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INPUT FILTER COMPENSATION FOR
SWITCHING REGULATORS

by

Shriram S. Kelkar

(ABSTRACT)

An input filter is often required between a switching regu-
lator and its power source due to the need of preventing the
regulator switching current from being reflected back into
the source. The pfesence of the input filter often results
in various performance difficulties such as loop instabili-
ty, degradafion of transient response, audiosusceptibility
and output impedance characteristics. These problems are
caused mainly by the interaction between the peaking of the
output impedance of the input filter and the regulator con-
trol loop. Conventional single-stage and two-stage input
filters can be designed to minimize the peaking effect, how-
ever this often resuts 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 1loop is

presented. The scheme is implemented using a feedforward



loop that senses 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 fhus making it possible to optimize the in-
put filter. The concept of feedforward compensation can also

be extended to other types of switching reguiators.
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Chapter I

INTRODUCTION

Switching-mode dc-dc 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 higher weight due to the large transformer and
filter needed to achieve the required voltage/current regu-
lation.

Since the late sixties, the rapid expansion cf 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 dc-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



problem brought about due to the ﬁse of an input filter in
switching regulators. The switching regulator input current
has a substantial ripple component at the switching frequen-
cy and this necessitates the use of an input filter to
smocth the pulsating current drawn from the supply. Furth-
ermore 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-
output 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-
signed 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 between the
input filter and the regulator control loop.

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

dissertation, to develop a novel feedforward control locp



that senses the input filter state variables 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 feedforward 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-
ploying the novel feedforward compensation scheme presented
in this dissertation, a high performance converter together
with an effective input filter design (minimum weight and
loss) can be accomplished concurrently. A buck regulator
employing a feedforward control loop working in conjunction
with the feedback loops was used to obtain measurements tha:
showed significant improvement in the following performanc.:
categories:

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

2 Audiosusceptibility;

3. Output 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 followed in Chapter 3 by the con-
cept c¢f pole-zero cancellation developed earlier ([2,7,8].

Chapters 4 and 5 present the modeling of the power stage



>

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 improvement using the feedforward scheme devel-
oped, are discussed in Chapter & along with other measure-
ments of audiosusceptibility, output impedance and transient
response. Chapter 7 presents experimental and analytical re-
sults pertaining to transient response while Chapter 8 dis-
cusses the use of the feedforward locop in stabilizing a re-
gulator system made unstable due to input filter
interaction. Chapter 9 is concerned with extending the con-
cept of feedforward compensation to other types of control
and to other types of regulators i.e. the buck-boost regula-
tors. Finally, Chapter 10 presents the conclusions and sug-

gestions for future work.



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
openiné and closing of the switch and this component should
be prevented from being reflected back into the source ; an
input filter is required to provide high attenuation at
switching frequency and thus smooth the current drawn from
the source. The input filter also serves to isolate source
voltage disturbances £from being propagated to the switching
regqulator payload downstream.

A presumably well-designed input filter, satisfying the
above mentioned requirements, when used 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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The interaction between the control loop and the input
filter is illustrated in Figure 2 . The switching regulator
has been shown to have a nonlinear negative resistance, as
illustrated in the figure,[3]. The input current i, to the

switching requlator is related nonlinearly to the input vol-

di
tage ep, and the input resistance - = -% . Under certain
er

conditions the input filter-switching reguiator combination
can become a negative resistance oscillator, 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 technique [1] 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 regulator with input filter of Figure 1 , as an
example, a small signal model using the dual-input describ-
ing function can be developed, as shown in Figure 3 , [6].
In this model the effect of the input filter is character-
ized by the following two parameters: the forward transfier
characteristic of the input filter H(s) and the output impe-

dance of the input filter Z(s).
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In Figure 1 the output filter is made up of RE' L, RC and C,
R; is the load resistance, D is the steady state duty cycle
ratio D = T,,/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 between the input £fil-
ter, output filter and the control loop and the problems
caﬁsed by the interaction. For detailed analysis please re-

fer to {6].

2.1.1 Input Filter Interaction -- Loocp Stability and
Transient Response

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

Gp(s) = Fg(s)Fp(s)Fg(s)Fy(s) (2-1)
where Fg(s)Fp(s) 1is the duty cycle-to-output describing
function 36/3 , and EE(s), Fy(s) are the transfer functions
of the error processor and the pulse modulator respectively.
The peaking of the output impedance of the input filter 2(s)
has the following effects:

(1) The duty-cycle power stage gain Fo(s) includes the
output impedance Z(s) --

Fc(s) = VI-Z(s)II or (2=-2)
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‘V
= __.;. - 2‘3
Fo(s) = I [II Z(s)-J (2-3)

The first term in the brackets ‘%%‘is the negative input
impedance of the regulator. At the input filter resonant
frequency, 2(s) reaches a peak value and if this value is
large enough the result could be a reduction in loop gain or
even worse a negative duty cycle power stage gain FC(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

output impedance Z(s) --

[Ro + 1/sCl//Ry

F_(s) = 5 where (2-4)
P D°Z(s) + 2,(s)

2i(s) =R, + sL + [Rg + 1/sCl//Ry (2-5)

input impedance of the regulator.
Excessive 2(s) at the input filter resonant £fregquency can
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 Fo(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 2(s) is necessary to avoid these problems.

2.1.2 Input Filter Interaction--Audiosusceptibility and
OQutput Impedance

The audiosusceptibility refers to the switching regqula-
tor's ability to attenuate small signal sinusoidal distur-
bances present at the input so as not to affect the regulat-
ed output voltage. The audiosusceptibility performance is of
considerable importance, as the regulator generally shares
the input bus with other on-line equipment. 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 various payloads at the regulator out-
put will not be adversely affected. The audiosusceptibility
is expressed in terms of the closed loop input-tc-output

transfer function GA(s):

v_(s) FI(s)Fp(s)

F_(s)F_(s)
- _O _ I D (2=6)
GA(s) = =

VI(S) l+Fc(s)Fp(s)FE(s)FM(s) 1 + GT(S)
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where FI(s) = DH(s) = input voltage gain of the power stage.
GA(s) and thus the audiosusceptibility are affected by the
resonant peaking of the output impedance 2(s) and of the
forward transger function of the input filter with the regu-
lator disconnected H(s), because FI(s) is a function of H(s)
whereas Fc(s) and Fp(s) are functions of 2Z2(s). The reduc-
tion of loop gain at the resonant frequency can thus severe-
ly degrade the audiosusceptibility. Figure S , [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 regqulator behaves like an ideal voltage source,
however the output impedance is increased by the peaking of

the output impedance of the input filter.

z_(s)

25(8) = 1% G, (5) (2=7)

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

At the resonant frequency the output impedance of the regu-
lator Zo(s) is increased. This is a consequence of the loss

of loop gain GT(S) as a result of peaking.
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The peaking of H(s) and 2(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 RD is
not employed to purposely illustrate the effect of input
filter interaction with the regulator 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 r-so-
nant frequency of the two stage input filter can also cause

serious performance degradation.

2.2 INPUT FILTER DESICN CONSIDERATIONS

The design of the input filter is made more complicated by
the necessity of satisfying the following constraints, which
;esult from the interaction between the input filter and the

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

terference requirement).
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Figure 6: Buck type switching regulator with a two stage
input filter.

\t =40v Vo =20v RL=7 ohm R, =0.05 ohm

L=1 mH =455micrcF Rc=0.0680hm Tp=50microsecs
L1=1.1 mH R, =0.05 mohm L,=0.27 mH

R,=0.02 ohm C, =225 microF C, =20 microF
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2. The peaking of the output impedance of the input £il-
ter 2(s) should be limited to a safe value to avoid
significant loop gain reduction.

3. The peaking of the transfier function of the input
filéer H(s) should be limited to achieve a satisfac-
tory rejection rate of audio signals propagating from
input to output.

4. The input filter weight and energy loss should be
limited to low values.

5. The Nyquist stability criterion has to be satisfied;
thus the closed loop poles should be in the left half
plane for stable operation -

|1 + Fo(s)Fp(s)Fg(s)Ey(s)| > O

6. The closed-loop input-to-output transfer characteris-
tic (audiosusceptibility) and transient response due
to a sudden line/load change should nct be degraded
by a noticeable amount.

An input filter design that satisfies one constraint
may often result in violating some other constraint. For ex-
ample, an input filter design that limits performance degra-
dation (degradation of stability, transient response and au-
diosusceptibility) often results in higher weight and
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 éerformance degradation =-- but this would
result in larger filter L1 and < 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
design uses a resistance R in parallel across C,, (4], but
this results in a large Cl.

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

The degradation of the power stage transfer function
Fp(s) due to peaking of 2(s) can be avoided if there is suf-
ficient separation of the input filter resonance frequency

1
@) =——= and the output filter resonant frequency

VEiCT
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1

°~"/xTc '

sible combinations of W, and Wy - Ep(s) is related to both

[

(4,5,10]. Figure 9 , [4,5,10], shows three pos-

Z(s) and the input impedance of the regulator Zj (s) thus

(R + 1/sC1//
F_(s) = —s ? (2-8)
P Dz (s) + 2, (s)

where Zi(s) = Ry + sL + [Rc+ 1/sCl//R

input impedance of the regulator.

2(s) and 2;(s) peak at the frequencies wg and wlbrespective-
ly. If the two resonance frequencies are the same as in Fig-
ure 9 then both 2(s) and Z2;(s) peak at the same frequency
and thus at that frequency the transfer function Fp(s) would
be af?ected, i.e. reduced, tco the maximum possible 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 value 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 Ec(s)Fp(s) decreases with increasing fre-
quency and thus the effect of peaking of Z{(s) on the gain of
Ec(s)Fp(s) would be more pronounced if Z(s) peaks at a high-

er (4)10
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(a)

~—2Z(S)

(c)

Figure 9: Interaction between output impedance Z2(s) of
input filter and input impedance Z (s) of
regulator.
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The reduction of the loop gain at higher input filter
resonant frequency W, often results in poor audiosuscepti-
bility, oscillatory transient response or even an unstable
system. The choice of w, thus involves a trade off between

meeting performance specifications and size/weight.

2.2.2 An Optimal Configquration

A two—sﬁaqe input filter configuraticn has been described,
[3,6] and is shown in Figure 10 . The first stage consistiné
of L,,C,,R; and R, controls the resonant peaking of the fil-
ter. The second stage consisting of L2, Cy supplies most of
the pulse current required by the regulator. As shown in the
literature, [6], the two-stage input filter is capable of
reducing H(s) and 2(s) at resonant frequency without signi-
ficantly increasing weight aﬁd loss, unlike the single-stage
input £filter. Cocmputer 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 filter has a significantly higher
peaking of H(s) and 2(s). Figure 11 shows the gain and phase
of the duty cycle-to-output describing functicn of a power

stage with a two stage input filter, [6].
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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 1l 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
prévides 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 regu-
lator control loop is possible with the addition of a feed-
forward control loop. At this point it is impcrtant to em-
phasize that such a scheme is designed to eliminate 'the
effect of peaking of the output impedance of the input fil-
ter Z2(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
Figqure 3 and therefore the peaking of H(s) cannot be cont-
rolled in any way by adding a feedforward locp. The peaking
of H(s) can only be controlled by prcper filter design. In

this dissertation a feedforward loop is implemented for a
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switching buck regulator employing multiple control loops.
The feedforward lcop will be designed to cancel the detri-
mental effect of input filter interaction and thus improve
the regulator performance and stability. The use of the
feedforward control loop thus removes some of the conflict-
ing design constraints mentioned above and makes an optimal

input filter design more easily attainable.

2.2.4 Objectives of Feedforward Loop Design

The propcsed feedforward loop will be designed such that :

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

2. 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.

3. It will eliminate egquipment 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 regulator and may cause problems

like lcop instability, degradation of audiosuscepti-
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biiity, 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.



Chapter III

CONCEPT OF POLE-ZERCO CANCELLATION USED IN TOTAL
STATE CONTROL

3.1 CONCEPT OF POLE-ZERQC CANCELLATION.

The concept of pole-zero cancellation that was developed
earlier [2,7,8] was implemented by feedback loops that sense
the requlatcr output filter state wvariables 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 dc loop senses the converter output vol-
tage and compares it with the referance voltage to generate
a dc error signal for voltage regulation. The ac lcop senses
the ac vcltage 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 variables -- the inductor current and

the capacitor veocltage.

31
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Figure 13: Two loop controlled switching buck regulator.
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It was shown, [2], that the feedback control loops when
properly designed can provide complex zeros to cancel com-
pletely the complex poles presented 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 cancellaticn. To
examine the adaptive nature of the control loops the open

loop regulator transfer function GI(s) is used

_ RZ(3w)
6r{s8) = SF(5ay (3-1)

where K is a constant determined by the power stage and con-
trol loop parameters and
. . 2,2
Z2(jw) =1 + j2g4 w/mnl - w /ety (3=-2)

L . 2,2 }
P(jw) =1 + 3262 u:/mn2 w /w n2 (3=-3)

P(jo) has complex poles corresponding to the output filter
and Z2(jw) has complex zeros produced by the two loop feed-

back control.

- /=
“n1 < /LC (3-4)
1
w = — (3=-5)
n2 \/E-é-
w
- _nl (3-6)
51 2 T2
[]
- n2 L

RL C
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Q = .__4. (3‘8)
Tz = (Ry ¥ RgICy + E%;_ (3-9)

(R, + Ry)
- 1
Ry [(Rl/az) + R3:I >

(3-10)

L, C, Rz and R, form the output filter as in Figure 13 . The

control parameters can be chosen such that

“n1 T “n2 (3-11)
T, =%, (3-12)
thus resulting in
P(ju) = Z(jw) (3-13)
and
_ K
Cpls) = 3 (3-14)

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 £rom the
fact that the complex zeros imitate the change in the com-
plex poles due to component tolerance, 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 effect of peaking of the output impedance of the
input filter. The objective of the work reported 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 interéction bet-
ween the input filter and the regulator control locop. Such a
feedforward loop working in conjunction with existing 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 variables 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 - as shown in section 3.1 these contain information
regarding the output filter state wvariables.

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

sertation, in Chapters 4 and S5, that the feedforward loop
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can be designed such that interaction between the input fil-

ter and the regulator is eliminated.



Chapter IV

MODELING OF THE POWER STAGE WITH INPUT FILTER

The first step in the design and analysis of the feed-
forward loop 1is  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
technique, [1]. The modeling is carried out in the continu-
ous conduction operating mode,in which the inductor current
is always nonzero. This mode is the prevalent operating mode
for most dc-dc converters. The discontinuous conduction op-
erating mode in which the inductor 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. State 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 of

R L1, Rc1 and Cl. The load is represented by RI‘while VI

L1’
and V, are the input and output voltages respectively. Dur-
ing TON' the switch S is on and the circuit as shown in Fig-
ure 16 (a).

The equations describing the circuit are

Np
ip "f; 3 ¢ = flux in core (&-1)
d
S fale, a7 (4-2)

dt - 11 Ry~ Rep) *ﬁ'LP“" 1 T 11

LU s RS
de ~ N, + N, 1 T L, (Rep + Rp) (4-3)
del - iLl NP (&-4)

it 1 T CIL, ¢

dvc -vC

dt C(R+R_) (4-5)
v

I AL (4-6)

0 RC+R'L
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Figure

15: Buck-bocst converter power stage.
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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

N

S
ig=1¢ (4-7)
S S
di£ iL v v
1 1 Cl I
de "1 CR R CIT I (4-8)
s _ (R R + RSRL + R RL)¢ ) RLVC (4-9)
dt L (R + RL) NS(RC + RL)
fa |
cl cl (4-10)
d‘VC NSRL(b vC
dt  CL.(R.+R) _ C(R.+R) (4-11)
s{Re * Ry ¢ty
I AL ReRp Vgt
v 4-1
0 "R ctR LS(RC+R_L) (4-12)
The following vectors are defined
- -
11
5 u = [vI]
x= 4-13
ey ( )
3y = [vg]
v
C
]

resulting in the following state space equations
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Ton OFF
k=4 x+Bu E=8x+Buy (4-14)
r=0C x 1=Cx
where
C Ry *Ry) RN, '1% 0
L1 LlL,
Ra “RertR) 0
S _ N
A - N -;‘p P (4-15)
Y 2 0 0
cl ClL,
0 0 0 =
c(RL+RC)
) -
_ Rpp*Rep) o =L 0
1 T1
Ay = Ls Ns(Re TR (4-16)
1
cl 0 ° °
CLS(RC +R_L) C(Rc +R.L)
1 T '
B, = B, (4-18)
R
C, =10 0 0 R +R (4-19)
1 Re+Ry



R_R N
ctls R
C,= |0 +=——— 0 (4-20)
2 [ L (Rg +E) %+%.]
BsRe *RsRy, +RRY (4-21)

£ Re+Ry

The state space averaged model over the entire period T is

k= [da) +d'A] x + [dB; +d'B,] u
2 1 2 (4-22)
b4 ='[dcl+d‘C2] x

where d = duty cycle ratio = Tqy/ (TON*'Tom:)

d' = 1-d (4-23)

T = TON+TOFF

The state space averaged model is perturbed thus -
d=D+d

d' =p' - d

+

]
ic

(&-24)

e

+

<
I\
%> <> £

|»
"
I

<+

Assuming that the perturbation is small

[oR
.

— << 1, =— << 1 etc. leads to the following small
D

>

signal linearized model
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lo
N

) 4
[Da; + D'A,] X + [DB, + D'B,] V,

<3
(]

!
(DC; +D'C,] X

I >+
L}

[DA; +D'a,] x + [DB, + D'B,] v, (4-25)

+ (A - 4) X+ (B, -B,V;]d

vo = [C; = Co] X d + [DC; +D'C,] %

Defining

= ]
A DA1 + D Az

B = DB, +D'B, ‘ (4-26)

= 1
C DC1 + D C2

results in

X =Ax+B vy
- 5 4~
+ (A - A) X+ (8, - 8, v;]d (4-27)

Vo= IC-c,lxd+cx
Using Laplace transfcrms results in

(s) = [ST - A]7'B v (s)
+ [SI - A]-l{(Al - 4)) X+ (B) = By) V] d(s) (4-28)

74(s) = [C - C,] X d(s) + C x(s)
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The state space model is derived from the two equations
above, and is shown in Figure 17

To derive the small signal egquivalent circuit, it is
first necessary to use the equation for Go to substitute for
C’c in terms of :}o’ in the. small signal equations described
above. Simplifying, the four equations are obtained

it

. 01 NpD 1 4-29

Ve c1 + RLl)i'Ll LP ¢ + L1 —= ( )

R..N
. CL'P . -4
+vCl - Lp ¢ 4
dv. DN N
cl ~ P -~ P -

C1— :LLl-LPd;-LPq)d (4-30)

dva D'N v, N
C S - S . -

C3c =1, ¢-x ~T *¢ 4-31
dt Lg R s ( )
v..N. N.dé R.ND _  DR,N, .

D gls: (Si - Cgis iI_]_"' ClS¢ (4-32)

P t P Lp
Le RL

I Ny . RpydéNg

5 -n! .
RCRLNs¢d(D D') VeiNg o

- d
Lg(Re +R;) Np




N
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N [ R

(SI—Afl

(¢1-ca) X

A
X(5)

A
$ No(S5)
+

Figure 17: Buck-bocost converter power stage small signal
state space model
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DD R.,L DD RCRL

c1™s R
R = + -+ S
L R R
|
. . Raalea¥s _ Raalls | ReR I(D =D )+ Vc1.Ns .
1 N, L, (Ro +R) - Np 0

Figure 18: Buck-boost converter power stage small signal
equivalent circuit
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Using a fictitious current i described by

Lsi = Ns? (4-33)
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
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 TO the switch S is on and the circuit is as

N
shown in Figure 20 (a).

The equaticns describing the circuit are

"B R R Ya (a-34)
dc 1 e ST % W S % A

di;  Rgy Ry MR AL

dt L LLl L 11. L L(RC+R_L)

it -~ cl " dl (4-3€)
dv v

c Ry c (4-37)

T CR, + ) T CR, * R



S0

S %o A A
O R +R R +R

(4-38)

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

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

diL -(R.L + R..) v v
1. 1__Cl S S | 4-39
dc 1 i"11 T (4-39)
d -R v
AL e A A (2-40)
dt L L(R, + Rp) . ,
P (4-41)
dt Ccl
dvo Rhb ___¢c (4-42)
ac C(R, +Rp) C(Ry + R.)
RiReh , e (4-43)
I o (4-44)
2 TR TR YR
R
L (4-45)
B R * R TR AR
The following vectors are defined -3'11-
L
u= [VI] xX= (4-46)
Mol
¥ = [v,] v,




S1

Figure 19: Buck converter power stage.
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(b)

Figure 20: Buck converter power stage model during: (a) T
ON
and (b) TOFF'
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resulting in the following state space equation

Ton - lom
k=4 x+Bu %= A, x+Byu (4-47)
I=¢C x y=C, x
where
“(Rpy*Re) Ry -1 .
L1 1 L1
o1 o' 1 =
L L L L(R.+R)
A = ¢ (4-48)
1 =1 0 0
cl c1
0 .__EL'___... 0 . S
i C(RL+RC) C(RI.+RC) |
F{ -
~(Rpp +Rey) o -1 .
L1 L1
0 ;R_z 0 -R.L
L L(R.+R)
A, = L ¢t (4-49)
1 0 0 0
0 ——EL——_ 0 .
C(R_+Ry) C(R_+Ry)
- -
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T
- | X 4-50
B, [Ll 0 0 0] ( ?
B, = By (4-51)
r R Re e
Cl = l 0 E-L—;_Tg 0 RL+Rc} (4-52)
C, = Cy (4-53)

The state space averaged model over the entire period T is

X = [dA + d'A,lx + [dB; + d'B,lu (4-54)
y = [dC; + d'Cylx

where d = duty cycle ratio = TON/(T0N+TOFF)
d' =1-4d (4-55)
T =T + T

ON OFF

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
O = [DA; + D'A,]X + [DB, + D'B,IV,
X = [DA) +D'A )% + [DB, + D'B,J¥,
+ [(a; = &)X + (B) - B,)V,1d (4-56)
Vy = [DC; + D'C,IX

-~ = - - ~ ' -~
Vo = [ - CplXd + [DC; +D'Cylx
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Defining

A =DA, +D'A,
B = DB, + D'B, (4-57)
C =DC, +D'Cy

results in

_% = A_% + Bv‘;L
+ [(4) - A)X + (8, - B,V 1d (4-58)

vy = [Cy = C,lxd + Cx
Using Laplace transforms gives
2(s) = (ST - A17B v (s)
- -1 _ A a-
+ [SI - A] [(A1 - A2)§ + (Bl BZ)VI]d(S) (4-59)

vo(s) = [C) = C,IX d(s) +C x(s)

1

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
circuit is exactly similar to the one used for the buck-

boost converter. The four equations that result are

v‘I = (R, + RCI)LI:l - DR, LL + L1 d?;l (4-69)
+ vél - RClIL&
Dv‘;:l = (DR, + RDE = DR, L7, + vy (4-61)
5

+ _L _ - ~
Lt~ Replpp - Reylp + Vep)d
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dvc1 . R .
Cl—3= = i =Dy -dIp (4-62)
dVA vA
C - o} ,
& T - R (4-63)

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

shown in Figure 22

4.3 BOOST CONVERTER SMALL SIGNAL MODEL DERIVATION

The procedure used in deriving the small signal medel 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 switch S is on, and the resulting cir-
cuit is shown in Figure 24 (a).

The equations describing the circuit are

di | (R + Ry R
1 17 R . c1 V1 o
dt 1 Ll L - (4-64)
dv

e I S R

4 T a T (4-85)
d:LL R (R.. +R.) v

c1 cat Ry c1
=T i1 T L+ (4-66)

de . -vc

dt C(Rc + R.L) (4-€7)

ek

Yo RC R ‘ (4-68)
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Figure 21:

Buck converter power
space model.

stage small signalistate

A
Vo(s)

LS
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Vi =Vey —D'Regdy +ReyIy

Figure 22: Buck converter power stage small signal
equivalent circuit.
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During TOFF the switch S is off and the resulting circuit is
shown in Figure 24 (b).

The equations describing the circuit are

4y~ *Rey) . L c1 V_ (4-69)
1 o4 -

Fa i L
de cl "~ c1 (4-70)
d:LL R R

el cL
&t T 11T R PR TR +R_L) (4-71)

C
AT

L(R + RL) L
e _RBL v (8-72)
dt C(RC + RL) C‘\RC + R'L)

R R e -
Yo R +RL:LL+-+R_L (4=73)

The following vectors are defined

j:' u = [VI]
X = 4-74)
x v = [v,] (

VCl o]

resulting in the following state space equations.

Ton “orr

X = ilx - Bls X = Azﬁ + BZE (4-75)

= C.x =
pA 1= y sz
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—WWW— TV NN M S Vo
Rry L1 Re ¢
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- N\ S 2
— Jr L
—_— C2 ——

Figure 23:

Boost converter power stage
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Figure 24: Boost converter power stage models during :
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o OFF °
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where
(R, +Rpy) Rey
i1 1
Rep ~(Roy +Ry)
T L
A
1 -1
1 o1
0 0
-
(R +Rpy) Re1
1 1
Re1 !
L T
A =
? 1 -1
1 1
0 T
C(R, +Rp)
R
o’
R, = R.. + R +
17 R " R TRFE
T
1
Bl = l:ﬁ 0 0]
B, = B,
¢, =0 0 RC+R.L1

62

-1
L1

Tl

Ll

(ol I

C(RC +RL) i

0

=1

(4-76)

(4-77)

(2-78)

(4-79)

(4-80)

(4-81)
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BB &

The state space averaged model over the entire period T is

% = [da)+d'a)]x + [dB) +d'B,]u

(4-83)
¥y = [dC +d'c,lx
where d = duty cycle ratio = Ton/ (Ton*ToFr)
d'= 1 -4
(4-84)

T =
Toxn * Torr

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

0 = AX+BV

I
2 - ~ (4"85)

X = Ax+Bv

= = I

+ [(A) -4)) X + (B, -B,)V;]d
Vo= CX (4-86)
vg= [Cj-c,)Xxd+cCx (4-87)
= 1]
where A DA1-+D A2

B = DB + D'B2 (4-88)

. !
C DC1+DC2

Using Laplace transforms gives
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%(s) = [SI-a]"* B \;I(s)

+ [SI -A]-l[(Al ‘Az).}.(. + (Bl -BZ)VI]a(S) (4-89)

Vb(s) = [Cl-CZJE d(s) + Cx(s)

The state space model is derived from the above two egqua-
tions and is shown in Figure 25 .

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 --

di,

LlI—gg = =(Rpy *Rop)ip) + Royip = vey + vy (4-90)
de R.R,
L . 2 - 5 C A .
L3t = Repliy ~ Rep #RL DD'RC*'P‘L i (4-91)
. R R.LIL&(D-D') A
- C
4+ v - D'v, + + Vv .d
Cl 0 RC-I-RL 0
dv
c1 - -
e Tt h (4-92)
dﬁé . 66 .
C—d?ﬂDLL-q-ILd (4-93)

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 filter state variables, whereas earlier models
[3,4,5,6] had treated the input filter only in terms of its
outputlimpedance and transfer function. The models developed
in this chapter are used to analyze and design a feedforward

loop that includes the input filter state variables.
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Figure 25: Boost converter power stage small signal state
space model.
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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 general form of the feedforward
loops is developed first. Analysis of the small signal model
leads to a design of the feedforward loop. Implementation of
the design is next discussed and two feedforward circuits
are presented. The buck regulator alone is treated in this
chapter, however the analysis and design procedure would be

similar for the bocst and the buck~boost regulators.

5.1 STATE SPACE MODEL OF BUCK REGULATOR

The state space model of the buck regulator is shown in Fig-
ure 27 . In the figure the feedforward loop has as its in-
put the input filter state variables {;1 and 601 (the 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 tc be determined.
The feedback loop has as its inputs the output voltage and
the output filter inductor current. The feedback control in

this case is the two loop control (the standardized control

68



69

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

posed of the blocks labelled c¢ ¢y and the feedback, and

2
has as its input information regarding the output filter and
input filter state variables. The pulse modulator is repre-
sented by its transfer function FN[[Z,BI. The rest of Figure
27 is the state space model of the buck power stage devel-
oped in Chapter 4.

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

The transfer function Gb(s)/sx(s), Figqure 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 developed next and

used to write the transfer function Go(s)/ex(s).
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Figure 27: State space mocdel of the buck regulator
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5.2 GENERALIZED SMALL SIGNAL MODEL OF BUCK REGULATOR

The generalized small signal model of the buck regulator is
shown in Figure 28 . The regulator is modelled according to
the three basic functional blocks: power stage, error pro-
cessor and duty cycle pulse modulator. The power stage model
consists of two inputs: disturbances from the line 31 and
the duty cycle control 3, and four outputs: the output vol-
tage 30, the output filter inductor current gi, the input
filter capacitor voltage QCI and the input filter inductor
current fll‘ The error processor has as its input informa-
tion regarding the output filter and the input filter state
variables. The transfer functions Fa, Fpac and Fpe constitute
the two loop standardized control module (SCM) developed
earlier [2,7,8], whereas the feedforward loop gains ¢, and
c5 are as yet unknown. The error processor processes infor-
mation regarding the state variables of the input and output
filters and feeds a total error signal to the pulse modula-
tor, whose transfer function EN[ was developed earlier
(2,7,8].

The power stage transfer functions Eu etc. are written
using the following equations:

TV * T,,d = v,

TZlVI + T22d = iL

- A (5-1)
T3 Vp + Tyd = v,

~ -

T4le + T42d = i
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Thus it can be seen that

T = _O
11 v i=o0 (5-2)
I
and
HF
= 11
T =—7—
F (5-3)
T = 12
12 A

5.2.1 Development of Power Stage Transfer Functions

As can be seen from equations (5-1) Tll' T21’ Tg; and T4y
can be evaluated with 4 = O and the other four with GI = 0.
The starting pcint for the evaluation of the transfer func-
tions is the small signal equivalent circuit model for the

buck regulator power stage developed in Chapter 4, Figure 22

5.2.1.1 Evaluation of T,, . Tgy, T3y and T4

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 2(s).

+
1 sClRCl

2 (5-4)
s"Ll Cl1 + sCl(RLl + Rcl) + 1

H(s) =
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2
S LlClRCl + sClRClRLl + sLl + RLl

Z(s) = > (5-5)
s"L1Cl + SCI(RLl + Rcl) + 1

From the equivalent circuit of Figure 29 the following can

be derived:

r, < te . Dot SRR
11 o Ty
I
, _ i& _ D(1 + sCRL)H
21 - A
V1
. (5=5)
I R
31 ; A
I
T, - tpp_ A -aH
vy (RLl + sLl)4
where
a, = SZLC + sCR_. (R, + R, + —E—) +
1 Ry ARSI A W/
_ 2
A = al + D"Z2(1 + sCRL) ca
v (')
D = duty cycle = Vg’ VI = supply vecltage

I
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RL + R, = RL

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

1
(]

11 DRL(I + sCRc)
Fpy = D(1 + sCR))
Fa1 52 (5-8)

A/H = a;
41'§L-I_-T-"EET

In the derivation of equations (5-6) 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:

Vo = V

cl _ ..
R, , SLL 11 (3-9)
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A
Figure 29: Small signal equivalent circuit with d = 0
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5.2.1.2 Evaluation of T,,, Tyo, T3z and T4 .

These transfer functions are evaluated with GI = 0 in Figure
22 . The resulting circuit is shown in Figure 30

From the equivalent circuit of Figure 30 the following

are derived:

AR A LR
12 a DA
2 2 |
Ty, = = = Vo(Ry = D"2) (1 + sCRp)
d DR 4 (5-10)
T - véi _ -ZV’o[al + RL(l + sCRL)]
32 & RLA
T - if,l _ zvo[al + RL(]. + SCRL)]
42 d (RLl + sLl)RLA

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

ived:
V_ (R, - D2) (1L + SCR.)
o = _0 RL C
12 D
2
- ) VO(RL - DZ) (1 + sCRL)
22 DRL

(5-11)
. _ -ZV'o[a1 + RL(l + sCRL)]
32 RL
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Figure 30: Small signal equivalent circuit with GI =0
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. - ZV'O[al + RL(l + SCRL)]

42 (RLl + sLl)RL

where A and a, are as defined in equation (5-7) and

vO

Vl = -5-
(5-12)

RCl =0

5.2.2 Feedback Transfer Functions

Transfer functions Es' ?AC' FN[and FDC constitute the feed-
back. A two loop standardized control 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 following are defined (2,7,8]

F3 = snL
1
F =
AQ sCiR4
1 g 1
F = ( + =) (5-13)
DC sCi Rl4 + Rx Za
Rx
R, = R,,.//R r 9 3
X 11 12 Rll
= 1
ZC R.., +
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2R4Ci

M- RN (Pulse Modulator Transfer Function)

2
]

Constant depending on the type of control used.

5.3 DESIGN OF THE FEEDFORWARD LOCP.

The transfer function 66/5; is used to design the feedfor-

A
ward. With vy = 0 the following equations are derived from

Figure 28

+ - { - = g
[V * SV + Cyi1F, =4 (5-14)

and
F12 _ v,
N
' F
A= 32 5-15
VCl % ( )
.o Fa
Tl A
o) A A
Substituting for Ver iLl and 4 £from (5-15) in (5~-14) re-
sults in
g (Elg)F
o = = 4 M = (5-16)
Vo 1 - c2( iz)FM - c3( i?)FM
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In the absence of feedforward i.e. with Cog = ¢4 = 0 it can

be seen that:

- 2 ,

vo VO(RL - D°Z) (1 + sCRc)FM

— = > (5-=17)
Ve al + DZ2(1 + sCRL)

The effect of peaking of the output impedance of the input
filter Z 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 Cg - Choosing

c. = -p2
2 TV Fy (5-18)
c3 = 0
leads to
V. F. ( - Dzz)(l + sCR.)

; oM RL c

= = ) =z 22 F R (1 * sCR)] (5-13)
v D vola;+ Ry SCRp

X l + o#=—=—— F { = }
VOFM M RLA
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which can be simplified to

~

2
VBFM(RL - D72)(1 + SCRC)RLA

_9 - 5 (5=-20)
Vo DAal(RL - D72)
Cancellation of the two terms leads to
g + SCR
Vo _ Vofm(1 * SCRIRy (5-21)
= Da
v 1l
X

Thus a proper choice of the feedforward loop gains has re-
sulted in the transfer function Gb/G; being completely inde-
pendent of the input filter output impedance Z. It is also
noted from equations (5-11) and.(5-16) that at frequencies
other than the resonant frequencies at which Z peaks, the
gain of F4, 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:

1. 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.
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2. The gain cg = 0, thus the inductor current informa-
tion is not needed, only the input filter capacitor
voltage information is used.

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

4. The feedforward loop gains are independent of the
type of feedback control used. The pulse modulator
transfer function EM:is, however, an integral paff of
the design and thus the compensation depends cn the
type of duty cycle control used. The feedforward loop
design process is independent of the particular type
of control used and thus the same design can be used
for other types of control, for example for single

locp control, current injected control and others.

5.4 IMPLEMENTATION OF FEEDEFORWARD

The buck regulatcr used to obtain experimental results that
are discussed later is shown in Figurg 31 . The feedforward
circuit processes the small signal variation across the in-
put filter capacitor and adds this processed information to
the feedback signal.

Two circuit implementations of the feedforward design

were used in making measurements and they are discussed

next.
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Figure 31: Buck regulator with feedforward used to obtain
exprimental results
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5.4.1 Nonadaptive Feedforward Circuit

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

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

gulator are as follows -

Input-Output Parameters

VI = 25-40 volts V0 = 20 volts Po = 40 watts

Power Stage Parameters

L = 230 micro I C = 300 micro F RL = 0.2 ohm
R

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

Pulse Modulator Parameters

M=V Tgy = 0.88 * 103 v-sec

Control Circuit Parameters

Ep = 6.7 volts R,, ‘= 33.3 Kohm R, = 16.7 Kohm
R,3 = 2 Kohm R,, = 47 Kohm R, = 40.7 Kohm
n=0.65 c; = 5600 picoF C, = 0.0l microF

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

tuting for %M' [2,8] and for D leads to
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-VbnM 22
cz(s) = 5 (5-22)

'.

where M = V; Ty is constant.
For the nonadaptive design the input voltage was kept cons-
tant at VI = 30 volts. Substituting in equation (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 component.
The input is then multiplied by the gain cf 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
cf the integrator in the feedback locp. 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 wvariation 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 to the switching fre-
quency information in the capacitor voltage, and thus the

second component has negligible effect. It is to be noted
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that the circuit of Figure 32 constitutes the feedforward
circuit and also the summing junction 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. Mea-

surements made using this circuit are discussed in the next

chapter.

S5.4.2 Adaptive Feedforward Circuit

The adaptive feedforward circuit is shown in Figure 33 .
From equation (5-22) it is clear that changes in supply vol-
tage VI will change the gain Cp 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 voltage devider and 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 variafion 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 voltage 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 V;.
The feedforward is thus capable of tracking any variations

in supply voltage.



Chapter VI

ANALYTICAL AND EXPERIMENTAL VERIFICATION OF THE
FEEDFORWARD DESIGN

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

Measurement data pertaining to the open loop gain and
phase margin are presented first; data made using the adap-
tive feedforward circuit designed earlier confirm the adap-
tive nature of the circuit. The audiosusceptikility and out-
put impedance measurements presented next =how that the
feedforward significantly 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 NONAbAPTIVE FEEDEORWARD CONTROL

The buck regulator 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 Ll = 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 the multiloop controlled buck regulator of Figure 34
without feedforward can be expressed as [2,7,8]
Gp(s) = FpgByF19 *+ E3FycFagFy (6-1)

In equation (6-1) F;, and F,9 are the power stage transfer
%K'
transfer functions, as discussed in Chapter 5 (section 5.2).

functions, EDC'

Es and FAC are the feedback control loop
The peaking of the output impedance of the input filter,
2(s), affects the transfer functions Flz and Fzz as is seen

below:

Vo(Ry - D*Z) (1 + sCRg)

= (6-2)
12 p[{ p*z( 1 + SCRy) + a;]

. Vo(Ry, - D*Z)( 1 + sCRp)

= 6-3)
22 2 A (
DRL[ D"2( 1 + SCRL) + cl]
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The peaking of Z2(s) reduces the gain of both Eiz and F,, and
thus reduces the open loop gain at the resonant ftequency of
the input filter.

The addition of the feedforward loop modifies the open

loop transfer function as shown below --

EchMMoRL(l + sCRC)

D a

G'p(s) =
1

FaFpoFpVo(l + SCRyp)
, _3°ac’M'o L (6-4)

D a,

7

The addition of feedforward modifies the transfer functions
Fio 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 output impedance Z(s). Gﬂr(s) is
now independent of 2Z2(s) and is a function only of the feed-
back loop parameters and the power stage parameters, unlike
Gp(s) of equation (6-1) which is affected by the peaking of
2(s). Equation (6-4) is also 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 Z2(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 filter [10,11].
SINGLE STAGE INPUT FILTER

Méasurements of the open loop gain and phase margin of
the buck regulator 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 that
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 and phase margin plots of the buck re-
gulator without input filter, thus providing close agreement
with the analytical prediction made earlier.

TWO-STAGE INPUT FILTER

The experiment was further extended to the buck regula-
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 L,= 325 micro H Cy= 200 micro F
Rz= 0.02 ohm LZ= 116 micro H CZ= 20 micro F

Ry= 0.075 ohm (ESR of Cy).
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The feedforward circuit used was the same nonadaptive feed-
forward circuit used to obtain the measurements of Figure 35
with the feedforward input being the voltage at capacitor C,.
The other parameters of the circuit are the same as used to
obtain Figure 35 . Measurements of 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 two stages of the input filter because the output impe-
dance of the input filter 2Z(s) peaks at both resonant fre-
quencies. The use of the feedforward circuit eliminates the
detrimental effects of the input filter, as is evident from
Figure.37 .
REMARKS

The following 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
disturbances, providing close agreement with theory.
(2) The feedforward compensation circuit 1is 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 stfonger 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 prevernting interaction between the switching

converter and equipment upstream.

6.2 ADAPTIVE FEEDFORWARD MEASUREMENTS.

The buck regulator 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 variable input vecltage 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 R3 was changed
to-

R3= 0.2 ohm (ESR of C, plus external damping resistance)



101

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 various 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:

2, + Ry + sLg

2(s) = - (6-5)
1 + sCy( 2, + Ry) +s°LyC,

where

21(s) = (Ry + sL;) // (Rg + 1/sCy) (6-6)

Figures 38 - 41 show the computed values of open loop gain
and phase margin with and without the two-stage input filter
for input voltages Vi = 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 values 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 filter, pro-
viding close agreement with theoretical prediction made ear-
lier. The analytical pfediction that the open loop gain and
phase margin with feedforward are identical to the charac-
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 C3) and measurements of the open loop
gain and phase margin with and without feedforward were
made. Figure 42 shows the calculated values of open loop
gain and phase margin together with the measured values 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 fil-
ter. The addition of feedforward effectively eliminates the
sharp fluctuations in gain and phase margin caused by the

undamped input filter.



103

45.00

30.00

EE calculated values with input
a filter, without feedforward
o

(&) measured values with input

input filter

8 filter, without feedforward
g 1 L (] 1 1 | — l i . 1 'y 1
1 |
1.E+2 1.E+3
FREQ(HZ)
Figure 38: (a) Open loop gain at V;=25v: Calculated

values and measured values (A) without
feedforward

calculated values without




220.00

104

165.00

110.00

PHASE MARGIN

§5.00

A
calculated values with input 2
filter, without feedforward

L] L] L] L L] ll'i L] T L ¥ L] LR R

calculated values without
input filter

(&) measured values with input
filter, without feedforward

' 1 ] 'l [l '] 41 ‘ 1 [l 1 1 'l 1 ) . |

0.00

1.E+2

Figure 38:

1.é+3 1.E+4
FREQ(HZ)

(b) Cpen loop phase margin at
Vy=25v: Calculated values and measured values
(&) without feedforward



10S

45.00

§ L} L] ll'l’ll L L] L R R L L

30.00

-0

me

De--

EE calculated values with input
a filter, without feedforward
(o]

0.00

(A) measured values with input
filter and with feedforward

1 1 IALIIL]‘ -

-15.00

1.E+2 1.é+3 1.E+4
FREGQ(HZ)

Figure 38: (c¢) Open loop gain at Vy=25v: Calculated
values and measured values (A) with feedforward



106

L} ] | ﬁllf[ ¥ R} 1] 1 § ¥ ¥ 11
calculated values without W
input filter

166.00 220.00

Il

110.00

PHASE MARGIN

55.00
|

A
calculated values with input %b
filter, without feedforward

(&) measured values with input
filter and with feedforward

0.00

1 P R T W W S | ) 2 b bl 1L
1.E+2 1.E+3 1.E+4
FREQ(HZ)

Figqure 38: (d) Open loop phase margin at
Vy=25v: Calculated values and measured values(a)

with feedforward



45.00

107

32.80

B)

CJE%-

GAIN(

-—g—

Q
v
~

&

calculated values with input eat
filter, without feedforward A

filter, without feedforward

L] T l‘lll'il L4 1 ¥ L SRR IR NN MR §

calculated values without
“—input filter

A

A

(&) measured values with input

1 i LJll]l' 1 1. | I SR B B W 1

| 1
1.E+2 1.E+3 1.E+4

FREQ(HZ)

Figure 39: (a) Open lcop gain at Vy=30v: Calculated

values and measured values (&) without
feedforward



108

200.00

L ] L l‘l!‘ll 1) L L L LR

calculated values without n
input filter

150.00

PHASE MARGIN
100.00
|

60.00

_Ealculated values with input
filter, without feedforward

(&) measured values with input|
8 filter, without feedforward

L il L A 1 A Lol ’ 1 A ] . 1 1 ' Ll

cn.E+2 l.é+3 1.E+4
FREQ(HZ)

Figure 39: (b) Open loop phase margin at
Vy=30v: Calculated values and measured values
(A) without feedforward



45.00

109

32.50

calculated values with input
Tilter,

(A) measured values with input
filter and with feedforward

L T L V1IF11 1) { ) L AR IR RRNE BN

calculated values withouf

N input filter

without feedforward

—8000

1 1 1 1 1 lllL (] 1 1 1 1 |
]
1.E+2 1.E+3 1.E+4
FREQ(HZ)
Figure 39: (c) Open locp gain at V; =30v: Calculated

values and measured values (&) with feedforward



110

200.00

FREQ(HZ)

L ) 4 1 1 § L} LR rl L) 1 ] L] L] L) 1} L3R )
calculated values without N
8 input filter
A
Sung
28
=8
L
(03]
Q:O
i)
8-"Z:alculan:eci values with input
filter, without feedforward
(&) measured values with input
8 filtez,' and with feedforward
d 2 1 1 1 [ IS 1 l‘ 1 () 1 1 1 1 ] 1
1.E+2 1.E+3

Figure 239: (d) Open loop phase margin at
Vi=30v: Calculated values and measured values

(a) with feedforward

1.E+4



111

45.00

1 ] 1) 1) L) L) DL l [ | ) .u ', DL
<«— Calculated values without
input filter
gz A
. A
m
Y-y A =
m A ala
A
A
o 28 R
oY a
oL a
em a -
Z “a
) A
on ry
OOw | calculated values with input ai
N filter, without feedforward A
”d_ A
- A -
A
A A
(é) measured values with input A
8 filter, without feedforward AA
. 1 1 1 1 3 1 1 1] 1 1 1 1 2 ¢ 1

Figure 40:

FREQ(HZ)

(a) Cpen loop gain at V;=35v: Calculated
values and measured values (a&) without
feedforward



112

200.00

L} L Ly L | L] L frl L 1 § 1) 1 ] Ll 1 L SR}
calculated values with input
8 filter, without feedforward
8.
<
(o)
=
do
Zg_
wl
U
o
ac
calculated values without
input filter
(o) measured values with input
8 filter, without feedforward
o‘ ) 1 1 1 1 2 | B N | : 1 1 ] 1 1 1 4 1
1.E+2 i.E+3 1.E+4

FREQ(HZ)

Figure 40: (b) Open loop phase margin at
V;=35v: Calculated values and measured values
() without feedforward



113

w
v 1 ] L) 4 ¥ 1] [) L] ' L) (] [} 0 1] ¥ L]
calculated values without]
«—input filter
~0
el
O -
pa
|
?:31-0 cglculated values with input
N filter, without feedforward
-+ -
(A) measured values with input
o filter and with feedforward
o )
. 1 1 3 3 [ [ I ] 1 1 [} 1 J 1 é
o | i
1.E+2 1.E+3 1.E+4

FREQ(HZ)

Figure 40: (c) Open loop gain at Vi =35v: C;alculated
values and measured values (a) with feedforward



114

200.00

v L L 1] k] ¥ L) l L) ¥ 1] L L) 14 LR

calculated values without
input filter

150.00
|

PHASE MARGIN
100.00

60.00
|
>

calculated values with input
filter, without feedforward

(A) measured values with input
filter and with feedforward

L I 1 |l|ll| 1 U | I U B T )

1.E+2 1.E+3 1.E+4
FREQ(HZ)

0.00

Figure 40: (d) Cpen loop phase margin at
VI =3Sv: Calculated values and measured values
(A) with feedforward



11s

T T ~ L T T 0 R Cam R0
calculated values without
input filter

~Q
m

NI -)
=N
pza
g
EEUJ calculated values with input

N filter, without feedforward

=t

() measured values with input

o filter, without feedforward

(=]

i 1, 1} ] ] |J 1 9 ' J U

o 1

1.E+2 1.E+3

FREQ(HZ)
Figure 41: (a) Open loop gain at V;=40v: Calculated

values and measured values (&) without
feedforward



116

é L) [ 3 1) () 1) [ } ‘ ) 1 1 [ 1 1 0
calculated values without
ot input filter
o) / '
W
pd
— D
(=
28
Cc
E:E?‘
L
6p]
Tc
o< A
fB"
calculated values with input
filter, without feedforward
(4) measured values with input
8 filter, without feedforward
'_{ $ U J I} (] ) ] () ’ U g U U U 1 ’ L]
o |
1.E+2 1.E+3 1.E=
FREQ(HZ)

Figure 41: (b) Open loop phase margin at
Vy=40v: Calculated values and measured values
(a) without feedforward

KNS



117

45.00

1] ] ) \ 1 D] l ) ) 1 L} 1 (] O
calculated values without
input filter

m
S -
~Q
el
ot -
Z calculated values with input
N filter, without feedforward
Ow |
o
(A) measured values with input _
o filter and with feedforward N
a
O‘ ] 1 1 J U U J 1 l 1 U 3 ) & L ° IJ}
o | 1
! 'E+2 . ‘ oE':'a l .E<'4
FREQ(HZ)
Figure 41: (c) Open loop gain at VI=4OV: Calculated

values and measured values (A) with feedforward



118

200.00

L) ) () ‘ ] il ) 4 L L] D)
o calculated values without
o input filter
prd
- 4
(8 [
o
To
ZZE}
Ll
03]
%D ’ £330
ac s
2. - // . -
calculated values with input
filter, without feedforward
o (4) measured values with input
bt filte'r and with feedforward
O’ U 4 U U 1 U U | 1 U ) U} U * L)
1.E+2 1.E+3 1.E+4

FREQ(HZ)

Figure 41: (d4d) Open loop phase margin at
V., =40v: Calculated values and measured values
(a) with feedforward



119

The following observations regarding the measurements
are made:
(1) The peaking of the output impedance of the first
stage is more pronounced and has a greater effect on the re-
gulator than the peaking of the second stage.
(2) Both analysis and measurement results indicate that
the open loop gain is higher at lower values of duty cycle
D. This is further manifested by examining egation (6-4). It
shows that a lower value of D results in a higher gain.
(3) The effect of input filter peaking varies with the
input voltage. This is explained by noting that both Fnz and
F,2. 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
term (RI‘-J’Z) and the amount of reduction would be greater
if.D is larger. Consequently it is expected that at small
values of VI, when D is larger, the effect of peaking would
be more pronounced. This is confirmed by examination of Fig-
ures 3é - 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
all four values 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-

cuit is confirmed.



120

B)

mil, N

GATN(

0.00
Wt

13 L] L Y ‘rrrrr‘

calculated values with input
filter, without feedforward

(a) measured values with input

filter, without feedf

[ 1 1 lllll‘

T ¥

input filter

orward

calculated values without

] L A L

-16.00

1.E+2

Figure 42:

1
1.E+3

FREQ(HZ)

(a) Open loop gain at VI=25v: Calculated
values and measured values (a) without

feedforward



355,00

121

Ly ¥ 1) Ill(ll 1) ] L} LR

wn
N
({s] .
WJ4. calculated values without l -
N input filter
2
)
38 calculated values with input
G:l\ filter, without feedforward ﬂ
zl:.- A -y
g% .\
¢ £
£ ‘A
g;- A ——
A
A AAAA
(4) measured values with input
8 filter, without feedforward
o’ 1 1 [l 1 1 1 1 !4= Q2 [ i | 1 1 [l 1 1
1.E+2 ' 1.E+3 1.E+4

Figure 42:

FREQ(HZ)

(b) Open loop phase margin at
Vy=25v: Calculated values and measured values
(A) without feedforward



122

L] L} Tl!lli‘ Ll L) L L R

calculated values without

Q-

Ouw. -
EE calculated values with input

T filter, without feedforward

o

(A) measured values with.input
filter and with feedforward

-16.00

b L. 1 L!'lLl 1 i ] | IS BN IS W W

1.E+2 1.E+3 1.E+4
FREQ(HZ)

Figure 42: (c) Open loop gain at V;=25v: Calculated
values and measured values (&) with feedforward



123

0
wn
m L ¥ LA L] LER ‘ T 1 & .F | ] 1 | § 1
w
N
(‘-g calculated values without
NT input filter 1 -
z [
g
08 calculated values with input|
ew filter, without feedforward
T~
L
w
on
T
@
(09}
A
(8) measured values with input 1
8 filter and with feedforward
L] % 9 q 1 [} 2 1 1‘ K. 2 3 1 1 3 1 1
o |
1.E+2 1.E+3 {1.E+4

FREQ(HZ)

Figure 42: (d) Open loop phase margin at
V,=25v: Calculated values and measured values
(a) with feedforward



124

(5) From the results presented in section 6.1 and from
measurements presented in this section it is logical to con-
clude that the adaptive feedfeorward circuit can provide ef-
fective compensation for an arbitrary, unknown source impe-
dance for a variable supply voltage. The adaptive
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 feedforward circuit can effec-
tively isolate the Switching regulator from its source impe-
dance; thus preventing any interaction between the switching

converter and equipment upstream.

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

The closed loop input-to-output transfer function (audiosus-
ceptibility) of a switching regulator is an important char-
acteristic. It refers to the regulator's ability in attenu-
ating small signal sinuscidal disturbances propagating from
the regulator input to its output. The gain of the closed
loop input-to-ocutput transfer function should be as small as
possible; thus the regulator will effectively attenuate
ncise at the input so as not to affect operation of the re-
gulator payloads. 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 audiosusceptibility with and without feedforward were
made using the two-stage input filter of Figure 36 with a
damping resistor so that R4 = 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 mea-
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 specified in section 6.1.

Figures 43 - 46 show the measured values of audiosus-
ceptibility with and without feedforward at four values of
supply voltage VI = 25v, 30v, 35v and 40v using the same
feedfdrward 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 frequencies where the outp-
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 higher values of
supply voltage when the duty cycle is low the audiosuscepti-

bility is lower, specially at the lower fregquencies.
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Figure 43: Measurement of audiosusceptibility [Go(s)/sk(s)]
with and without feedforward at VI=25V
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Figure 46: Audiosusceptibility with and without feedforward
at V1=40V (measurements)
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The addition of feedforward substantially improves the
audiosusceptibility, specially at the lower frequencies, 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 frequencies 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 Z2(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 feedfofward loop since the control loop
is not affected by H(s); thus the feedforward loop is effec-
tive in cancelling 2(s) while the peaking effect of H(s) is
manifested in audiosuséeptibility. Figures 47 and 48 show
the transfer functions H(s) and 2(s) of the two-stage input
filter used. The peaking of H(s) at the two resonant fre-
quencies 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 all these fig-
ures is the clcsed 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 Z(s) of the input filter used. Com-
paring Figures 47 and 48 with Figures 53 and 54 it can be
seen clearly that both 2(s) and H(s) peak at significantly
higher values when the extefnal 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 input 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 wvia any control
means. The same adaptive feedforward circuit was used in

making all the closed 1loop gain measurements mentioned
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Figure 47: H(s) of two stage input filter, with R3=0.2 ohm
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Figure 50: Audiosusceptibility with and without feedforward
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above, this confirms anew the adaptive nature of the feed-

forward circuit.

6.4 MEASUREMENTS OF QUTPUT IMPEDANCE.

The closed-loop output impedance of a switching regulator
sﬁould be as low as possible in order that the regui;;;f-be-
have as much as an ideal voltage 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 R.3 = 0.075 ohm (ESR of C,;). Mea-
surements were made by injecting a small signal sinusocidal
disturbance at the output in parallel with the load of the
regulator, and theﬁ using a HP network analysgr to measure
the corresponding voltage and current [8,9]. The feedforward
circuit 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 voltage VI = 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
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the two-stage input filter. This is a consequence of the
disturbances in the loop gain produced 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 vol-
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 OF THE
REGULATOR.

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

presented with and without feedforward.

6.5.1 Small Amplitude Transient Response Measurements.

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 voltage remains in regulation throughout the

transient response period.

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

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

The input vcltage was abruptly switched from VI = 30v
to 40v and phctographs of output voltage ac ripple, input
filter capacitor voltage, output filter inductor current and
control voltage without using a feedforward loop were taken
as shown in Figures 59 (a) and (b) , 60 (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 the 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 also lessened with
the addition of feedforward. |

Comparison of the photographs of input filter capacitor
voltage, output filter inductor 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-
piitude 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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C

(b)

Figure 59: Output voltage ripple (a) and input filter
capacitor voltage (b) without feedforward

(a) Y—O0.1lv/div X—1 msec/div

(b) ¥—5v/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)
(b)

X—1 msec/div

Y—0.5v/div
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(b)

Output voltage ripple (a) and input filter
capacitor voltage (b) with feedfcrward

(a) Y—O0.1lv/div X—1 msec/div

(b) Y—5v/div X—1 msec/div
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i

(b)

Figure 62: Output filter inductor current (a) and control
voltage (b) with feedforward

(a) Y—O0.5 A/div X—1 msec/div

(b) Y—0.5v/div X—1 msec/div
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6.5.1.2 Step Change in Load.
The buck regulator used is shown in Figure 34 , with the
parameters as specified in section 6.1 with the following
changes:

Vi = 25v Ry, = 3.69 Kilo ohm
A single stage input filter was used with the following par-
ameters:

‘RLI = 0.2 ohm Ll = 325 micro H Cl = 100 micro F
The adaptive feedforward circuit of Figure 33 was used in
making the measurements.

The load was switched repetitively between R, =10 ohms
and RI.= 20 ohms using a transistor switch. Figures 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 filter and the regulator control
loop. The oscillation frequency coincides with the input
filter resonant frequency. 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 voltage ripple and other parame-
ters are presented with and without feedforward 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 regulator used is shown in Figure 34 with the par-
ameters as specified 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 step change in supply voltage is large enough to
cause the regulator to lose regulation -- the output voltage
drops by about 1.5v before the regulatcr recovers. This may

be explained by noting that for such a large change in sup-



155

ply voltage the input filter capacitor voltage 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 regqulation. Further details are given in the next
chapter which presents results from a computer program writf
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 input filter
interaction via a duty cycle modulation scheme it is expect-a
ed that the feedforward does not contribute anything under
these conditions. Computer based simulation results present-
ed in the next chapter confirm the measurement results. 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
Regulator

This section investigates the start-up behavior of the

switching requlator. The regulator used is shown in Figure
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(b)

Output veocltage without feedforward (a) and with
feedforward (b)

(a) Y—0.5v/div

Figure 64:

X—C.5 msec/div

(b) Y—O0.5v/div X—0.5 msec/div
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34 with the parameters as specified in section 6.1. The sin-
gle stage input filter of section 6.5.1.1 was used with the
supply voltage set at 30v. The adaptive feedforward circuit
of Figure 33 was used in making the measurements with feed-
forward.

Prior to starting, the output voltage and the output
filter inductor current were both zero. Photographs of the
output voltage and output filter inductor current were made
with and without feedforward 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 to about 6.0A by the peak current protection cir-
cuit built in with the regulator. It settles down to its
steady state value in about 4 msec.

The photographs with feedforward show similar behavior
- thus the feedforward does not contribute significantly to

this transient period nor does it present any detrimental

effects.
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(a)

(&)

Figure 65: Output voltage (a) and output filter inductor
current (b) without feedforward

(a) Y—S5v/div X—0.5 msec/div

(b) Y—1 A/div X—0.5 msec/div
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(a)

(b)

Figure 66: Output voltage (a) and output filter inductcr
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 design 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
effectiveness 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.

-2. The feedforward circuit is shown to be independent of
input filter parameters and also independent of input
filter configuration.

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

4. The closed 1loop input-to-output transfer function
(audiosusceptibility) and output impedance are both
improved significantly by the addition of feedfor-
ward.

5. The addition of feedforward improves transient res-
ponse in those cases wheré 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 regqulator.

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

forms of small and large signal disturbances.
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