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INPUT FILTER CONSIDERATIONS
IN DESIGN AND APPLICATION OF SWITCHING REGULATORS

ABSTRACT

Switching-mode regulators have a negative
input resistance at low frequencies, and can become
unstable by addition of post facto line input
filters. This problem is treated in a general
panner based on a swall-signal linear model that
accommodates all forms of switching converter, and
which predicts the proper change of input impedance
from negative at low frequencies to positive at
frequencies beyond regulator loop gain crossover.
preferably, a suitable input filter should be
incorporated in original regulator design; criteria
are developed for imput filter resonant frequency
and Q that ensure not only system stability but
also specified perturbations of the important
regulator properties loop gain, output impedance,
and line rejecticn. If, on the other hand, a
line filter is to be added to an existing regulator
"black box," measurements of input impedance lead
to criteria for an input filter that will ensure
stability, but for which only incomplete prediction
can be made of the resulting regulator properties.

1. INTRODUCTION

Switching-mode regulators are coming into
increasing use as power supplies, especially at power
levels above a few hundred watts, because of the
significantly higher efficiency than can be obtained
with linear dissipative regulators. This benefit,
however, is not achieved without a price: ~the
regulator input current has a substantial ripple
component at the switching frequency, with a con-
sequent necessity for an input filter to smooth the
current drawn from the unregulated line supply.

When a switching-mode regulator is acquired
as a "black box" for use in some system of source-
regulator-load, it may be found that the system
cecillates because the particular scurce impedance
was not foreseen by the regulator designer; or, the
regulator may have an inadequate input filter, or none
at all, so that the system designer has to provide
an external input filter which in turn may cause the
system to oscillate. E—

The occurrence of such instability was the
motivation for the investigation reported here. The
original objectives were, first, to understand quanti-
tatively the reason for potential instability, and
second, to establish criteria for design of an input
filter that would guarantee system stability.

1,1 Nature of the Oscillation Problenm

The nature of the problem can be understood by
tonsideration of the block diagram of a switching
Tegulator shown in Fig. 1, in which the boxes indicate
the essential elements. For concreteness, the
switching-mode converter is represented by a basic
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Fig. 1. Essential elements of a switching-mode
regulator with input filter. The block
dlagram is general, and a single-section
LC input filter and a buck converter are
shown as typical realizations.

"buck" configuration and the input filter is repre=-
sented by a basic single-section low-pass LC confi-
guration, but the discussion applies in general .for
any converter and input filter configurations.

The switching-mode converter acts as a dc
transformer having some voltage conversion ratio
u = Vg/V. To the extent that the converter is 100
per cent efficient, the current conversion ratio is
I5/1 = 1/u and the converter input power P = V.I_
equals the output power VI, For a given load resis-
tance R, the feedback action of the regulator adjusts
the conversion ratic p to maintain constant output
voltage, and hence constant output power, éven if the
input voltage Vg varies. It follows that if V
increases, I, nust decrease since the input power also
remains constant, Consequently, the regulator
exhibits a negative incremental input resistance Ry

given by
'st d P P VB 2 v 2
Ry =——=——=-mm==-—= =" —=-pR (1)
dI dl_ 1 I 1 I
] s 5 5 8

This is the low-frequency value of the regulator
input impedance Z; indicated in Fig. 1. For the
basic buck converter configuration shown, the con-
version ratio is p = 1/D where D is thﬁ dc duty ratio
of the power switch, so that R, = -R/D".

The regulator negative input resistance R, in
combination with the input filter can under ceréain
conditions constitute a negative resistance oscil-
lator, and is the origin of the system potential
instability. The input filter output impedance Zg is
a low (positive) resistance at dc and low frequencies,
but in the neighborhood of the filter cutoff fre-
quency its output iopedance rises to a resonant
maximm [Zg|pay which in a high-Q filter may be
many times the associated ohmic resistances, and if
IZST rises sufficiently that the net circuit
resistance becomes negative, oscillation will occur.
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One therefore concludes that to ensure stability
the input filter must be designed to have low Q,
which 1s in conflict with the requirement for low
ohmic resistances to maintain high efficiency. This
statement represents essentially the conclusion of
published work [1,2] on the subject of input filter
potential instability, in which the condition for
stability is expressed as

Jz_|

& max

< &1 (2)

For the basic single-section input filter and buck
converter shown as_examples in Fig, 1, the filter

Q-factor is Qg « v¥Lg/Cg/R; and ]Zs] = Q2Rg =
Ls/CSRg' so that the stability condltion of (2) is
Ls R
<=3 (3)
CR D
'S

In current practice, desipgn efforts are directed
towards modified input filcer configurations to
alleviate the compromise required between low Q to
peet the stability condition of (2) and high Q to
maintain good efficiency.

1.2 The Broader Problem

At the outset of the present investigation, it
was recognized that the input filter stability problem
could not be defined in quite such simple terms.

First, the stability cendition of (2) is not
sufficiently general. The regulatn§ input impedance
Z; 1s a negative resistance R, = =y R only at low
frequencies; at some high frequency beyond the
repgulator loop-gain crossover frequency (the fre-
quency at whichthe loop gain magnitude falls beleow
unity), Z, must have a positive real part. There-
fore, the input impedance Z; must begin o deviate
from its negative-resistance value of -U R at some-
low frequency, probably well below loop-gain cross-
over, determined by the converter LC configuration
and also the loop gain frequency response. The
stability condition expressed by (2) is therefore
only correct if the frequency at which |Z_| reaches

Z , namely the filter cutoff frequency, is
below*the frequency at which the regulator input
impedance Z, begins to deviate from its low-frequency
value -uzk. If this is not the case, one would like
at least to know whether the true stability
condition is more or less restrictive than that
expressed by (2). It will be shown that each
possibility can exist, and so the conventional
condition (2) is neither complete nor useful.

A second, and more basic, complication
arises from the fact that the presence of an input
filter affects the properties of the regulator.
This occurs because the regulator is basically a
feedback amplifier whose loop gain is affected by
the input filter, and so the regulator terminal
properties, which constitute its specifications
(for example, its output iwmpedance Z, indicated
in Fig. 1), are alsc affected by the input filter.
In consequence, additional criteria need to be

.established concerning the influence of an input
filter upon the regulator terminal properties. In
particular, it was found that addition of an input
filter that satisfies merely a criterion of system
stability may impose a substantial deviation upon
some of the regulator specifications.

It was determined, therefore, that potential
instability 1s only one aspect of the broader
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question concerning the influence of an input filte,
upon regulator properties, and the emphasis and
scope of the investigation were changed to embrace
this broader question.

1.3 Outline of Discussion

In Section 2, an ac equivalent circuit of a
general regulatbr is established., Even though the
modulator and converter stages are inherently non-
linear, the equivalent circuit incorporates a small-
signal linear wmodel that is adequate to permit
straightforwvard linear ac analysis for regulator
loop gain T, input impedance Zi' output impedance
Z , and line transmission characteristic F (the
transnission characteristic from unregulated input
to regulated ougput). This "describing function”
approach is valid for frequencies up to about half
the converter switching frequency, and is entirely
adequate to handle effects due to the input filter
since typical filter cutoff frequencies are well
below this limit.

In Section 3, the quanticative results for T,
2y, Z_ and F are extended to include modifications
due to the presence of an input filter. These
expressions contain all the quantitative information
necessary to establish not only a stability condition
but also conditions to ensure that perturbations (in
fact, degradations) of the regulator performance
specifications due to the input filter are kept
within known bounds. Several input filter configu-
rations are discussed with respect to their transfer
and output impedance functions.

In Section 4, experimental results are pre-
sented that verify and illustrate the quantitative
results.

The principal conclusions, discussed in
Section 5, are as follows.

The presence of an input filter affects the
performance specifications of a regulator, even if
the total system is stable, and therefore the
preferred approach is to incorporate a suitable
input filter in the original design of the regulator.
In this way, degradation of the regulator perfor-
mance specifications due to the input filter can be
properly accounted for and kept to a minimum at the
same time that system stability is assured. The
practical design criteria:are: the input filter
cutoff frequency.should be chosen lower than the .
averaging filter cutoff frequency;.the input filter
output impedance should be made much.smaller, than ~
the regulator open-loop input impedance (this
ensures stability, and also ensures that the regulator
loop.gain and line transmission characteristics are
essentially unaffected by the presence of the input
filter); if, in addition, the input filter output
impedance is made much smaller than the regulator
open-loop short-circuit input impedance, the
regulator output impedance will also be essentially
unaffected by the presence of the input filter.

On the other hand, sometimes a system is to be
constructed to incorporate a given "black box"
regulator, and an input filter must be designed post
facto. 1In this less desirable but realistic case,
in the absence of any information on the regulator
internal construction, one must resort to a direct
measurement of the regulator input impedance as a
funcrtion of frequency in order to determine an
input filter stability condition; however, it will
not in general be possible to constrain the resulting
regulator performance specifications within given
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pounds. The practiczl design criterion is that the

input filter output impedance should be made smaller
than the regulator (closed-loop) input impedance to

ensure stability.

2. MODEL AND PROPERTIES OF
THE REGULATOR WITHOUT INPUT FILTER

In this section an ac model of a generalized
switching-mode regulator without input filter is
presented, and quantitative expressions are
established for the important regulator properties
loop gain T, input and output impedances Z; and 20,
snd line transmission characteristic F.

2.1 Equivalent Circuit of the Switching Regulator

The first step is establishment of a model to
represent the power stage, labeled the switching-
mode converter in Fig. 1. As examples of familiar
power stages, the configurations of the basic buck,
boost, and buck-boost converters are shown in Fig. 2.

Vo4 v, L Viy
R e
S buck =C R
y.S—
(o}
Vy+ vy N Vv
A AT T
L
Dt boost =C R
(=2 b
{b)
-gv.lv,l " l Vv
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v, S——

(c)

Three basic converter stages: buck,

Fig. 2.
boost, and buck-boost.

In each case the basic de-to-dc conversion function

represented by a voltage and current ratio i is

achieved by control of the switch fractional on-time,

or duty ratio, D. Each converter is a three-port

network in that the duty ratio D and the line

voltage V, are two independent inputs that control

the output voltage V. Also, if small-amplitude varia-

tions v, and d are superimposed upon the steady

state, or dc, inputs V, and D, & corresponding varia-

tion v appears at the converter output, and an

averaging technique is available [3,4] which leads to

a small-signal ac equivalent circuit of the converter,

from which in turn the output voltage variation v

can be found in terms of v, and d.

A general arc equivalent cirecuit for a
switching-mode converter is shown in Fig. 3. The
rodel represents, with appropriate expressions for
the parameters, any dc-to-de converter including not
only the three basic configurations of Fig. 1 but
various extensions such as push-pull versions, the
tapped-inductor boost [5], and more elaborate confi-
gurations [6,7]; it is subject only to the constraint
that the converter operates in the "continuous" (or
"heavy") mode in which the inductor current does not
fall to zero at any time., Simplified expressions
for the parameters that appear in the model of Fig.

. AVils)d
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)
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Fig. 3. General small-signal a-c equivalent circuit
for a switching-mode converter in the
"continuous conduction" mode.

M A f(s) Lig
buck i 3 | L
D o}
| sLe L
boost 1-D ) I R [I-DF
buck=- 1-D | I_sDL.. L
boost [3) o(1-0) R [1-0y2
Table 1. Expressiocns for the parameters in the

general converter model of Fig. 3, for
the three basic converter stages of Fig. 2.

3 are given in Table 1 for the three basic converter
configurations of Fig, 2.

The derivation of the model of Fig. 3 will not
be given here, but some comments regarding the
elements and parazeters will demonstrate that the
model has the necessary properties. The transformer
in Fig. 3 is to be taken to be "ideal" and has a
ratio p:l for all frequencies down to de: it
represents the basic dc-to-dec voltage and current
conversion factor. The capacitance C is the same
as appears in the ectual circuit. The inductance L,
is an "effective" inductance, equal to the actual
inductance L in the buck converter, but a function
of the dc duty ratio D in the boost and buck-boost
converters [4]. The elements L_ and C together con-
stitute an effective "averaging" filter that repre-
sents the properties of the actual L and C in
recovering the average, or dc, value of the switched
waveform and filtering the switching frequency and
its harmonics. The resistance R_ is an "effective"
resistance that accounts for various series ohmic
resistances in the actual circuit, and also a
"modulation' resistance that arises from a modulation
of the switching transistor storage time [5]; R, is a
complicated function of these component resistances
and also of the duty ratio, but since it is merely a
parasitic resistance whose principal observed effect
is upon the Q-factor of the L,C filter, detailed
expressions for Re are not given in Table I.

The two generators in the model of Fig. 3
express the influence of the duty ratio variation d
as an input signal to the converter. The function
f(s) of complex frequency s is defined such that
f£(0) = 1. PFor the buck converter, f(s) = 1 for
all frequencies, but for the boost and buck-boost
converters f£(s) represents a right-half-plane zero
[3,4]. Both generators are necessary properly to
represent the input impedance presented to the un=-
regulated line when the converter is part of a closed-
loop regulator, as can be seenbyche following
argument, When the regulator is driven by an ac
voltage vg, the high loop gain at low frequencies
will force the ac voltage v at the cutput to be
vanishingly small by appropriate adjustment of the
ac duty ratio d; since v is the output of the L.C
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filter, the voltage at the filter input, namely, the
voltage across the current generator, is therefore
also vanishingly small; hence the impedance Z, seen
by the driving source Ve is simply the ratio of the
voltage and current generators reflected through

the transformer, or

2 AVE(s)d 2
zi = e Wa/R = ~1i"Rf(s) (4)

At frequencies low enough that f(s) = 1, the result
is 21 - R1 - -uzk, in accordance with the result
already deduced in Section 1 directly from the
regulator constant-power property.

The next step in development of the regulator
equivalent circuit is to obtain a model for the
modulator.
sion for the essential function of the modulator,
which is to convert an (analog) control voltage V
to the switch duty ratio D. This expression can be
written D = vclvm in which, by definition, V_ is
the range of control signal required to sweep the
duty ratio over its full range from O to 1. A emall
variation v_ superimposed upon V. therefore produces
a co:responﬁing variation d = vC/Vm in D, which can
be generalized to account for a nonuniform frequency
response as

£.(s)

d = ———-—Vm i, (5)
in which f (0) = 1. Thus, the control-voltage-to~
duty-ratiomsmallnsignal transmission characteristic
of the modulator can be represented in general by
the two parameters V_ and f (s), regardless of
the detailed mechanism by which the modulation is
achieved. Hence, by substitution for d from (5),
the two generators In Fig. 3 ¢an be expressed in

This is easily done by writing an expres-

terms of the ac control voltage Ves and the resulting

model is then a linear ac equivalent circuit that
represents the small-signal transfer properties of
the nonlinear processes in the modulator and
converter., :

It remains simply to add the linear amplifier
to obtain the ac equivalent circuit of the complete
closed-loop regulator without input filter, as shown
in Fig. 4. The modulator transfer function of (5)

F
“AVIHs) L (s)
V+v
Y X
=1
fof : iR
£3 18 2T - .
C) L] 13 Z| 2!° ; za
1
f
]
} .
— e i

General a-c equivalent circuit for a
gwitching-mode regulator without input
filter, with indication of the performance
parameters loop gain T, output impedance
Z,, and line transmission characteristic F.

Fig. 4.

has been incorporated in the generator designations,
and the generator symbol has been changed from a
circle to a square to emphasize the fact that, in
the closed-loop regulator, the generators no longer
are independent but are dependent on another signal
in the same system., The connection from point X to
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the error amplifier, via the reference voltage sum-
ning node, represents the basic voltage feedback
necessary to establish the system as a voltage
regulator, The dashed connection from point Y
indicates a possible additional fecdback sensing:
this second feedback signal may be derived, for
exauwple, from the inductor flux, inductor current,
or capacitor current, as in various "'two-loop"
configurations that are in use [8]. In any case,
in either single or Houble loop configurations, the
rodulator ac control voltage v can be expressed as
some gain function A(s) times fhe load ac voltage v,

2.2 Anslytic Results

A number of quantities of interest are shown
explicitly in the regulator model of Fig. 4, The
averaging filter is defined to have a voltage
transfer function Hg(8) in the presence of the
external load R; this represents the basic low-
pass filter characteristic. Also, the averaging
filter has an input impedance Zg4 and output
impedance Z,, at the ports indicated; these are
defined for the epen-loop condition of the
regulator, and hence are properties of the averaging
filter and load resistance only, and are unaffected
by any other regulator parameters. Explicitly,

Zgy is the impedance of R, and L, in series with

C and R in parallel, and Zpp 18 the impedance of

C in parallel with R, and Lg. The subscript e

is employed in Hg, Zayy Zy, because these are all
Properties of the averaging filter in terms of the
Yeffective" inductance L, and resistance Ré.

The remaining quantities identified in Fig. 4
represent properties of principal interest in the
design and analysis of the regulator. The loop

“gain T is a fundamental parameter upon which

important properties of the regulator depend; it
nmust be designed to have a dc value sufficient to
provide the required dc regulation specification,
and it must be frequency shaped to ensure stability.
The closed-loop regulator output impedance Z_1is
an important system specification that determines
the transient rasponse, and the line transmission
characteristic ¥ = v/v, specifies the ability of
the closed-loop regulator to prevent line voltage
variations from appearing in the regulated output.
Finally, the closed-loop regulator input impedance
Zy is important in determination of the modified
regulator properties when an input filter is
added. Both the dc value and the frequency
respense of esch of the terminal parameters Z,,

F, and Z, are important, and are strongly
influenc%d by the dc value and frequency response
of the loop gain T.

Analysis of the equivalent circuit of Fig. 4
leads to the following results:

T =R SO 8 (DA ©®
7 = zﬁD (7)
o 1+T
1 He

FryT+T &
1 T 1 1 1
.- - - 3 ©
zi 14 T p"RE(s) 1+Tuy zei

These expressions will not be derived here, but
the first three are essentially obvious.

b
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The expression for T is obtained simply

from Fig. 4 as the product of the voltage generator,
averaging filter transfer function, and asmplifier
sain; it may be noted that the current generator

oes not enter into this result because it is
ghorted by the zero source impedance in the

absence of an input filter.

The expression for Z_ shows that the closed-
loop output {impedance is gqual to the open-loop
output impedance divided by the feedback factor
14T, and likewise, the expression for F shows
that the closed-loop line transmission function is
equal to the corresponding open-loop function H,/u
divided by 14T, both of which results are in
accordance with the elementary properties of
feedback,

The expression for Z, shows that the closed-
loop input impedance or, more properly, the input
admittance 1/zi, consists of two components. At
dc and low frequencies where the loop gain T is
large, the first component dominates and Zj P
-u2Rf(s). This is the same negative imput
impedance already predicted for the limiting case
of high loop gain. However, above loop-gain
crossover where T falls below ynity, the second
component dominates and Z; R W°Zp4. This 1s the
same as the open-loop input impedance, which is
merely the averaging filter input impedance Zp4
reflected through the transformer, and is the
result to be expected when the loop gain is
negligibly small. The complete expression of (9)
shows how the input impedance changes from negative
at low frequenciles to positive at high frequencies as
the loop gain falls below unity.

The model of Fig. 4 and the expressions of (6)
through (9) constitute the basic representation of
the switching-mode regulator, in which the effects
due to addition of an input filter can now be
incorporated.

3. MODEL AND PROPERTIES OF THE REGULATOR
WITH INPUT FILTER; DESIGN CRITERIA

In this section extended results are presented
for the properties of a switching-mode regulator in
the presence of an input filter., From these expres~
sions criteria can be established for design of an
input filter that ensures not only system stability,
but also limitation of the degradation of the
regulator properties to a known and controllable
degree. Relevant properties of several typical
input filters are summarized and compared. This
gection contains the principal quantitative results
of the investigation.

3.1 Model and Properties of the Regulator with
Input Filter

One function of the input filter is to present
a low-pass transfer characteristic to the unregulated
line voltage V., so that higher frequency variations
vy are suitably attenuated at the regulator. From
this point of view, the input filter can be repre-
sented &5 in Fig. 5(a), in which the "forward voltage
transfer function" is defined as Hﬁ(s). The function
H_(8) is defined for the "unlocaded"” filter, that is,
without the regulator attached; this makes Hg(s)
a property of the filter only, unaffected by the
complex nature of the regulator input impedance.

Another function of the input filter is to
present a low-pass transfer characteristic to current
variations in the opposite directien. In particular,

Hg{slvg
~ input = npul
(_)vs filter Zi Hylsh filter
(a) (b}

The forward voltage transfer function and
the reverse current transfer function of
an input filter are the same, Ha(s).

Fig. 5.

a svitching-mode regulator may demand an input

current that has a large component at the switching
frequency, and this component must be prevented from
flowing in the line source. Indeed, the specification
for this "reverse current transfer function" illus-
trated in Fig. 5(b) may well impose more stringent
requirements on the filter properties than does the
specification for the forward voltage transfer
function.

In any case, it 1s easily shown (by the
reciprocity theorem, for example) that the forward
voltage and reverse current transfer functions as
defined by Fig. 5 are identical, namely Hg(s).

Since H_(s) is defined for the unloaded filter,
attachment of the regulator requires knowledge of the
input filter output impedance Zg in order to determine
the properties of the system. Therefore, the ac
equivalent circuit of the complete system consists of
the model for the regulator itself of Fig. 4,

preceded by the Thevenin equivalent model of the

input filter,

The resulting complete model is shown in Fig. 6,
in which the internal details of the wmodel of the
regulator itself are the same as in Fig. 4 and are
omitted. The significant features of the model of
Fig. 6 are the following.

Flzv/e,

A

V+v
R
= —— Zi T') -
Z, £ 7

Fig. 6. Complete a-c equivalent circuit for a
switching-mode regulator with input filter,
with indication of the altered performance

parameters T', Zé, and F'.

First, three of the properties of the regulator
with input filrer are modified from those of the
regulator without input filter: these are
designated by primes, and are the loop gatn T',
closed~loop output impedance Z5, and line trans-
mnission characteristic F'., The line transmission
characteristic F' is defined as relating the
regulator output voltage v to the Thevenin
equivalent source voltage v&, so that the input
filter unloaded function Hs(s) remains explicit
and F' differs from F only because of the presence
of ZS. The regulator closed-loop input impedance
Zy, of course, remains unaffected by ZE.

Second, only two parameters, Hs(s) and Z., are
needed to represent all the necessary iproperties
of the input filter, regardless of the number of
sections or the complexity of the actual filter
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configuration, Furthermore, a considerable degree
of separation exists between the requirements
ioposed vpon H_(8) and Z_: the specification on

the forward voitage or the reverse current transfer
function determines the required H_(s), and the
acceptable degree of modification ?actually,
degradation) in the regulator parameters T', Z}, and
F' determine required criteria for Zz. A suitable
filter circuit can then be designed to satisfy
simultaneously the requirements for Hs(a) and Z_.

Analysis of the equivalent circuit of Fig. 6
leads to the following results for the three
properties that are modified by the presence of
the input filter:

1 -z N1PREs)

TV = T 5 (10)
1+ Zsfu zei
1+ zE/uz (Re-i-sl.e)
z; -2 T (11)
e
F' = F —1—_‘_—;,7 (12)
5 1

These equaticns express the modificatioms as
correction factors which are bilinear functions of
Z_, and show explicitly how small Z; must be in
ofder to provide correction factors within required
limits.

3.2 Design Criteria For the Regulator with Input
Filter

3.2.1 Nyquist Stability Criterion

The condition for system stability in the
presence of the input filter can be determined by
the following argument. In the absence of an input
filter, (7) and (8) show that two system properties,
Z, and F, contain the factor 1/(1+T) where 14T,
for stability, must not have any rcots in the
right half-plane. This is equivalent to saying that
the loop gain T must satisfy the Nyquist stability
criterion. In the presence of an input filter, (11)
and (12) show that the two modified system properties,
Zé and F', contain the factor 1/(1+zs/zi). By
analogy, therefore, the ratio Z,/Z may be identified
as a "minor loop gain" Ty, and for system stability
1+T) must not have any roots in the right half-plane.
This 1s equivalent to saying that the minor loop
gain T; must also satisfy the Nyquist stability
criterion. From (9), T, is given by

Z T ZE 1 25
T. 2 -8 a + (13)
1 2 2
Zi 1+ Ty RE(s) 14+ Ty Zei

Although the formal requirement is that the
minor loop gain 'I'1 satisfy the Nyquist criterion, a
sufficient but moTe-than-necessary condition is that
[T3] = |24/24] << 1. This more stringent condition
obviously satisfies the Nyquist stability criterion,
and is much easier to implement in practical system
design since it involves a knowledge only of the
relative magnitudes and not the phass of Zs and Zi.

If Z, were always positive, as would be the
case, for example, for a linear dissipative regulator,
the Nyquist stability criterion for T; would
automatically be satisfied, and instability could
not occur owing simply to addition of an input filter.
On the other hand, since Z;, can be negative for a
svitching=mode regulator, éhe Nyquist stability
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criterion imposed upon T; 18 not trivial; in fact
the commonly accepted requirement that |Z.| < |R [,
already discussed in Section 1, 1is Been to be oniy a
partial requirement for stability since from (13) 1t
ensures that Tl < 1 only at low frequencies.

3.2,2 Design Inequalities to Ensure that Regulator
Properties are Essentially Unaffected

Inspection of (10) and (13) shows that the same
factors involving Zg are contained in both equations,
Therefore, 1f Zs is constraiaed go that
|z /wRE(s)| <<” 1 and |Z,/u“Zgq| << 1, not only
i T' % T but also ITll = |Zg/24| << 1, which ensures
stability. IE follews also from (12) that F'y F.
1f also Tzs/u (Rg#sLe) | << 1, then from (11)

2y & Z,-

The above statements constitute the essential
theoretical results of the investigation, and lead to
formulation of a procedure for practical application,

In design of a switching-mode regulator, the
input filter should have an output impedance Zg such
that the inequalities

Iz 1Pre(s)| << 1 (14)
lz nlz,, | << 1 (15)

are met. These conditions ensure that the loop gain
is essentially unaffected by addition of the input
filter, by (10), Also, the same inequalities
automatically cause ]Tll = |z_/zy] << 1, by (13),
which in turn ensures system Etaéility, and also that
the line transmission characteristic is essentially
unaffected, by (12). If the input filrer Z; also

satisfies the independent inequality

|Zslu2(Re+sLe)] << 1 (16)

then in addition the regulator output impedance will
be essentially unaffected by addition of the input
filter, by (11).

The above procedure requires that the input
filter be designed along with the regulator itself,
because of the need to know various internal
parameters of the regulator in order to ensure that
the several inequalities are satisfied. It is a
""preferred" procedure because not only is system
stability assured, but the modifications #n the
regulator performance parameters given by (10) through
(12) are kept within known limits. It may be noted
also that the procedure is inexact, because of
reliance upon inequalities, and ne attention is
paid to &n exact condition for stability; however,
from a practical point of view, the procedure is
simple and straightforward even though it leads to a
degree of overdesign.

The preferred procedure also illustrates vhy it
is less satisfactory to attempt to design post
facto an input filter for addition to an existing
"black box" regulator, if no information is avail-
able on the internal parameters needed to establish
the inequalities of (13) through (16). In this case,
one must Tesort to direct external measurement of
the regulator input impedance Z4, 50 that the input
filter Z; can be designed so that the minor loop
gain Ty = Z /Zj satisfies either the Nyquist stability
criterion or the more-than-necessary but simpler
inequality

<< 1 (17)

f’r l- =B
1 Zi
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However, while the inequalities (14) and (15)
ensure, through (13), the inequality of (17), the
converse is not true. Therefore, although systen
stability can be ensured by design to (17), no
direct control over the inequalities of (14) through
(16) can be exerted, and 80 no guarantee can be

made concerning the resulting modification of the
regulator loop gain, output impedance, and line
transmission characteristics given by (10) through
(12).

3.2.3 Interpretation and Sipnificance of the
Design Inequalities .

Interpretation and significance of the
desirable inequalities of (14) through (16) will
now be discussed.

The three distinct inequalities are each a
function of frequency, and it is of interest to
examine typical frequency dependences to see which
inequality may be limiting at different fre-
quencies, The three relevant 1mpedances-u2Rf(s),

U“2e4, and uz(Ré+sLe) may be considered as special
cases of the regulator input impedance Zj, and
their magnitudes are sketched in asymptotic form

in Fig. 7.

I/RC
R |

R/Le

2RI~ |~

wy=l A/LgCy |
* LWt
Fig. 7. Magnitude shapes of the regulator openi
loop low-frequency input resfstance [u R|,
open-loop input impedance |u“Zgy|, open-
loop short=circuit input impedance
lu2(RetsLe) |, and the input filter output
impedance |ZE|. B

. With reference to Fig. 4, it is seen that
WZgy'is the value of Z, that would be observed
under open-loop conditions (in which both controlled
generators are unactivated), and is thus identified
as the regulator open-loop input impedance. There~
fore, uzie repregsents the reflected impedance of
the series-resonant loaded averaging filter, which
is equal to 2R at dc_and low frequencies, declines
along the asymptote uzlwc above the corner frequency
1/RC,. reaches & minimum of que at the resonance
(averaging filter cutoff) frequency w, = IIJEEE,

and then rises along the asymptote wp¢L,. Two cases
for |u2z.y| are illustrated in Fig. 7: the solid
line for high Q, and the dashed line for iow Q;

in each case, the minimum impedance is ]u Re!'

but in the low-Q case the minimum is spread over a
wider range of frequency, Since the ultimate
concern is determination of an inequality, the

above description of |p2Z,4|is for the (good)
approximation R, << R.

, Also with reference to Fig. 4, it is seen that

observed under open-loop conditions, and is thus
identified as the regulator open-loop low-frequency
input resistance, wmodified by the frequency
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u Rf(s) is the low-frequency value of Z; that would be
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_circuit input impedance, that is,the open-loop

"frequency.

—

dependence f(s).* Since qu is the same as the low-
frequency value of uzzei, and because f(s) in general
represents a zero (see Table 1), |u2Rf(s)| is always
larger than [u2Zgy| at least up to the intersection
frequency R/L, indicated in Flg. 7, and the effect

of £(s) is therefore omitted.

Finally with reference to Fig. 4, it 1is seen
that pZ(Re+sLe) is the regulator open-loop short-

value of Z; that would be measured with the regulator
output shorted. As indicated in Fig. 7,
Iu2(3e+sle)| rezains at the dc and low-frequency
value u2R, until the cormer frequency R,/Le,
qu tth follows the same wu2LE asynptote as does
ILyA .

el

The basic single-section input filter 11lus-
trated in Fig. 1 has an output impedance Zg that
represents that of a damped parallel-resonant circuit,
which 1is equal to R_ at dc.and low frequencies, rises
along an asymptote wlg, and declines along an
asymptote 1/wC; after reaching a maximum of |Z_| L
Q2R = L_/CsRg where Q = /L /Co/R_. A practilal "
input fifter, regardless of its complexity, will
have an output section and consequently an output
impedance Zg that has similar salient features, so
that the general shape of |Zg| illustrated in Fig. 7
is adequately characterized by a low-frequency value
Rg and a resonant maximum value |Z.|p,, at or about
a frequency W

Figure 7 contains all the necessary information
for design of the system to satisfy the desirable
inequalities., In general, the design problem is
essentially that of placing the typical shape of 'Zsl
in both vertical and horizontal position so that at
all frequencies it is below the lowest of any of the
other three shapes.

It is seen immediately that it is not desirable
to place the input filter cutoff frequency w; near
the averaging filter cutoff frequency w,, since this
would impose the lowest limit on the maximum value
]Zsfmax + Placing W, above Wy, while relaxing the
requirement on IZSI , makes the filtering require-
ment beyond filter cutoff more stringent since wg
will then be closer to the regulator switching
Placing w_ below (, relaxes the filter-
ing requirement and also relaxes the [zs mak
requirement as far as comparison with [p?Z | is
concerned, but not as far as comparison with
qu{ne+sLe)| is concerned,

The practical solution is usually to place wg
below rather than above w_, so that the two
conditions of (14) and (lg) reduce simply to the
single condition

2

|ZS| << |u zeil (18)
since, froE the previously discussed geometry of
Fig. 7, |u Zei[ is always equal to or less than
|u2RE(s)| for frequencies up to and beyond the chosen
Wg < Wp. With the condition of (18), it follows
that the regulator loop gain is essentially unaffected,
by (10), that the system is stable with |Ty| << 1,
by (13), and that the line transmission function is
essentially unaffected, by (12).

*
More curtectly,uzﬂf(s) is the regulator null input

impedance, that is, the impedance that would be
measured by a test signal applied at the regulator
input simultaneously with a test signal injected
into the regulator feedback loop and adjusted so
that the regulator output signal is nulled.




On the other hand, with wy < Wy the core
stringent condition —

Jz | << luz(R;-eLe)I (19)

is required if also the regulator output impedance is
to be essentially unaffected,by (11); however, this
condition is more difficult (expensive) to achieve
because, since R  is comparable with p*R_ (both of
wvhich are effective series resistances if the power
flow path and are therefore to be minimized), it can
be achieved only by sufficiently heavy danping of the
input filter resonant peak ]z [ .
5 'max

Another design consideration is that there is
no need to make W, lower than necessary to achieve
the desired filtering function Hg(s), which will
normally place wg above the cormer frequency 1/RC
in Fig. 7 and therefore, together with the desirable
condition wg < w,, the input filter cutoff frequency
will normally lie in the range where }uzzeilfollous
the asymptoter u/uC. With the less stringent
constraint of (18), therefore, stability is ensured
but a substantial increase in regulator cutput
ippedance may occur in the neighborhood of the input
filter resonant frequency wg if the more stringent
constraint of (19) is not satisfied.

This may well be an acceptable practical
compromise solution, and is the one actually illus-~
trated by the relative position for the shape of |Z_|
in Fig. 7. It should be noted that, for this case,E
even the less stringent condition of (18),
|2glmax << |u22q,|,15 @ more stringent constraint than
the previously deseribed conventional |Zg|pay < |Ry| =
|-u*R|. It may also be noted that nothing to do with
the regulator leoop gain, neither its low~frequency
value nar its frequency response, enters into the
relevant design inequalities.

The above discussion applies to the case in
which, even if the input filter is not designed
integrally with the regulator itself, at least suf-
ficient information on the intermal regulator structure
is available so that the various inequality con-
straints can be implemented. In the less convenient
but realistic case in which the regulator is sioply a
"black box," direct measurement of the -magnitude and
phase of the regulator (closed-loop) input impedance
as a function of frequency can be used for input filter
design subject to the constraint that T, = 2 /zi
satisfies the Nyquist stability criterion. However,
as already discussed, it is usually easier to. imple-'
‘ment the more-than-necessary condition |T,| =
|2g/2;1 << 1 since this involves measurement of only
the magnitude of Z, and not its phase.

Since by (9), Z, depends not only upon pzzei
and p2Rf(s) but also upon the loop gain T, there is
little that can be said in general about the nature
and interpretation of either form of the stability
constraint., One easily interpreted special case,
however, is that in which the loop-gain crossover
frequency is very low, below the cormer frequency
1/RC in Fig. 7, which may exist in (design-inefficient)
regulators whose bandwidth is unnecessarily sacrificed
to avoid the necessity for examination of regulator
stability. In this case, the loop gain T may be
expressed as T = wc/s8 where w, is the loop-gain
crossover fEequency and, for frequencies below 1/RC,
W2RE(s) + PR and also p2Zpq + u2R, so that (9)
reduces to

1 1 1-T (20)
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or
1+ s/w
C

(21)
1 - a/uc

Zi = -y R
This means that ]Z | = UZR and 1s constant while
[;1 changes from —iBO’ to 0° as frequency increases;
hence the regulator closed-loop input impedance
changes from negative to positive owing to decline
of loop gain before frequency effects due to
other internal paraweters begin to have any
influence. In this special case, therefore, atablliq
is ensured by an input fi%ter designed so that
sinply Izslmu< ]Ril = u“R.

3.3 Realization of Input Filter Design Requirements

In this section various filter configurations
are discussed with respect to their properties as
input filters for switching regulators. The treat-
ment is not quantitatively exact, but is entirely
adequate for design purposes and has the merit of
permitting easy qualitative comparisons leading to
simple design criteria; exact computations can of
course be made on the rare occasions they are needed,

Specifically, the input filter design problen
is that of realization of the two functions Hs(s)
and Z; to satisfy the several performance requirements
and constraints. The greater the number of elements
in the filter, the more degrees of freedom there
are available to optimize Hg(s) and Zg, at the price
of greater size, welght and cost.

The design of Hs(s), the forward voltagé transfer
function and the reverse current transfer funttionm,
is usually imposed by the requirement for a certain

" attenuation at the regulator switching frequency.

For the basic single-section LC filter illustrated
in Fig. 1 and represented in Fig. 8, this require-

= Ro? “(Rn)
AL
m Rl

switching
frequency
1

Ry L

w, = 1A/LCS C:__

R, = J/L,/C, Zy

1
]
1
I
H, (s} IH, (s)]

Fig. 8. The basic single-section input filter, its
two-pole transfer characteristic Hs(s) .

and output impedancelzsl with [Zg e R'.

ment specifies a filter cutoff frequency wg =

1/¥L _C_ and hence a certain L Cg product. The
serifs resistance Ry is always to be minimized in
the interest of high efficiency, and can be con-
sidered fixed; therefore, the only remaining design
degree of freedom is through the filter character-
istic resistance R = «I57c . This parameter
determines the Q-factor and hence the degree of
peaking of both the |Hg(s)| and ]ZSI characteristicss
as also shown in Fig. 8, In particular the filter
cutput impedance Lz | has a maximum |2_] . =
(R%/Rs)[1+(RSIRo) 15ar the filter cutoffm%requency
wg. To keep IZSIm y 88 low as possible, the filter
characteristic res?stance R, has to be made low,
which in many systems implies an impractically lov
L./Cg ratio, It is because of too high an L ICs
ratio and censequent high |Z fnax that actual
systems with simple input filters of this type are
prone to instability.
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Given an L _/C_ratio that is too high for the
required |Zg|pax» an alternative is to lowo the Q-
fector by addition of extra series damping resistance.
Since onc does not wish to increase R, & resistance
R pey be placed in geries with Cg as shown in
Fig. 9. The zs'nax i now reduced by the factor

R 1+(R./R)“/(Rg#R.) from its previous value Ry,
put the H has been degraded by appearance of a
zero at w R _/R_ oo that the switching frequency
sttenvation 1scdegraded. Also, since most of the
regulator svitching frequency input current flows in
Cs, there may be substantisl power loss in Rc'

A large variety of double-section input filters
can be constructed by cascading cozbinations of
the several single~section filters. One poseibility
[2,9] is shown in Fig., 12, in which the series

L Ls
A AAS AAAS
w, = WAGG Re wy = IA/15C; lci__
R =JL/G G R=J/L/C Ze
Hgls)

Rpn—d:
Ry/1+ (R /R H
R, L, B e LA
O
Re .
G o I
Z : R,
i R°w' ‘2‘3”;
R
Hyls) [Hs (5] ' 1z
Fig. 9. Single-section input filter with extra

series damping resistance Ry, its tvo-pole
one-zero [HB(B)I, and |251 with [Zg L
lower than Ry.

A more attractive way of lowering the output
impedance maxipum is to add parellel damping resis-
tance across Lg, a8 shown in Fig. 10. 2The
1251max is now reduced by the factor l,{'l-i-Ro/RsRE)

rom By, but H, 1s again degraded by appearancé of
a zero at WgRy/R_ . Thus, the [Hg| and |Z|
characteristics are the same in nature as for the
geries dawping resistance R , but there is negligible
power loss in the parallel damping resistance Ry

lzlimu.

12,1

Hy(s) I8l

Fig. 10. Single-section input filter with parallel
damping resistance R_ across the inducior,
its two-pole one-zerb Ha(s)l. and |Zg
with ]Zs e lower than Rm.

An improvement is to place the parallel
damping resistance Ry across Cg instead of across
Ls' as shown in Fig. 11. This has the same
desirable effect in lowering |Zg|p,y, and does not
introduce an unwanted zero in Hy. Since there is
also negligible power dissipation in R_, this
arrangement is the best so far discussgd, but has
the disadvantage that a large blocking capacitor is
needed.

R, L,
Rp CI
b
ml | zZ,
s o
H, (s) {H, (s)]
1
1
Fig. 11. Single-section input filter with parallel

daxping resiotance R actoTs the capacitor,

ito two-pole [H_(s) % and zg| with

|z | lower than R .
B 'nax h ¢:]
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Fig. 12.

Double-section input filter and its four-
pole one-zero |Hﬁ(s)[. Its |Z_| has two
waxima, shown in typical relation to the
regulator open-leop input impedance [u2Zg4].

resistances in the dc path are neglected. The H (s)
of this filter has a zero and four poles, givingsa
high-frequency asymptote for Hg(s) of ~18db/octave.
It is undesirable to make the two resonant fre-
quencies w) = lf(ilc and w, = I/MEZC equal,

since it can be shown that tﬁis not only causes the
output impedance to have a sharp maximum, higher than
wculd otherwise be the case, but also causes the
filter input impedance to have a sharp minimum,
possibly wmuch less than R_, which may be undesirable
for the source to see. Therefore, the double=section
input filter of Fig. 12 is usually designed with
well-separated resonant frequencies such that

wy >> Wy

With w, > w;, the |Hs(5)| and |Z.| functions
of the doubie—sec:ion input filter can be determined
approximately by superposition of those of the two
secticns separately, as shown in Fig. 12,

It is seen that the output izpedance |[Z_|
now has tyo maxima, both of which must be controlled
to satisfy the various inequalities discussed in
the previous sections. A practical example, also
shown in Fig. 12, is the case in which the switching
regulator open-loop input impedance [u2Zgq| is
following a ~6db/octave slope, that is, between the
averaging filter corner frequency 1/RC and l/JE;_:
here, the lzslmax at the higher input filter
resonance frequency w, must be made smaller than
that at the lower input filter resonance frequency
w], in order to maintain equal degrees of inequality
|Zg] << |u®z,,lat the two frequencies. This
implies that %he second section characteristic
resistance R, should be lower than that of the

first section, Rl'

4. EXPERIMENTAL RESULTS

In this section experimvental results are
presented to verify the quantitative expressions
previously developed and to provide insight into the
design criteria.
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4.1 Design of Regulator Test Circuit

A switching~regulator test circuit was con-
atructed of the type shown in Fig. 1, employing a
buck converter power stage operated in the inductor
continuous-current mode, and a modulator of the
fixed-frequency variable onetime type. The switch-
ing frequency was 100kHz.

One of the principal considerations in design of
a regulator is the loop-gain frequency response. In
a switching-mode regulator, the loop gain T contains
the two-pole response of the averaging filter, and
at least one additional source of phase lag from the
"eransport delay" inherent in the switching process,
and s0 the loop is at best marginally stable unless
corrective measures are taken. Hence, some fre-
quency compensation in the error amplifier is
wandatoTy.

In the test circult, the error amplifier was
a YA74]1 cpamp and frequency compensation was
accomplished by local feedback around the error opamp
in conjunction with two-loop sensing of both the
averaging filter output voltage and capacitor
current. The complete gmall-signal ac model of the
test circuit, which corresponds to the general model
of Fig. 4, is shown in Fig. 13. From Table 1, for
a buck regulator p = 1/D, A = 1/D, and L, = L,
Also, f(8) = 1 and for the simple comparator-type
modulator in the test circuit, fm{s) = 1 at all
frequencies of interest. The corresponding special-
case expressions are shown in Fig. 13.

N
<

V+v
iR
3200
b l
lr
| o3
1
V=10v .
K —tne———— | f——
Ve = 2,50v L TR, 10k cia7nF
D=07 I /
|
|

/- LATAL
H

Fig, 13. Equivalent eircuit of Fig. 4 with numerical
values for the experimental buck converter
test circuit, without input filter. The dc
duty ratio D was maintained at 0.7 for all
tests.

Also shown in Fig., 13 are numerical values of
all parameters, The regulator dec leoop established
the output voltage ¥ = 10V, and the input voltage
was set so that the dc duty ratio was D = 0.7;
these values were maintained for all of the tests,
Direct dc measurement on the test circuit showed that
a de control voltage range of 2.50V was needed to
+gweep the dc duty ratio over its full range of 0 to
1, 8o the modulator parameter was Vo = 2.50v,
leading to the dependent-generator -parameters
v}nvm = 5.66 and V/DVyR = 1/3,5300. Direct ac
measurements of the modulator/converter transfer
function v/v  disclosed the values L, = L = 82uH
and C = 19yF, and the effective damping resistance,
fron the observed Q-factor, was R, = 3.50. This
value is considerably greater than the actual series
dc (loss) resistance, the excess beilng accounted
for by modulation resistance [5]).

100

Numerical valuee in the error-amplifier part of
the test circuit were chosen following analysis for
the regulator loop gain {without input filter).

The specific form of the general loop gain expressien
of (6) appropriate for the test circuit is

" (1 + %—)(1 + -g-)

P q
T=— (22)
)
Qu, Yo
in which
-V R 1
Y *DV. R +RCR (23
o e 1'u
1 uJoLe (25)
w = 24) , Q =
° AT i
1 R, 1
mp E Clka (26) , mq = E;'@ (27)

The expression of (22) is not exact; neglected are the
influence of the load resistance R upon the frequency
response of the averaging filter characterized by w
and Q; the zero at 1/2nCRy = 70kHz, due to the presE
ence of the sensing resistance Rg; and the very low-
frequency pole due to finite opamp gain.

The principal import of (22) is that if numbers
are chosen to make w_ and equal to w,, the fre-
quency dependence ofPthe fraction cancels out except
for a "kink" in the heighborhood of w, to the extent
that Q differs frow 0,5, so that |T| would be repre-
sented by a uniform -6 db/octave slope with cross-
over frequency w_. This would be an optimum design,
and -selection of "a crossover frequency w_then
provides a third design condition from which values
of R,; R and C; can be determined in terms of an
arbitrary R, for a given Rf.

In the test circuit, R_ = 0.120 and R, = 10k
were chosen, and the va'ues of R,, Ry &nd C, shown
in Fig. 13 were, for generality, chosen sliéhcly
different from the optimum values for wp = wg, = w,.
The resulting numerical values for all the parameters
in the loop-gain expression of (22) are

£ = 7.4kHz (28) Q= 0.60 (29)

f0 = 4,0kHiz (30) fp = 3,4kHz (31) fq = 6,3kHz (32)
Computer results of magnitude and phase of the
loop gain T for the circuit of Fig. 13 are shown
by the solid lines in Fig. 14. Experimental results
for both magnitude and phase, obtained by signal
injection [10} at the modulator input, confirm the
predicted results quite clesely. The excess phase
approaching the switching frequency of 100kHz is
ascribed to transport lag, not accounted for in the
model of Fig. 13.

Figure 15 shows computer predicted and experi-
mentally measured results for the regulator
performance parameters output impedance izol and
line transmission charvacteristic |F|, for the test
circuit of Fig. 13. The discrepancy between pre-
dicred and measured results at higher frequenciles
can be ascribed to esr of the averaging filter
capacitor C.
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0 — predicied Fig. 16. Computer predicted magnitude shapes of the
; o  meosured open-loop low-frequency input resistance
[ D R . P IRIsz, open-loop input impedance ]231/D2|,
and open~loop short-circuit input impedance
| (Re#sLe) /D?| for the test circult of
- 180° . & N 5= i ) . Fig. 13. Experimental data points are also
[kHz (OkHz shown for |Zq1/D?|.
Fig. 14. Computer predicted and experimentally
measured magnitude and phase of the loop 1% theztest ctroutt: she dlowrlzequency agymptOtB for
ein T Eor Che tenk. chrssit of Fik, 13 |Zei/D | is slightly different f;ggwgig_A_xnd the
%oon - e g Eew 2 i g; & o ninimun occurs at a frequency £ v(R,+R)/R = 4.4kHz
uit§ ga ha:rossov:r o;cugiui sguuu % z instead of at f, = 4.0kHz; however, the lower cormer
puase margln 4 ’ frequency remains at 1/2nRC = 420Hz, Experimental
T ™ T data points for the open-loop input impedance
|2e1/D2|, also shown in Fig. 16, are in good agree-
ment with the predicted curve.
-0 104
dB ref 10 1Z,! 5 As discussed in Section 3, design of an input

=10

L L 3 ] A N X

i 1
10kHz

1 kHz

Fig. 15, Computer-predicted and experimentally
measured magnitudes of the output impedance
Z. end line transmission characteristic F

for the test circuit of Fig. 13.

4.2 Results for Regulator Test Circuit with
Various Input Filters

4.2.1 The Preferred Approach

The results of Figs. 14 and 15 describe the
basic properties of the regulator. Preparatory to
addition of an input filter, in order to validate
the desired design inequalities, information is
teeded on three special-case input impedances:
the open-loop low~-frequency input resistance
uZR, the open-loop input impedance pﬁzei, and the
open-loop short-circuit input impedance Y (Re+sLe).

Computer results for the three special-case
input impedances required to quantify the design
inequalities (14) through (16), corresponding to
those in Fig. 7, are shown in Fig. 16 for the test
circuit. Because Ry is not negligible compared to
R, as was assumed in the general plots of Fig. 7,

101

_trate various placements of |Zs

filter involves choice not only of its cutoff
frequency f; but also of its maximum impedance
[Zs?max to satisfy the design inequalities. For
{1lustration of these results an input filter with

a single-section L,C, and a parallel damping
resistance of the type shown in Fig. 10 was
employed in conjunction with the regulator test
circuit. Although this is not the most attractive
configuratien, it is simple to implement and
possesses all the flexibility necessary to 1llus-
relative to the

Fig 7, by choice of cutoff fre-
quency fg = IIZHVEECS and characteristic resistance
R = st7cs . Both R; and R_ contribute to

damging; as shown in Fig. 10P|Z |g.x = R /(1+R§/RSRP)'
[(R°/R5H|RP]¢IF(RSIRO)2. For simplicity In
presentation of the following experimental results,
Rg will be set equal to zero and the total damping
will be characterized by an effective value of Ep,

so that |Zg|pax = R_. For convenience in reference,
the several sets of values chosen for illustration
will be designated as “filter A, filter B" etc.,

with each filter characterized by the three values

fs, Ry, and Rp.

other shapes in

According to the criteria discussed in Section
3, an input filter for the test regulator circult
should have a cutoff frequency lower than 4.4kHz
and a maximum impedance much less than 7.101 as
disclosed by tie impedznce plots of Fig. 16.

The first test input filter, filter A, was
chosen with fg = B80Hz and |Zg|max = Ry = 6.60,
with a computer predicted and experimentally com-
firmed |2:T shape given by the solid line in Fig.
17. As seen from the relation of this shape to the
ghapes of the relevant regulator impedances also
regrnduced in Fiﬁ. 17, the inequality |Zsl <<
|u2zes| = |2eq/D?| is met by a margin of about }0dB,
or a_factor oi 3, and the inequality |Zsi << [u R| =
|R/D?| is of course met by & much larger margin.
Consequently, the regulator loop gain should be
little affected, by (10), and stability should be
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1 is, increased, because Z, is negative in the neigh-

borhood of |zs|max): nevertheless, since the
Thevenin equivalent voltage Hgvy in Fig. 6 15 not
accessible to measurement, the modification of F
to F' cannot be directly verified,

T i T =r T T by (12), should be only slightly degraded (that ;

Also shown in Figs. 17 through 19 are the
corresponding results for input filter B with the
sane fEl and R, as filter A, but with R = 160.
This causes the filter output iopedancé to be more
highly peaked, so that not only is the condition
1924 |zg] << |u2(R +sl.)| even more severely violated,
but the condifion |zg| << quzeil is only poorly
satisfied. It is seen from Fig. 18 that the loop
gain [T'| 1s now degraded by 8dB, and from Fig.

19 that |z}| is even more severely peaked; in
fact, this peak is higher than the original maximun
value of about 1Q.

7500

i " i
I kHz 10 kHz
Fig. 17. Magnitude shapes of |Z.| for single-section
input filters A and B superimposed on the
special-case input impedance shapes of 2
Fig, 16. v t T T i i

for the test circuit of Fig, 13, and tRe TkHz = }O;Hz
5| in the presen f
iigz:d;f1:2:222 Lﬁgln_n preseace o Fig. 21. Magnitude shape of loop gain |T| for the
< test circuit of Fig. 13, and the degraded
shapes |T'| in the presence of input
filters C and D.
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Fig. 18. Magnitude shape of lcop gain ITI for the 1kH2 10 kHz
test circuit of Fig. 13, and the degraded Fi I
' g. 20, Magnitude shapes of st. for single-
shap:sB[T l 40, the pRessuca: of Joput HLIENER sectlion input filters C and D superimposed
4 an = on the snectal-case input impedance shapes
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Fig. 19. Magnitude shape of output impedance |Z_|

’
assured, by (13). As shown in Fig. 18, the computer
predicted and experimentally verified result for

the new |T'| (solid line) is little different from

. T T T
the original IT] reproduced from Fig. 14. As 1Z,']: 4,2 3.8kHz, Ry= 21 2,
expected, such degradation of [T'] below T 15 Rpx 1B —__ . /E)
most noticeable where the inequality |Zg| <<|pz4] L0 Pl N 4
is least well satisfied, namely, in the neighbor- |Zo'|: fi=3.3kH2, Ry=5.4 00, p YL &
Nood of the filter cutoff frequency fg = 880Hz. Rp=6.6 01— / <,——~<:
-0

On the other hand, with this same input filter,
it is seen,in Fig. 16 that the 1ne3uality d8 ret 192
[Zg] << [T (R #sL )| = |(RgtsLe) /DZ] 1s not well L-10
satisfied: iR fact, l2glmax = 6.60 is only
slightly below uzne = Raf = 7,100. Therefore, it
is to be expected that the regulator closed-loop

B e B _

10O kHz

" 1
IhHz

output impedance 1251, by (11), would be sub-

stantially degraded (increased). This is con=- Fig. 22. Magnitude shape of output impedance IZOI i
firmed by the computer predicted (solid-line) and for the test circuit of Fig. 13, and tche 1
experimentally verified results shown in Fig. 19. degraded shapes IZél in the présence of |
However, the line transmission characteristic F', input filters C and D.
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For further illustratien, two sets of input i e

filter values were selected, having approximately R/D%:410)
the same two values of ,Zglmax = R_as the first

two filters, but with cutoff frequBncies higher 30

by a factor of about five. The two new 12 dBref 102
shapes are shown in Fig. 20, superimposed gp the

game relevant regulator impedance shapes as 20
pefore.

The solid |Z | curve in Fig. 20 is for filter
c with R = 5.40 and = 6.6Q, and has essentially
the same shape as that for filter A in Fig. 17,
but translated to the higher cutoff frequency fg =
3.3kHz. Purposefully, this places the filter cut-
off frequency close to the averaging filter cutoff
frequency &4.4kHz and so, as seen in Fig. 20, the
|Zg| << v?z,4 inequality is less well satisfied
then for filter A. As shown in Fig. 21, addition
of filter C therefore causes a greater degradation
in the loop gain than does filter A, even though

| ]

both filters have essentially the same |Zg| * = Rj. - 180° -4 R e . - ) . o

"T On the other hand, the inequality [zs| << e 1OkHz

- [u2(Ry+sL,)| is about equally (poorly) satisfied Fig. 23. Computer predicted and experimentally

1 for both filters A and C, and so the resulting measured magnitude and phase of the

degradation (increase) in output impedance is regulator closed-loop input impedance
also about the same, as seen from Figs. 19 and 22. Zé and filter output impedance Zg, for

£ The overall comparison between the effects of the rest circuit of Fig. 13 with input

e filters A and C therefore demonstrates the filter E. The system is (marginally)
desirability of placing the input filter cutoff stable even though |Zs s = 550}
i frequency lower than the averaging filter cutoff is greater than the low-frequehcy input

. frequency. resistance magnitude [R | = |-R/D?| =

0 419. o

i The dashed curve |Z | in Fig. 20 is for filter
D with R_ = 180, almost fhe same as for filter B, below the |Zy| shape, and that for filter D just
but withPhigher R, = 210 and f. = 3.8kHz,  Both touches |Z;|, whereas |2g| for all four filters

- tnequalities |z | << [u2zy|and |zg| << |12 (R +sLg) | violate |Z.| << |u2Zayq| or |2g] << qu(Re+sLa)| to
are now substantially violated, and over a wider at least some degree.

i frequency range because of the broader maximum in

? the |Zg| shape caused by the higher R,. It is As a matter of interest, an experiment was

made on the test circoit to see how underdamped the
input filter could be made before the circuit became
unstable. Input filter D, which satisfies

[2g] << |z4| the most poorly of the original four
filters, was taken as starting point. The value

’ seen from Figs. 21 and 22 that the resulting de-
gradations in both loop gain and output impedance
are now quite severe, and loop gain crossover

4 occurs at the significantly lower frequency of

about 2kHz,
= 182 of filter D was gradually increased,
| leaving fg = 3.8kHz and Ry = 21Q the same, until
4.2.2 The Alternative Approach . oscillation appeared. 1t was found that the circuit

To simulate the case in which the regulator
is a "black-box," direct measurements of input
impedance magnitude |Zg| and phase [z, were pade
on the test circuit in normal closed-loop operation.
The resulting data points are shown in Fig. 23.
> However, since the internal regulator structure
is in fact known, computer predicted results are
also shown in Fig. 23 for comparison and it is seen
that agreement between predicted and measured
values is quite good. %he wide range of phase angle
is to be particularly noted: fZ, is -180° at low
— frequencies, representing the input resistance
Ry = -R/D?, and becomes asymptotic to +90° at
high frequencies as the loop gain vanishes and the
- input impedance approaches that of the reflected
inductance L/DZ,

1073 102 107 |

e Although both the low~frequency and high-—
frequencg asymptotes of |Z [ are essentially the same

as of |p4z , the dip at intermediate frequencies

is smaller? as can be seen by comparison of Figs. 16

™~ and 23, This confirms that an input filter designed
to satisfy |2g| < |Z1]|, which ensures stability of

— the minor loop galg Ty = Zg/Z;, does not necessarily Fig. 24. Computer predicted Nyquist plot of the
satisfy |ZE] << |u Zeil or IZEI << !uz(Re+ELE)i winor loop gain Ty = Z_/Z;, corresponding
which would ensure negligible disturbance of T and to the Bode plots of Z: and Z, of Fig.
Z,. As seen in Fig. 23, the |Z.| shapes for three 23, which confirms that the s§szem is
of the four inmput filters already discussed are well marginally stable,
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was just below oscillation at = 55f; the corres—
ponding |25| and are shown 1n the computer pre-
dicted solid lines and experimental data points
labeled filter E in Fig. 23. Combination of the
wagnitude and phase plots of 2, and Z_ leads to the
polar (Nyquist) plot of the minor loop gain T, =
25/21 shown in Fig. 24, It is seen that the iocus of
T, just avolds encircling the critical point {(-1,0),
thus confirming that the circuit is on the point of
instability.

It is of interest to note that in the adoittedly
extreme case of filter E, |Zglgax = R = 550 is
larger than the low-freguency clcsed—foop input
Tesistance |Ry| = |-R/DZ| = 410, and yet the system
is stable. As a further example of the incompleteness
of the conventional stability condition |ZE] <|R |,
the test circuit was modified in such a way that for
a certain input filter the system was unstable even
though |zs|max was smaller than lRit’ as follows.

4.3 Results for Modified Regulator Test Circuit with
Input Filter

In the modified test circuit, the feedback
frequency compensation was changed to reduce the
stability margin of the regulator in the absence
of an input filter. This was done by elimination
of the second loop by making infinite in the
circult of Fig. 13, and by adding a capacitance
02 = 6.8nF across R . Computer predicted and
eXperimental data points for the resulting loop-gain
magnitude and phase |T |and /T are shown for the
modified circuit in Fig. 25. 1t is seen that loop-
galn crossover now occurs at 5.4kHz, and the phase lag
is almost 1B0° go the circuit is but marginally
stable.

Inclusion of input filter D caused a
significant degradation in the loop gain of the
wmodified circuit, also shown in Fig. 25. Loop gain
crossover is reduced to 2.6kHz, again with only
marginal stability, In fact, increase of Rp

i T r T T r
20
d8
=10

[T'[: 4= 3.8 kHz, R 2182,
R,z 180

ITI modified circuit ]

--20%

|-—-180°

-270°, . 2

¥ P

| kHz 10 kHz

Fig. 25. Computer predicted and experimentally
measured magnitude and phase of the loop
gain for the test circoit of Fig. 13
modified with By = = and with Cy =
6.8 nF added acreoss R_, without input
fileer, and degraded by presence of input
filter D. The system is marginally stable
in both cases.
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just above 180 of filter D was the maximum possible
for stability.

The corresponding Zg and Z shapes for the
wmodified regulator test circuit and filter D are
shown in Fig. 26. It is seen that [Z_| exceeds
{zy] substantially over a certain frequency range, and
yet the system is (just) stable, However, increase
of R, above 180 causes instability even though
|Zs max = R 18 still considerably lower than the
low frequenBy input resistance |Rj| = |-R/D2| = 41p,

For completeness, some additional computer
predicted plots are shown in Figs. 27 through 29
for the modified circuit with Input filter D. The
Nyquist plot of Fig. 27 shows that the minor loop

;i - v 3 — il
R/D%=410

IZ,l modified circuit

L0 ¢ f,:3.88H2 1
¢
dB ref 10 <R,z 188
20
10

1Z: Ro=2102

2,

" i T e |

it
IkHz 1OkHz

i "

Fig. 26. Computer predicted magnitude and phase of
the regulator closed-loop input impedance
Zi and filter cutput impedance Zs’ for the
modified test circuit with input filter D.
The system is almost unstable even though
|Zglpay = Ry = 187 is substantially smaller
than tge low-frequency input resistance
magnitude [Rg} = |-R/DZ| = 41Q.

—_———
107% o2 107

2
T, ==2
"=z

modified circuil

Fig. 27. Computer predicted Nyquist plot of the
ninor loop gain T, = Z./Z,, corresponding
to the Bode plots of Zg and Z, of Fig.
26, which confirms that the system is
marginally stable.
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[FALH 'l,=3,8 kHz, Ry=2100, < modilied circuit

Ry=18 £
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dB ref 102
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F | 1 L " 1
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Fig. 28. Magnitude shape of output impedance |Z|
for the modified test circuit, and the
degraded shape |z}| in the presence of
input filter D.

dB

L0
HF'l: 1,2 38kHz,

Ry=21,R =180 IF] modified circunt

L]
IkH2 10kHz

Magnitude shape of line transmission
characteristic |F| for the modified test
circuit, and the degraded shape |HGF'|
4n the presence of input filter D.

Fig. 29.

gain Ty locus just avoids enclosing the critical
(~1,0) point, confirming that the system is
marginally stable.

In Fig. 28, it 1is seen that the output
impedance magnitude |Z | has a substantial peak
even without the input filter; this occurs because
the regulator is itself only marginally stable,
Nevertheless, addition of the input filter accen-~
tuates this peak even more because of violation of
jzsl << [uz(Re+sLe)|.

Finally, in Fig. 29, a plot of the line
transmission characteristic |F |without input filter
is shown. For dinput filter D present, the overall
function |HgF'| 1s plotted, which includes the
filter transfer function Hg. It is seen that |HgF'|
has a higher peak than does IFI, in spite of the
fact that the input filter itself has no peaking
(Qs = R,/R, = 18/21 = 0.86); this is a general
result; and occurs because the minor loop gain T; is
negative at low frequencies and hence, by (12),
|F'| can be larger than |F|.
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5. CONCLUSIONS

An investigation has been made into the effects
of addition of a line Input filter to & switching-
mode de-to-dé converter-regulator, Because such a
regulator has a negative input impedance at low
frequencies, addition of an input filter can cause
system oscillation,

The original objective was simply to determine
necessary conditions for systcw stzhility., How-
ever, since addition of an input filter affects
the regulator performance properties, the objectivas
were broadened to inzlude criteria to minimize these
effects on performance.

5.1 Model and Analytic Results

The principal analytic results are expressed
in equations (10) thirough (13). Equations (10)
through (12) show how the presence of an input
filter affects the regulator loop gain, output
impedance, and line transmfssion characteristic;
equation (13) defines a "minor loop gain" T
which nust satisfy the Nyquist stability cr%terion.
All these results are obtained frum analysis of
the small-signal equivalent circuit of the regulator
shown in Fig. 4, with inclusion of the input filter
as in Fig. 6. The equivalent circuit of the
regulator incorporates an '"averaged" model that
represents three essential elements of a de~to-de
converter: the dc voltage transformation ratio, the
duty ratio modulation due te the amplified error
signal, and the LC low-pass filter. This is a
general model that accommodates all forms of con-
verter (buck, boost, etc.) as long as they are
operated in the continuous inductor-current mode.
The equivalent circuit of Fig. 4 is valid for fre-
quencles up to about half the converter switching
frequency and, since practical input filter cutoff
frequencies are well below this 1limit, is entirely
adequate for treatment of both stability and
performance effects due teo an input filter.

The analytic results of equations (10) through
(13) show that system stability and regulator
performance are affected by one parameter of the
input filter, its output impedance Zg. The principal
import of these equations is that Zg must be
designed so that Ty satisfies the Nyquist stability
criterion and also must satisfy certain inequalities
in order to prevent degradation of the regulator
performance properties beyond some specified limits.
However, from a practical point of view, a simpler
procedure is possible if information is available
about the internal details of the regulator.

5.2 Preferred Approach: 'Design Regulator and Input
Filter Simultaneously

In particular, the preferred approach is to
design the regulator and input filter together so
that Zs satisfies the inequality ]ZS] <<fu22eil,
where uzzei is the regulator open-loop input
impedance; it is shown that in consequence the loop
gain 1s essentially unaffected by addition of the
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input filter, and that the system satisfies the more-
than-necessary stability condition |T1| << 1, This
inequality is allevisted if the input filter cutoff
frequency is chosen lower than the regulator
averaging filter cutoff frequency, which therefore
constitutes a desirable design criterien, If, in

addition, the more stringent inequality ]Zs o
IUZ(RE+5LE)| is satisfied, where uz(Re+sL')
is the regulator open loop short-circuit Input

impedance, then the regulator output impedance is
also essentially unaffected.

These inequalities can be made more specific in
the typical ecase that the input filter output
fmpedance is peaked with a maximum value [Z|
in the neighborhood of its cutoff frequency wg,
and that wg is below the averaging filter cutoff
frequency w, and yet above the corner frequency
1/RC formed by the averaging filter capacitor C
and load resistance R. In this typical case,
|Zg|pax ©ccurs in a freguency range in which Zgy
is dominated by 1/wC, so that the relevant inequality

becomes |Zg|pax << [W2/w Cl-

Furthermore, if wg, < R,/Lg, the more stringent
inequality reduces to fzslmax <<[u2Re|. In this
relation R, is the total effective damping resistance
in the converter power path between input and out-
put; although the ohmic component of this resis-
tance is always to be minimized in the interests

of efficirncy, the total value of R, includes a
lossless component (which may well fe the dominant
component) due to modulation of the power switeh

dugy ratio [5], and so the inequality |Zg|mayx <<
|u“Ra|, while more stringent than |Zg|pax <<
]pzfmscl, is not as stringent as it may at first
sight appear.

5.3 Alternative Approach: Post Facto Design

of Input Filter

On the other hand, if the regulator is a
"black box" for which no information on its
internal structure is available, then one must
resort to direct experimental measurements of the
regulator closed-loop input impedance Z,.
Formally, the input filrer must then be designed
so that Ty = Z,/2; satisfies the Nyquist stability
criterion. However, from a practical point of
view, it is simpler to design the input filter to
satisfy the more-than-necessary condition
|T1| = |2g/24| <1, Sincethen a measurement of the
regulator input impedance magnitude 24| need
only be made, and not of its phase /Z4. In any
case, if no knowledge of the regulator internal
structure is available, such an input filter design
procedure ensures only system stability, and does
not guarantee that the regulator performance will
remain essentially unaffected.

5.4 1Input Filter Parameters

Although the regulator stability and certain
performance properties are influenced only by the
" input filter output impedance Zg, the regulator
properties from the point of view of its input port
are influenced also by the input filter transfer
function: indeed, reduction of curreant ripple fed
back into the line is the principal reason for
inclusion of an input filter. The reverse current
transfer function Hs(s) (which is the same as the
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_ tem is stable even though

forward voltage transfer function) and the maximuz
output impedance |Zg]| ax 2T€ thercfore the two
parameters for vhich gesign criteria are establisheq
for the input filter. Various LC single-section
input filters .with different wethods of damping

are considered, and their transfer function and
output impedance characteristics are sumzarized in
Figs. B through 11. Greater flexibility is
achieved by use of a two-section LC filter; in

this case, as surmarized in Fig. 12, a higher |Z]
peak can be allowed at the lower of the two
resonant frequencies, while maintaining essentially
the same degrees of ]ZE} << 1p22e1| inequality at
the two resonant frequencies,

5.5 Experimental Verification

Extensive experimental results are presented
for a buck regulator test circuit and several input
filters, including both computer predicted
characteristics and directly measured data points,
The principal analytic results of equations (10)
through (13) are verified, including the substantial
degradation of the regulator performance parameters
loop gain, output impedance, and line transmission
characteristic that occurs when the design
inequalities imposed upon the input filter output
impedance are violated or only poorly met. Also,
it is demonstrated that the conventional gtability
requirement lzslmax < |Ril’ where Ry = =p“R 1s the
low-frequency regulator closed-loop input resistance,
is not only incomplete but may also be incorrect:

a test circuit example is fiven for which the sys-

2 ZBI a5 > IR |, and
another example is given for wﬁ:ch the systen is
unstable even though Izslmax< IRii.

The experimental results not only confirm
the usefulness of the design inequalities imposed
upon the input filter output .impedance to ensure
stability and minimum influence on the regulator
properties, but also vindicate the small-signal
equivalent circuit of the regulator. This equi-~
valent circuit is of course useful in analysis and
design of general switching-regulator properties,
besides those affected by the input filter that
have been emphasized in this investigation.
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