18
= 4= OF POOR QUALMY.

1

2 = (RLl'PSLl)//(R01’+§EI) (6-4)
= output impedance of input filter
v (8)
—rn— Fp(s) wheve FP(S) is the output voltage to duty cycle
d(s)

transfer function. (6-5)

The state space model for the complete buck converter including

the feedforward and feedback loops is shown in Fig. 6.2, where Cz(s)
and CS<S) are the gains of the feedforward loops. The design of the

feedforward consists of choosing appropriate gain expressions.

To examine the behavior of the feedforward loops G}(s) is set equal to 0 and

Q;(s) is related to Vb(s). Py is the transfer function of the pulse
modulator.

Fy(s) = (ZRACl/n)(l/M) as developed in (6). -

The equations needed are

[v;(s) + CB(s)iil(s) + Cz(s)val(s)]FM = d(s) (6-6)
FP(s)a(s) = Vb(s) (6-7)

where 1t is assumed that the feedforward signal made avallable to the
pulse modulator is CB(S)iLl(S) + CZ(S)VCI(S) and Pp(s) 1s the output
voltage to duty eycle transfer [unction developed above.
Using the equation
(ST ~A)%(s) = (Ay - A,)Xd(s) ,6~8)
it is possible to relate iij(s) and véL(s) to d(s).
The result is
C3(s)iLl(s) + Cz(s)vCI(s) = Fp(s)d(s) (6-9)

where

A

T T U S P IO “AMM

TR
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vo{ [(1+SCRL) (SL+RL)+RL] [03(3)+s01R0103(S)—(12(s)sx,l-cz(s)nul }

() [a, (s)b, (s) + D?(1 ) )]
a,(s)b,(s) + D +SC SL1 +
R lay (s)by K, R (6-10)
and  a,(s) = R (s%LC + SCR, + SCR, + 1) + SL (6-11)
by (8) = s?1101 + SCL(Ry; +R ;) + 1 (6-12)
substitution gives the following
[V, (8) + Fp(s)d(s)IFy = d(s)
v, (8)F = 3(s>[1-FF(s)FM1 (6-13)
Vo (8) ]
S T [1 - Fp(s)Fyl
vi(s) F,(s)F
oS/ Fpi8/7y (6-14)

| vx(s) 1'-FF(S)FM

The small signal model developed, equation (6-14), includes the effect
of the feedforward loops as is seen clearly in (6-10).

It is easier to analyze the effect of feedforward 1f the following
assumption is made -

RCl =0 (6-15)

This is not an unrealistic assumption since the ESR of the input filter
capacitor can be assumed negligibly small compared with the other
resistances. Assumption (6-15) lends to the following simplified

expressions - 02 L ap
VO(RL D"Z) (14 bLRC)

Fp(s) = - (6-16)
D2(1 + SCRL)(SLl + RL1)
D bl(s) + al(s)
SL1 + Ry
Z = Output impedance of input filter (6-17)
1

LR i fee ae e ee
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a (s) = 'RL(sch + SCRy + SCRy + 1) + SL (6-18)

)

2
bl(s) = S"LIC1 + SGlRLl + 1 (6-19)

Substitution of (6-16), (6-17), (6-18) and (6~19) into (6-14) leads to

the following simplified small signal model =~

" nl 2 X

vo(s) i v01.Mb1(s)(RL-n Z) (1 +SCR J.)RL (6-20)
vx(s) DNI(S)

where

NJ(s) =R [{nl(s)hl(s) + Dz(l +S()RI)(SL1 +RL1)}) -

VP [{(1+8CR ) (SL+R ) + R HCy(s) ~Cy(s)R; 1 ~C, (5)SL1}]

(6~21)

The simplified small signal model of equation (6-20) and (6-21) reveals,

using equation (6~17), that the output impedance of the iInput filter

Z(s) affects both the numerator and denominator of the simplified

model. In equation (6-21) the gains of the feedforward loops are Cz(s)

and 03(9) and it Is seen that if appropriate galn expresslons are chosen

such that the numberator and denominator terms containing Z(s) in

(6-20) are cancelled, then the addition of feedforward effectively

results In eliminating the peaking effect of Z(4) on the loop gain

and phase.

6.2 Desipgn of the feedforward loops

The design of the feedforward leops thus reduces to choosing
appropriate gain expressions for the gain bloeks in the feedforward loops.
It is seen that choosing

Cq(s) =0 (6-22)
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and
C,(8) = w== 6~23)
2 VoFy
leads to
vole) VOFMblcs)(nL_nzz)(nsc:nCmL 6200
V() Da (s)by (8) (R, - D%2)
Simplifying leads to
v.(s) V.F.R (1 +SCR )
0 0'M"L (6-25)
"x(s) Dal(S)

Equation (6-25) reveals that for the case of a buck regulator operating

in the continuous conduction mode, only one feedforward loop is nccessary

and that the gain of the feedforward loop is a const-nt., The peaking

effect of the output impedance of the input filter Z(s) is completely

eliminated as is evident from a comparison of equations (6-25) and (6-20).

The transfer function of equation (6-25) 1is exactly the nne obtained 1f

there is no input filter in the power stage; thus the effect of the

input filter is completely eliminated.
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PROPOSED FEEDFORWARD LOOP DESIGN

The proposed feedforward loop design is to be implemented for
constant volt-sec control, As developed in the last section, the
teedforward loop need only sense the input filter capacitor voltage
and the gain of the feedforward circuit is

-D2
C,(8) = == (7-1)
2 Yoy
With constant volt-sec control the produet of input voltage and the
on time of the converter is constant. The gain of the feedforward

circuit will therefore be a constant.

Substituting for FMVfrom [2] and for D leads to.

~V0n 10N

'
2VI RZpCl

Cz(s) = (7-2)

—V0 n M

or 02(8) =
‘ ¥

ZVI Racl

(7-3)

where m==vl TON 1s constant.

and V0 = output voltage
VI = input voltage
RA’Cl' = control circuit parameters

n = turns vatio of the inductvr current sensing transformer
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Fig. 7.)1. TFeedforward circuit for a buek converter with constant dnput
voltage.
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As an example a feedforward cireult is designed for the following values:

V0 = 20V

VI = 30 V

n = 0,65

RA = 40.7 KQ
| - .

C1 5600 pf

M= 0,88 x 1077 V-see

The gain of the feedforward loop is calculated as €,(s) = ~0,03,

2
Figure 7.1 ds o possible implementation of the feedforward gain,
The input to the circuit 1s the dnput [ilter capacitor voltage

and a series capacitor of 27 uF is nccessary to filter out the

de component of the capacitor voltage, The gain of 0,03 is
implemented by the potential divider made up of the 5.1 K& and

164 ¢ resistances, The input voltage to the clrcult is multiplied

by the gain and then subtracted from the feedback signal generated

at the output of the integrator in the feedback loop,

1S
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VIII, CONCLUSIONS AND FUTURE WORK

In switching regulators the peaking of the output impedance
of the input filter interacts with the regulator control loop, and
this in turn could result in degradation of regulator performances
and possible loob instability., An approach based on pole~zero can-
cellation 18 proposed to mitigate these detrimental effects., It is
shown analytically that a feedforward loop can be designed that
eliminates the peaking effect of the output fmpedance.

The design of the proposed feedforward loop for a buck regulator
proceeded in three steps. First the small signal model of a buck
regulator power stage with coptinuous inductor current operation is
derived, Similar small signal models for the boost and buck-boost
regulator power stages are also derived, These models preserve the
original properties of the Input-filter/output [Llter state variables.
The next step is to develop a small signal model for the buck
regulator including the feedforward and lecdhack loops; this ds done
using the power stage models derived esriicr. The model Includes the
effect of feedforward loops and is examined next to see 1f pole-zero
cancellation to control the peaking effect of the fnput filter output
impedance is possible. It is shown in this report that a simple choice
of feedfurward loop gains results in complete cancellation of the
peaking effect. ‘The transfer functlon obtained wlth feedforward
compensation is exactly the one that would be obtained if there is no

input filter used; thus the feedforward results in cancelling the
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interaction between the output impedance of the input filter and
the regulator control loop, A possible implementation of the proposed
feedforward 1s presented,

Future work will involve implementation of the proposed feedforward
compensation and measurement of the open loop gain and phase of the
buck regulator to conflirm the analytical prediction and design, The
closed loop input-to-output transfer function will also be examined
to check the effect of feedforward on audiosusceptibility.

The Implementation of Input [Llter compensation scheme is
currently under dnvestigation under NASA contract NAS 3-220 by
investigators Fred ¢, Lee and 8, 8. Kelkar of Virginia Polytechnice

Institute and State University.
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