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INPUT FILTER CONSIDERATIONS 

IN DESIGN AND APPLICATION OF SWITCHING REGULATORS 

ABSTRACT 

Syitching~ode regulators have 3 negative 
input resistance at loy frequencies, and can become 
unstable by addition of post facto line input 
filters. This problem 1s treated 1n a general 
manner based on a small-signal linear model that 
acco~odates all foros of switching converter, and 
~hlch predicts the proper change of input iDpedance 
froc negative at loy frequencies to positive at 
frequencies beyond regulator loop galn crossover. 
Preferably, a suitable input fflter should be 
incorporated 1n original regulator design; criteria 
are developed for input filter resonant frequency 
and Q that ensure not only system stability but 
also specified perturbations of the important 
regufacor properties loop gain, output impedance, 
and line rejection. If, on the other hand, a 
line filter is to be added to an existing regulator 
"black box, II measurel:lents of input icpedance lead 
to criteria for an input filter that viII ensure 
stability, but for ~hich only incomplete prediction 
can be cede of the resulting regulator properties. 

1. INTRODUCTION 

Swltching-mode regulators are cooing into 
increasing use as power supplies, especially at power 
levels above a fe~ hundred watts, because of the 
Significantly higher efficiency than can be obtained 
vith linear dissipative regulators. This benefit, 
however, is not achieved without a price: · the 
regulator input current has a substantial ripple 
cOl:lponent at the switching frequency, vith a con­
sequent necessity for an input filter to smooth the 
current dravn from the unregulated line supply. 

When a switching-code regulator is acquired 
as a "black boxu for use in some system of source­
regulator-load, it may be found that the system 
~cil1ates because the particular source 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 ~hich in turn may cause the 
system to oscillate. 

The occurrence of such instability vas the 
motivation for the investigation reported here. The 
original objectives vere, first, to understand quanti­
tatively the reason for potential instability, and 
second, to establish criteria for design of an input 
filter that ~ou1d guarantee systec stability. 

1.1 Nature of the Oscillation Probleo 

The n.ture of. the problec can be understood by 
~onsideration of the block diagram of ~ switching 
regulator shown in Fig. IJ in uhich the boxes indicate 
the essential elements . For concreteness, the 
&vitching-mode converter 1s represented by a basic 
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Fig . 1. Essential e~eoents of a suitching-mode 
regulator with input filter. The block 
diagram is general, and a single-section 
LC input filter and a buck converter are 
shown as typical realizations. 

ce 

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

The switching-code converter ac~s as a dc 
transforeer having sone voltage conversion ratio 
~ ~ vs/V. To the extent that the converter is 100 
per cent efficient. the current conversion ratio is 
15/1 = l/~ and the converter input poyer P = VsI s 
equals the output power VI. For a given load resis­
tance R. the feedback action of the regulator adjusts 
the conversion ratio ~ to caintain constant output 
voltage. and hence constant output po\.'er, even if the 
input voltage Vs varies. It follo~s that if Vs 
increases. Is ~ust decrease since the input power als o 
remains constant. Consequently, the regulator 
exhibits a negative incremental input resistance Ri 
given by 

, dV 
R • __ s. 

i dI 
s 

d p p V 
-~ 

2 V 2 
'" -\.! - c-u R 

I 
(1) 

This 1s the low-frequency value of the regulator 
input icpedance Zi indicated In Fig. 1. For the 
basic buck converter configuration shovn. the con­
version ratio is ~ c lID uhere D is th~ dc duty ratio 
of the power switch. so that Ri - -RID . 

the regulator negative input resistance R in 
combination ~ith the input filter can under cerlain 
conditions constitute a negative resistance oscil­
lator, and is the origin of the system potential 
instability. The input filter output impedance Zs i s 
a low (positive) resistance at de and low frequencies, 
but in the neighborhood of the filter cutoff fre­
quency its output icpedance rises to a resonant 
caxicUQ lZslmax which in a high-Q filter oay be 
can~ times the associated oheic resistances. and if 
/Zsl rises sufficiently that the net circuit 
resistance becomes negative, oscillation yill occur. 
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One therefore concludes that to ensure stab ility 
thc input filter oust be designed to have low Q. 
whi ch is in conflict with the requirement for low 
ohmic resistances to Dain t ain high efficiency. This 
statement represents esscntiall~ the conclusion of 
published vork (1.2] on the subject of input filter 
po tential instability, in which the condition for 
stabi lity 1s expressed as 

(2) 

For the basic single-section input filter and buck 
converter shown 8Acxampl es in Fig. I. the fUter 
Q-factor 16 Qs • s/Cs/Rs and /z I • Q2R -
Ls/CsRs' so that the stability co~dTrIon of (2) is 

_ Ls R 
< - (3) 

C R n2 
s s 

In current practice. design efforts are directed • 
towards modified input filter configurations to 
allev iate the comprom ise required between low Q to 
meet the stability condition of (2) and high Q to 
maintain good efficiency. 

1.2 The Broade r 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 teres. 

First, the stability condition of (2) is not 
sufficiently general. The regulato2 input impedance 
Zi i s a negative resistance Ri : -~ R only at lov 
frequenciesj at some high frequency beyond the 
regulator loop-gain crossover frequency (the fre­
quency at whiehthe loop gain magnitude falls below 
unity), Zi must have a positive real part. There­
fore, the input impedance Zi must begin ~o deviate 
from its negative-resistance value of -u R at somc ' 
low frequency , 'probably well belm: loop-gain cross­
over, dcte~ined by the converter LC configuration 
and a l so t he l oop gain frequency response. The 
stabi lity condition expressed by (2) is therefore 
onl~ correct if the frequency at which jZsl reaches 
Iz I , namely the filter cutoff frequency . is 
beioealhc frequency at which the regulator input 
impedance Z1 begins to deviate from its low-frequency 
value _~2R. If this is not the case, one would like 
at least to knov whether the true stability 
condition is ~ore or less restrictive than that 
expressed by (2). It will be shown that each 
possibility can exist. and so tbe conventional 
condition (2) is neither complete nor useful . 

A second, and morc basic, complication 
arises froe 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 60 the regulator terminal 
properties. vhich constitute its specifications 
(for example. its output icpedance Zo indicated 
in Fig. I), are also 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 uas 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 is only one aspect of the broader 
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question concerning the influence of an input filter 
upon regulator properties. and t he eophasia and 
scope of the investigation were changed to eebrace 
this broader question. 

1.3 Outline of Discussion 

In Sect i on 2. an ac equivalent circui t of a 
genera l regulatbr is established. Even though the 
modu l ator and converter stages arc inherently non­
linear. the equivalent circuit incorporates a small_ 
signal linear model that is adequate to percit 
straightforward linear ac analYSis f or regulator 
loop gain T. input irepedance Zi' output impedance 
Zoo and line transmission characteristic F (the 
transmission characteristic froc unregulated input 
to regulated output). This "describing function" 
approach is valid for frequencies up t o abou t half 
the converter svitching frequency, and is entirely 
adequate to handle effects due to the input filter 
since typical filter cutoff frequencies are well 
belov this limit. 

In Section 3. the quantitative results for T, 
Zi. Zo and F arc extended to include modifications 
due to the presence of an input filter. These 
expressions contain all the quanti~ative inforeation 
necessary to establish not only a stability condition 
but also conditions to ensure that perturbations (In 
fact, degradations) of the regulator performance 
specificati ons due to the input filter are kept 
uithin known bounds. Several input filter configu­
rations are discussed uith respect to their transfer 
and output i mpedance 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 
perforcance specifications of a regulator. even if 
the total system is stable, and therefore the 
preferred approach is to incorporate a sui table 
input filter in the .original design of t he regulator. 
In this way, degradation of the regulator perfor­
mance specifica~ions due to the input filter can be 
properly accounted for and kept to a minim~ at the 
same tice that systec stability is assured. The 
practical design criteria:are: the input filter 
cutoff frequency · should be chosen lower than the 
averaging filter cutoH frequencYj . the input filter 
output impedance should be made much . smaller. than . 
the regulator open-loop input 'icpedance (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. t he 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 otber hand, sometimes a system i& to be 
constructed to incorporate a given "black boxll 
regulator, and an input filter must be designed post 
facto. In this less desirable but realistic case , 
in the absence of any information on the regulator 
internal construction. one cust resort to a direct 
measurement of the regulator input icpedance as a 
function of frequency in order to determine an 
input filter stability condltionj however. it uill 
not in general be possible to constrain the resulting 
regulator performance specifications within given 
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bounds. The practical design criterion 18 th~t the 
input filter output icpcdance should be cade 80aller 
than the regulator (closed-loop) input icpedance to 
ensure stability. 

2. HODEL AND PROPERTIES OF 
TIlE REGULATOR Wlrnour INPUT FILTER 

In this section an ac model of a generalized 
6~itching-mode regulator ~lthout input filter is 
presented, and quantitative expressions arc 
established for the icportont regulator properties 
loop gain T, input and output icpedonces Zt and Zo' 
snd line transcission characteristic F. 

2.1 Equivalent Circuit of the SYitchtng Regulator 

Ihe first step is establis~ent of a codel to 
represent the poyer stage. labeled the sYitching­
Dode converter 1n Fig. 1. As examples of faQiliar 
power stages, the configurations of the basic buck, 
boost, and buck-boost converters are sho~ in Fig . 2. 

.. ~ L 

I 
~ 

Ie buck 

(0) 

::f'i tl 

Ie boost 

Ib) 

.. ~ L~ 
b) 

Ie bv~k-boosl 

Ie) 

fig. 2. Ihree basic converter stages; buck, 
boost, nod buck-boost. 

V" 
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In each case the hasic dc-to-dc conversion function 
represented by a voltage and current ratio ~ is 
achieved by control of the Syitch fractional on-time. 
or duty ratio, D. Each converter is a th~ee-port 
netvork in that the duty ratio D and the line 
voltage Vs are tvo independent inputs that control 
the output voltage V. Als o, if small-amplitude varia­
tions Vs and d are superimposed upon the steady 
state, or dc, inputs Vs and D, a corresponding Varia­
tion v appears at the convcrter output, and an 
averaging technique is availoble [3,4] vhich leads to 
a s:all-signal ac equivalent circuit of the converter, 
froo vhich in turn the output voltage variation v 
can be found in teres of va and d. 

A general a~c equivalent circuit for a 
6wit~h1ng-code converter 1& shown in Fig. J. The 
~odel represents, vith appropriate expressions for 
the paracetcrs, any dc-to-dc converter including not 
only the three basic configurations of Fig. 1 but 
various extensions such as push-pull versions, the 
tapped-inductor boost {5], Bnd Dore elaborate confi­
gurations [6,7); it is subject only to the constraint 
that the converter operates In the "continuousll (or 
"heavy") code in \Jhich the inductor current does not 
fall to zero at any tLee. Simplified expressions 
for the parmoeters that appear in the model of Fig. 
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Fig. 3. General scalI-signal a-c equivalent circuit 
for a svitching-code converter in the 
"continuous conduction" node. 
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Table 1. Expressions for the parameters in the 
general converter oodel of Fig. 3, for 
the three basic converter stages of Fig. 2 . 

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

The derivation of the model of Fig. 3 Yill not 
be given here, but somc co~ents regarding the 
elcccnts and parameters viII demonstrate that the 
model has the necessary properties. The transformer 
in Fig. 3 is to be taken to be uidealll tLnd has a 
ratio ~;l for all frequencies dovn to de: it 
represents the basic dc-to-clc voltage and current 
conversion factor. The capacitance C is the SaDe 
as appears in the ectual circuit. The inductance Le 
is an "effect.ive ll inductance, equal to t.he actual 
inductance L in the buck converter, but a function 
of the de duty ratio D in t.he boost and buck-boost 
converters [4} . The clc~ents L Bnd C t.ogether con­
stitute an effective "averaging f1 filter that repre­
sents the properties of t.he actual Land C in 
recovering the average, or de, value of the sYitched 
~eveform and filtering the svitching frequency and 
its harmonics. The resistance R is an lIef£ective tl 

resistance that accounts for vnrtous series ohmic 
resistances 1n the actual circuit, and also a 
"codulation ll resistance that arises from a modulation 
of the switching transistor storage time I5}; He is a 
cocplicated function of these co~ponent resistances 
and also of the duty ratio, hut since it is merely a 
parasitic resistance vhose principal observed effect 
is upon the Q-factor of the Lee filter, detailed 
expressions for Re are not given in Table I. 

The tvo generators in the oodel ·Jf Fig. 3 
express the influence of the duty ratio variation d 
as an input aignal to the converter. The funct.ion 
f(s) of complex frequency 6 is defined such that 
f(O) e 1. For the buck converter, f(s) g 1 for 
all frequencies, but for the boost and buck-boost 
converters f(s) represent.s a right-half-plane zero 
13,4]. Both generators are necessary properly to 
represent the input i~pedance presented to the un­
regulated line vhen the converter is part of a closed­
loop regulator, a.s can be seen by rhe follo .... ing 
argument. When thc regulator is driven by an ac 
voltage vs ' the high loop gain at low frequencies 
~ill force the ac voltage v at the output to be 
vanishingly small by appropriate adjustccnt of the 
ae duty ratio d; since ~ is the output of the Lee 
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filter. the voltage at the filter input. PSltely. the 
voltage across the current generator, is therefore 
also vanishingly soall; hence ,the i~edance Zi aeen 
by the driving source Vs is simply the ratio of the 
voltage and current generators reflected through 
the transformer, or 

z • _ 2 ~Vf(s)d • _ 2R!( ) 
i ~ AVd/R ~ s 

At frequencies low enough that f(6) • 
is Zi - Ri - _~2R, in accordance with 
already deduced in Section 1 directly 
regulator constant-power property. 

( 4) 

1. the result 
the result 
fro::::l the 

The next step in development of the regulator 
equivalent circuit Is to obtain a model for the 
modulator. Ihis is easily done by writing an exprcs~ 
sion for the essential {unction of the ~odulator, 
which is to convert an (analog) control voltage V 
to ~hc switch duty ratio D. This expression Can 6e 
vrltten D ~ Vc/V in which. by definition, V is 
h m m 

t e range of control signal required to sweep the 
duty ratio over its full range from 0 to 1. A small 
variation v superimposed upon Vc therefore produces 
a corresponSing variation d - vc/Vm in D. which can 
be generalized to account for a nonuniform frequency 
response as 

(5) 

in which f (0) B 1. Thus. the control-voltage-to­
duty-ratiomsmall-signal transoission characteristic 
of the eodulator can be represented in general by 
the two par~eters V and f (8), regardless of 
the. detailed mechaniWm by wWich the modulation is 
achieved. Hence, by substitution for d from (5). 
the two generators in Fig. 3 can be expressed in 
terms of the ae control voltage vc' and the reSUlting 
codel is then a linear ac equivalent circuit that 
represents the 60811-s1gna1 transfer properties of 
the nonlinear processes in the modulator and 
converter. 

It re=ains s~ply to add the linear aoplifier 
to obtain the BC equivalent circuit of the complete 
closed-loop regulator vithout input filter. as shown 
in Fig.~. Ihe codulator transfer function of (5) 

F 

-Zoo 

y X 
~l 

I 
I 
I 
I 
I 

I 
I ___ -4 

v+v 

R -Z, 

Fig.~. General a-c equivalent circuit for B 
switching-mode regulator vithout input 
filter. with indication of the performance 
parameters loop gain T, output impedance 
Zo' and line transmiasion characteristic F. 

has been incorporated in the generator designations. 
and the generator symbol has been changed froe 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 acplifier, via the reference voltage a~­
~ing node, represents the basic voltage feedback 
necessary to establiah the syatec as a voltage 
regulator. The dashed connection fro~ point Y 
indicates a possible additional feedback sensing: 
this second feedback signal cay be derived, for 
example, from the inductor flux. inductor current, 
or capacitor current, as 1n various "two-loop" 
configurations that are in use [8]. In any case. 
1n either single or Houble loop configurations, the 
~odulator BC control voltage v can be expressed 8S 

aoce eain function A(s} ti~es €he load ac voltage v. 

2.2 Analytic Results 

A nuober of quantities of interest are ahown 
explicitly in the regulator oodel of Fig. 4. The 
aversging filter is defined to have a voltage 
transfer function He(s) in the presence of the 
external load R; this represents the basic lov­
pass filter characteristic. Also. the averaging 
filter has an input iopedance Zei and output 
impedance Zeo at the ports indicBtedj these are 
defined for the open-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. 
Zei is the icpedance of Re and Le in series vith 
C and R in parallel. and Zeo is the impedance of 
C in parallel vith R ond Le' The subscript e 
is e~ployed in He. Z!i' ZeD because these are all 
properties of the averaging filter in terms of the 
Ileffective" inductance Le and resistance Re' 

The remaining quantities identified in Fig. 4 
represent properties of principal interest in the 
design and analysis of the regulator. The loop 
gain I Is a fundamental parameter upon which 
important properties of the regulator dependj it 
must be designed to have a de value sufficient to 
provide the required dc regulation specification. 
and it must be frequency shaped to ensure stability. 
The closed-loop regulator output icpedancc Zo is 
an important system specification that detercines 
the transient response, and the line transmission 
characteristic F = v/vs specifies the ability of 
the closed-loop regulator to prevent line voltage 
variationa from appearing in the regulated output. 
Finally, the closed-loop regulator input impedance 
Zi is important in determination of the modified 
regulator properties when an input filter is 
added. Both the de value and the frequency 
response of each of the terminal parameters ZOt 
F, and Z are important. and are strongly 
influene~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 ·1E-
V
V 

f(s)! (s)H (s)A(s) 
m e 

m 

z 
Z _--.!.£.... 
01+ T 

F' 
1 He 

'ij1+T 

T 1 

-~ lRf(e) 

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

(6) 

(7) 

(8) 

(9) 
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The expression for T is obtained 81~ply 
from Fig. 4 8S the product of the voltage generator, 
averaging filter transfer function, and ocpllfier 
gaIn; it ~4y be noted that the current generator 
does not enter Into this result because it is 
shorted by the zero source il:I.pedance In the 
absence of an input filter. 

The expression for Z eh~8 that the cloaed­
l oop output impedance i s ~qual to the open-loop 
output impedance divided by the feedback factor 
l+T. and lIkewise, the expression for F shovs 
that the closed-loop line tr8n8~1881on function Is 
equal to the corresponding open-loop function lie III 
divided by l+T. both of which results are In 
accordance with the elementary properties of 
feedback. 

The expression for Zi shows that the closed­
loop input impedance or, more properly, the input 

:~~!a~~: ~~!~~e~~~:!S~~e~! ~~~ ~~o:~~ST i!t 
large, the first component dominates and Zi ~ 
_~2Rf(a). Thia is the same negative input 
impedance already predicted for the liciting case 
of high loop gdn. Hovever, sbove loop-gain 
crossover where T falls below ~ity, the second 
component dominates and Zi ~ ~ Zei' This is the 
same as the open-loop input tcpedance, which is 
merely the averaging filter input impedance Zei 
reflected through the transformer, and is the 
result to be expected when the loop gain ia 
negligibly small. The complete expression of (9) 
shovs hoy the input impedance changes from negative 
at lov frequencies to positive at higb 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~ode regulator, in which the effects 
due to addition of an input filter can now be 
incorporated. 

J. HODEL AND PROPERIIES or THE REGUlAIOR 
WITH INPUT FILTER; DESIGN CRITERIA 

In this section extended results are presented 
for the properties of a 8wltching-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 tbe degradation of the 
regulator properties to 8 knO'oo'tl and controllable 
degree. Relevant properties of aeveral typical 
input filters are summarized and compared. Ihis 
aection 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 tranafer characteristic to the unregulated 
line voltage Vs ' ·ao that higher frequency variations 
va are suitably attenuated st the regulator. Fr~ 
this point of viev t the .. input filter can be repre­
sented as in Fig. 5(a) t in which the tlforvard voltage 
tran&fer function tl is defined as Hfi (6). The function 
H (8) ia defined for the tlunloaded filter, that 1s, 
wIthout the regulator attachedj this makes "s(s) 
a property of the filter only. unaffected by the 
complex nature of the regulator input impedance. 

Another function of the input filter i s to 
present a low~pass transfer characteristic to current 
variations in the opposite direction. In particular, 
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Fig. 5. 

Inpul 

f,lIer 

(0) 

-z, 

[0) 

lhe forvsrd voltage transfer function and 
the reverse current transfer function of 
an input filter are the saoe . Hs(S)' 

8 svitching-mode regulator cay demand an input 
current that has a large cocponent at the switching 
frequency, and this component must be ,revented froc 
floving in the line source. Indeed, the specification 
for th1e "reverse current transfer function" illus­
trated in Fig. 5(b) oay well iopose bore stringent 
requirements on the filter properties than does the 
specification for the forward voltage transfer 
function. 

In any case, it is easily shown (by the 
reciprocity theorem, for ex~ple) that the forvard 
voltage and reverse current transfer functions as 
defined by Fig. 5 are identical. n~ely "s(s). 
Since Bs (5) is defined for the unloaded filter, 
attachmen~ of the regula~or requires kno~ledge of the 
input filter output impedance Zs in order to detercine 
the properties of the system. Therefore. the ac 
equivalent circuit of the complete systeo 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 intcrnal details of the eodel of the 
regulator itself are the same as in Fig. 4 and ar.e 

·omitted. The significant features of the model of 
Fig. 6 are the folloYing. 

F' e v/v: 
, , 

,...--, ~v 
T 

(: 'It's - - ! z, 2) -H,{s)v, z, z, Z ' • 

R 

r-
Fig. 6, Complete a-c equivalent circuit for a 

switching~ode regulator with input filter, 
Yith indication of the altered perfotbance 
parameters I', Z~, and F'. 

First t three of the properties of the regulator 
vith input filter are modified from those of the 
regulator vithout input filter: these are 
deSignated by primes, and are the loop gain T', 
closed-loop output impedance Z~. and line trans­
oiss10n characteristic F'. The line transcission 
characte ristic F' is defined as relating the 
regulator output voltage v to the I hevenin 
equivalent source voltage vs' so that t he 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 
Zi' of tcurse, remains unaffected by Zs' 

Second. only LWO parameters, "5(8) and Zs' 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, Furthercore, a considerable degree 
of separation exists bet~een the requirements 
lcposed upon H (s) and Z! the specification on 
the forward voitsge or t~e reverse current transfer 
function determines the required H (s), and the 
acceptable degree of codification ~8ctu81Iy, 
degradation) in the regulator paraoetera T', Z~, and 
F' determine required criteria for za' A suitable 
filter circuit can then be designed to satisfy 
simultaneously the requirements for Hs{s) and Zs' 

Analysis of the equivalent circuit of Fig. 6 
leads to the follo~ing results for the three 
properties that are codified by the presence of 
the input filter: 

1 - z Iv2
Rf(s) 

T' o T s (l0) 2 
1 + Z/lJ Zei 

1 + Z IV
2

(R +sL ) 
Z' • Z see (11) 

0 0 
1 + Z/Zi 

F' • F 1 + ~ /Z (12) 
s i 

These equaticns express the modifications as 
corre ction factors which are bilinear functions of 
Z , and ShD~ explicitly how small Zs oust be in 
o~der to provide correction factors ~ithin required 
limits. 

3.2 Design Criteria For the Regulator with Input 
Filter 

3.2.1 Nyguist Stability Criterion 

The condition for system stability in the 
presence of the input filter can be determined by 
the following arguoent. In the absence of an input 
filter, (7) and (8) sho~ that two system properties, 
Zo and F, contain the factor 1/{1+T) where l+T, 
for stability, must not have any roots 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, 
Z~ and F', contain the factor 1/{1+Zs/Zi)' By 
analogy, therefore, the ratio ZS/Zi may be identified 
as a ''minor loop gain" Tl' and for systClll stability 
1+T1 must not have any roots in the right half-plane. 
This is equivalent to saying that the minor loop 
gain Tl must also satisfy the Nyquist stability 
criterion. Froc (9), Tl is given by 

Z T Z 1 Z 
T1 =: ~ • s + a (13) 

Z1 -~ /RI(s) ~ V2
Z

e1 

Although the formal requirement is that the 
minor loop gain Tl satisfy the Nyquist criterion, a 
sufficient but more-than-necessary condition is that 
ITll • IZs/zil «1. This more stringent condition 
obViously satisfies the Nyquist atability 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 ADd Zi' 

If Zi were always positive, as vould be the 
case, for example, for a linear dissipative regulator, 
the Nyquist stability criterion for Tl would 
automatically be satisfied, and instability could 
not occur owing simply to addition of an input ftlter. 
On the other hand, since Zi can be negative for a 
s\Titchins~ode regulator, tbe Nyquist stability 
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criterion icposed upon Tl 1s not triviali in facti 
the comconly accepted requir~ent that IZsl < IR I 

already discussed in Section I, is seen to be oniy '8 

partial requirecent for stability since fr~ (13) it 
enSures that ITII < 1 only at law frequencies. 

3.2.2 Design Inequalities to Ensure that Regulator 
Properties are Essentially Unaffected 

Inspection of (IO) and (13) 8ho~8 that the S~e 
factors involving Zs are contained in both equations. 
There£ore, if Z is constTai2ed so that 
Iz I~ Rf{s)1 «s 1 and IZs/~ zeil « I, not only 
issr' % T but also ITII - lZs/Zi «1, ~hich ensures 
st8biIit~. I~ follows alao from (12) that r'% F. 
If also IZ I~ (Re+sLe)I « I, then from (11) , s . 
Zo % Zoo 

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 s~itching-mode regulator, the 
input filter should have an output icpedance Zs such 
that the inequalities 

IZ.lv2
Rf(s) 1 « 1 

1 zs/lzei 1 « 1 

(14) 

(15) 

are met. These conditions ensure that the loop gain 
is essentially unaffected by addition of the input 
filter , by (lO). Also, the same in equalities 
automatically cause ITll ~ Iz Iz I « I, by (13), 
which in turn ensures system ~tatl1ity. and a180 that 
the line transmission characteristic is essentially 
unaffected, by (l2). If the input filter Zs also 
satisfies the independent inequality 

Iz IV
2

(R +sL )1 « 1 (16) see 

then 1n addition the regulator output impedance will 
be essentially unaffected by addition of the input 
filter I by (ll). 

The above procedure requires that the input 
filter be designed along ~ith 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 1e syatem 
stability assured, but the modifications in the 
regulator performance parameters given by (10) through 
(12) are kept yithin known limits. It may be noted 
also that the procedure is inexact, because of 
reliance upon inequalities, and co attention is 
paid to an exact condition for stabilitYi however. 
from a practical point of vie~, the procedure is 
siop1e an~ straightforward even though it leads to a 
degree 01 overdesign. 

The Preferred procedure also illustrates ~hy it 
is less satisfactory to attempt to design post 
facto an input filter for addition to an existing 
"black box" regulator, if no infort::L8t1on is avail­
able on the internal paraceters needed to establish 
the inequalities of (13) through (16). In this case, 
one must resort to direct external ceasurecent of 
the regulator input lopedance Zi' so that the input 
filter Zs can be designed so that the minor loop 
gain Tl - Zs/Zi satisfies either the NyqUist stability 
criterion or the core-than-necessary but si~pler 
inequality 

(17) 
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flawever, vhile the inequalities (14) and (15) 
ensure, through (13), the inequality of (17). the 
converse is not true. Therefore, although ayatea 
stability can be ensured by design to (17), no 
direct control over the inequ~1ittes of (14) through 
(16) can be exerted, and so no guarantee can be 
~ade concerning the resulting Qodification of the 
regulator loop gain, output impedance, and line 
transmission characteristics given by (10) through 
(12) • 

3.2.3 Interpretation and Significance of the 
Design InequaHties .. 

Interpretation 'and significance of the 
desirable inequalities of (14) through (16) viII 
noV be discussed. 

The three distinct inequalities are each a 
function of frequency. and it ia of interest to 
examine typical frequency dependences to sec vhich 
inequality may be limiting at different fre­
q~encies. The three relevant impedances,~2Rf(s). 
U Zeit and U2(Re+sLe> may be considered as special 
Cases of the regulator input icpedance Zi, and 
their magnitudes arc sketched in as~ptotic form 
in Fig. 7. 

5. 

WJ-L2L t 

1,,'Z.d, 
, hiO 

~ w,=,Pl,C i 
wL, _J_~ 

Fig. 7. 

we. , 
Magnitude shapes of the regulator open­
loop lov-frequency ' input res2stance lu2RI, 
open-loop input impedance lu zeil, open­
loop ahort-circuit input i~edance 
1~2(Re+sLe)1, and the input filter output 
Impedance I Z~ I . . . ' .' . 

. With refe'rence to Fig. 4, it is seen that 
U2Zei ' is the value of Z1 that vould 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, ~2Ze1 represents the reflected icpedance of 
the series-resonant loaded averaging filter, vhich 
is equal to ~R at dc and loy frequencies, declines 
along the asymptote u2/WC above the corner frequency 
llRC"reaches a minimum of ~2R at the resonance 
(averaging filter cutoff) freq~ency w2 • l/~. snd then rises along the asymptote WU Le. Two cases 
for 1~2Zeil are illustrated In Fig. 7: the solid 
line for high Q, and the dashed line for 20V Q; 
in each case. the minimum i1Dpedttnce is Iu Re I, 
but in the low-Q case the minimum is spread over a 
vider range of frequency. Since the ultimate 
concern is determination of an inequality, the 
above description of IV2ZeillS for the (good) 
approximation Re « R. 

2 Also with reference to Fig. 4~ it is seen that 
U Rf(s) is the loy-frequency value of Zi that would be 
observed under open-loop conditIons, and is thus 
identified 8S the regulator open-loop low-frequency 
input resistance, modified by the frequency 
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dependence f(s).* Since U2R is the sa~e as the lov­
frequency value of ~2Zeil and because f(s) in general 
represents a zero (see Table 1), 1~2Rf(s)1 Is always 
larger than IU2Zeil at least up to the intersection 
frequency RILe indicated in fig. 7, and the effect 
of £(s) is therefore oeltted. 

Finally with reference to Fi g. 4. it is seen 
that ~2(Re+sLe) is the regulator open-loop short­
circuit input impedance, that is.the open-loop 
value of Zi that would be measured with the regulator 
output shorted. As indicated in Fig. 7, 
iu2(Re+sLe)I reaains at the dc and low-frequency 
value ~2Re until the corner frequency Rc/Le, 
and then follows the same w~2Le asycptote as does 
1~2Zeil. 

The basic single-section input filter illus­
trated in Fig. 1 has an output impedance Zs that 
represents that of a damped parallel-resonant circuit. 
vhich is equal to Rs at dc ,and low frequencies. rises 
along an asymptote wLs ' and declines _along an 
asycptote l/wcs after rcac~ng a caxim~ of lz I 
Q;Rs ~ L ICsRs where Qs = s/Cs/Rs. A practi~arax 
input fi~ter, regardless of its cocplexity, yill 
have an output section and consequently an output 
impedance Zs that has similar salient features. so 
that the general shape of IZs l illustrated in Fig . 7 
is adequately characterized by a low-frequency value 
Rs and a resonant maximum value /zsloax at or about 
a frequency ws. 

Figure 7 contains all the necessary information 
for design of the system to satisfy the desirable 
inequalities. In general. the des ign problem is 
essentially that of placing the typical shape of IZsl 
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 Ws near 
the averaging filter cutoff frequency ~o. since this 
vould impose the lauest limit on the ~aximum value 
IZslmax' Placing Ws above wo , vhile relaxing the 
requirement on IZs1cax' makes the filtering require­
ment beyond filter cutoff more stringent since Ws 
will then be closer to the regulator switching 

' frequency. Placing w belov Wo relaxes the filter­
ing requirement and also relaxes the /Zs!max 
requirement as far as comparison ~ith lu zeil is 
concerned, but not as far as comparison vith 
1~2(Re+SLe)1 is concerned. 

The practical solution is usually to place Ws 
below rather than above w • so that the t~o 
conditions of (14) and (lg) reduce simply to the 
single condition 

(16) 

since. fro~ tbe previously discussed geo~etry of 
ri~. 7, lu zeil is alvays equal to or less than 
Iu RI(s) I for frequencies up to and~ond the chosen 
Ws < WOo With the condition of (18), it follovs 
that the regulator loop gain is essentially unaffected, 
by (10). that the system is stable vith ITII « 1. 
by (13), and that the line transmission function is 
essentially unaffected) by (12). 

*More correctl~ u2Rf(S) is the regulator null input 
impedance, that is, the icpedance that vould be 
oeasured by a test signal applied at the regulator 
input simultaneously vith a test signal injected 
into the regulator feedback loop and adjusted so 
that the regulator output signal 1s nulled. 

Supplied by The British Library - "The world's knowledge" 



On the other haod. with Ws < wo ' the ~ 
stringent condition 

Iz I « 1~2(R +sL)1 see 
(19) 

is required if also the regulator output i~pedance is 
to be essentially unaffected) by (11); however, this 
condition is more difficult (expensive) to achieve 
because, since R is comparable with ~~R (both of 
vhich Bre effective series resistances 1~ the pover 
flov path and arc therefore to be cinicized). it can 
be achieved only by sufficiently heavy daoping of the 
input filter resonant peak Iz I . 

S "'ax 

Another design consideration is that there is 
no need to make Ws lover than necessary to achieve 
the desired filtering function Hs(s ), which viII 
norcally place Ws above the corner frequency lIRe 
i~ Fig . 7 and therefore, together with the deSirable 
condition Ws < wo' the input filter cutoff frequency 
~ill noroally lie in the range where 1~2Zcil follows 
the 8symptote · ~2/~~. With the less stringent 
constraint of (18), therefore, stability is ensured 
but a substantial increase in regulator output 
iopedance may occur In the neighborhood of the input 
filter resonant frequency Ws if the more stringent 
constraint of (19) is not satisfied. 

This may ~ell be an acceptable practical 
c~promise solution, and is the one actually illus­
trated by the relative position for the shape of Iz I 
in Fig. 7. It should be noted that, for this case,s 
even the less stringent condition of (18), 
IZslmax <~zeil.iS a ~ stringent constraint than 
the

2
previously described conventional IZslcax < IRil -

I-~ RI· It may also be noted that nothing to do vith 
the regulator loop gain, neither its low-frequency 
value nar its frequency response. enters into the 
relevant design inequalities. 

The ab,ove discussion applies to the case in 
which. even if the input filter is not designed 
integrally with the re gulator itself, at least 6uf­
ficient inforeation on the internal regulator structure 
i s available so that the various inequality con­
straints can be implecented. In the less convenient 
but realistic case in which the regulator is sioply a 
''black box," direct measurecent of the ·cagnitude and 
phase of the regulator (closed-loop) input i~pedancc 
as a funetton of frequency can be used for input filter 
design subject to the constraint that II - Zs/Zi 
satisfies the Nyqui8t stability criterion. However, 
as already discussed, it is usually easier to. icple- · 

·ment the more-than-necessary condition ITII -
IZa/Zi! « I since this involves measurement of only 
the magnitude of Zi and not its phase. 

Since by (9), Zi depends not only upon ~2Zei 
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 corner frequency 
lIRe in Fig. 7, which cay 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 cay be 
expressed ss T a wc/s where Wc is the loop-gain 
crossover f~equency and, for frequencies below lIRe, 
~2Rf(s) ~ ~ R and also ~2Zei ~ ~2R, so that (9) 
reduces to 

1 1 - T 

p2R~ 
(20) 
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or 
2 1 + s/wc (21) 

Zt - -~ R I _ s/w 
2 c 

This means that Iz I ~ ~ R and is constant while 
ifi changes froo _1ao o to O· as frequency increases' 
hence the regulator closed-loop input icpedance I 

changes froc negative to positive owing to decline 
of loop gain before frequency effects due to 
other internal para~eters begin to have any 
influence. In this special case, therefore, stability 
is ensured by 8n input fitter designed so thal 
slnply Iz I < IRll· ~ R. s Oal< 

3.3 Realization of Input Filter Design ReqUirements 

In this section various filter configurations 
are discussed with respect to their properties 8S 

input filters for switching regulators. The treat­
oent is not quantitatively exact, but is entirely 
adequate for design purposes and has the merit of r 
percitting easy qualitative cocparisons leading to 
sit:lple design criteria'; exact cO::lputations can of 
course be made on the rare occasions they arc needed, I 

SpeCifically, the input filter des ign problem 
is that of realiza tion of th e two functions Hs(s) I 
and Zs to satisfy the several performance requirecenti 
and constraints. The greater the number of elecents 
.in the filter, the more degrees of freed~ there l 
are available to optitlize Hs (s) and Zs ' at the price If 
of greater size, yeight and cost. 

The design of Hs(S)' the forward voltage transfer 
function and the reverse current transfer function, 
is usually imposed by the requlre~ent for a certain r 
attenuation at the regulator switching frequency . 

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

Rm ~ ~l)~ (~J--I- IZ 11 .. ;. , 
R, Ls ?-"'t" 

:s ~ 1/;;\ Ie: switching I T - frequency 
Ro Ie JL:1'C: 1 Q Zs I R, 

A;W1 ' 

Fig. 6 . 

IH, (sll Iz,1 

The basic single-section input filter, it5 
tyo-pole transfer characteristic IHs<s)l, 
and output impedance IZsl with Izs cax - Ru' 

men~ecifies a filter cutoff frequency Ws -
lIlt C_ and hence a certain LsCs product. The 
seri~ 5 'resistance Rs is always to be cinicized 1n 
the interest of high efficiency, and can be con­
sidered fixed; therefore, the only remaining design 
degree of freedom is t~07gh the filter character-
istic resistan ce Ro= s es ' This paraceter 
deteraines the Q-factor and hence the degree of 
peaking of both the IHs(s) I and IZsl characteristi'·' 
as also sho~~ in Fig. a. In particular the filter 
o·utput itlpedance Iz I has a maximum Iz I · - Ro. = 
(R~/Rs)[l+(R IR )2}Sat the filter cutoffCf~equency 
Ws' To keep6lzo, as low 8S possible, the filter 

5 m3X 
charac teristic res1stance Ro has to be cade 10~, 
which in many systems implies an icpractically lo~ 
Ls/Cs Tatio. It is because of too high an Lr/Cs 
ratio and consequent high I zsioBJC that actUIl 
systcos with s~ple input filters of this type are 
prone to instability. 
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Given nn L Ie ratio that is too high for the 
required IZalm:x,ssn alternative Is to lo~~ the Q­
iactor by addition of extra series dareplng resistance. 
Since one docs not ~ioh to increase Ra' 8 resistance 
Ro may be placed in Gories \tith Cs as shovn in 
Fig. 9. The z~l~ax Is now reduced by the factor 

Rs l+(Rc'Ro) !(Rs+Rc) fro~ its previous value ~, 
but the H has been degraded by appearance of 8 

~cro at wSR /R 00 that the switching frequency 
attcnoatignoisCdegrsded. Also, since cost of the 
regulator switching frequency input current flows In 
C

s
' there may be substantial power loss in Re • 

Fig. 9. 

" , \ , \ 

\ 

IH,I')I 

R -1 
.; l In I \ 

RI 1-+ (Re/Rol I, I I 
R ... R Rm--;?1;:or- Z. "'0_ , , I 

~ W, 
R,w, 

Single-section input f1lter ~ith extra 
series d~ping resistance Ret its tyo-pole 
one-zero 1",<.)1, nnd Iz.1 vlth Iz.lcax 
lO'\Jcr thnn P.m. 

A more attractive way of lowering the output 
impedance maxfQ~ 1s to add pareIIel damping resis­
tance Rp across LSI 8S 8hown in Fig. 10. 2The 
tZa\co!lX is no.., reduced by the factor ~h+R /RsR....) 
Irom P~I but H is again degraded by 8ppegranc~ of 
a tero at WsRp'Ro ' Thus, the IUsl and IZsl 
characteristics nre the SaDe in nature as for the 
series damping resietance R I but there is neglig!ble 
p~*er loss in the parallel ~a~ping resistance ~. 

IH,(,II IZ,I 

Fig. 10. Single-section input filter yith parallel 
daoping resistance R across the inducfor, 
its two-~ole one-zerC IHs(s)I, ond IZsl 
yith Iz I lower than R . s au m 

An improvement is to plnce the parallel 
damping resistance Rp across Cs instead of across 
L , 8S shown in Fig. 11. This has the sa:e 
dgsirable effect in l~J~ring Izsl~. and does not 
introduce an unwanted zero in Hs ' Since there is 
also negligible power dissipation in R , this 
arrangement io the best 80 far discussgd, but has 
the disadvantage that a large blocking capacitor 1s 
needed. 

" , \ , \ , 

"" 

IH,I,II 

Fig. 11. Single-oection input filter with parallel 
d~lng resiotance R acrojs the capacitor, 
lto tyo-pole IH.(8) I~ and z.1 vith . 
Iz I lower than R • 

• !:aX m 
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A large variety of double-aection input filters 
can be constructed by cascading co~binDtions of 
·the several single-section filterH. One possibility 
(2,9] is shown in Fig. 12, in which the series 

JH,fsl] 

Fig. 12. 

L, 

wl"I/~ 

R, - .JL.7C: 

R, W2 
ffWI 

, R 

'" "" R, 

L, 

R,1 W2 .. I/JL2 C2 
Ic, 

c'I R2 = JL;jc2 12 , 

H,(s) 

Double-section input filter and its four­
pole one-zero In (s) I. Its I Z I has tva 
maxiea, shovn ins typical relation to the 
regulator open-loop input icpedance IV2zeil. 

resistances in the de path are neglected, The H (s) 
DE this filter has a zero and four poles, givingSa 
high-frequency asymptote for Hs(s) of -18db/octave. 
It is undesirable to make the two resonant fre­
quencies WI = l/~ and w = l/~ equal, 
since it can be shovn that t~iS not onfy causes the 
output i~pedance to have a sharp caximum, higher than 
wculd otherwise be the case, but also causes the 
filter input impedance to have a sharp cinimuo. 
possibly ~uch less than R I which oay be undesirable 
for the source to see. I~erefore, the double-section 
input filter of Fig. 12 is usually designed with 
well-separated resonant frequencies such t~lat 

~ » WI' 

With w »wl' the l"s(s)1 and IZsl functions 
of the double-section input filter can be determined 
approximately" by superposition of those of the two 
sections separately, as shoun in Fig. 12. 

It is seen that the output impedance IZsl 
no.., has two 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 icpedancel~2zeil is 
following a -6db/octave slope, that is, between the 
averaging filter corner frequency lIRe and I/IL;C: 
here, the IZslmax at the higher ~nput filter 
resonance frequency Wz oust be Qade scalIer than 
that at the lower input filter resonance frequency 
WI' in order to maintain equal degrees of inequality 
IZsl « 1~2z 1st the twO frequencies. This 
implies thatefhe second section characteristic 
resistance ~ should be loyer than that of the 
first section, RIO 

4. EXPERIMENTAL RESULTS 

In this section experioental 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
structed of the type shown in Fig . 1, employing a 
buck converter po~er stage operated in the inductor 
continuous-current mode, and a modulator of the 
fixed-frequency variable on~time type. The switch­
ing frequency was 100kHz. 

One of the principal considerations in design of 
a regulator Is the loop-gain frequency response. In 
8 switching-mode regulator, the loop gain T contains 
the two-pole response of the averaging filter, snd 
at least one additionsl source of phase lag froo the 
"transport delay" inherent In the switching process. 
and 80 the loop is at best marginally stable unless 
corrective measures are taken. Hence, sooe fre­
quency compensation in the error amplifier is 
candatory • 

In the test circuit, the error amplifier was 
a uA74l opamp and frequency compensation vas 
accomplished by local feedback around the error opamp 
1n conjunction ~ith tvo-Ioop sensing of both the 
averaging filter output voltage and capacitor 
current. The complete scalI-signal ac model of the 
test circuit, which corresponds to the general model 
of Fig . 4, is shovn in Fig. 13. From Table 1, for 
a buck regulator V - I/O, ~ • lID. and Le - L. 
Also, £(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. 

1=0'0.7 ~ R. L. Vh 

C r£:.' 3.5n 
10V",v,~ 

L.5.§§.Y"-j ~ 

82pH 

19fLF 
R 
20n 

I . 
0.12 co R 1 V " Rf 22k --, ' 3.53n n 1 OVIllA ' 

V:IOv 
V .... : 2,50v 1 

R,IOk Cf4.7O'1 0:0.7 1 R, 
1 2k 
1 

1 ~ -', ~f1 
Fig. 13. Equivalent circuit of Fig. 4 with numerical 

values for the experimental buck converter 
test circuit, without input filter. The de 
duty ratio D was maintained at 0.7 for all 
tests. 

Also shown in Fig. 13 are numerical values of 
all parameters. The regulator dc loop established 
the output voltage V • lOV, and the input voltage 
was set so that the dc duty ratio was D c 0.7; 
these values were maintained for all of the tests. 
Direct de measurement on the test circuit showed that 
a dc control voltage range of 2.50V was needed to 

-sweep the de duty ratio over its full range of 0 to 
1, so the modulator parameter vaS Vm • 2.50V, 
leading to the dependent~generator 'parameters 
V/DVm • 5.66 and V!DVmR ~ 1/3.530. Direct ae 
measurements of the modulator/conver ter transfer 
fUnction v!v disclosed the values Le - L • S2UH 
and C - 19uF; and the effective dROping reSistance, 
from the observed Q-factor , was Re m 3.50. This 
value is considerably greater than the actual series 
dc (lOBS) resistance, the excess being accounted 
for by modulation resistance [5]. 
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Numerical values in the error-amplifier part of 
the test circuit ~ere chosen following analysis for 
the regulator loop gain (without input filter). 
The specific form of the general loop ' gain expression 
of (6) appropriate for the test circuit is 

'" 
(1 + : )(1 + : ) 

c E 9 (22) T -
1 + ij(:J + (:J B 

in .... hich 

_ V R 1· 
(23) '" .: i5VR+R ClR c 

m e u 
'" L 

" _1_ (24) Q 
_ 0 e 

(25) '" , =-R-
0 ..iC e 

e R 1 _ 1 
(26) 

_ v 
(27) w = Ci\ , w =RCR p 

1 • 
q 

u f 

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 b~wo 
nod Q; the zero at 1/2nCRf • 70kHz, due to the pres­
ence of the sensing resistance Rf; and the very low-­
frequency pole due to finite op~p gain. 

The principal import of (22) is that if nUbbers 
arc chosen to make w and ~ equal to woo the fre­
quency dependence ofPthe fraction cancels out except 
for a I'kinktt In the neighborhood of Wo to the extent 
that Q differs froc 0.5, so that ITJ ~~uld be repre­
sented by a uniform -6 db/octave slope with cross­
over frequency wc'. This would be an optimum design! 
and ,selection of a crossover frequency w then 
provides a third design condition from vffich values 
of Ru ', Rv and Cl can be determined in terms of an 
arbitrary Ra for a given Rf • 

In the test circuit, Rf - 0.120 and Ra = 10k 
were chosen , and the va'.ues of Ru. Rv and C shown 
1n Fig. 13 vere, for generality, chosen sliihtly 
different from the opticllm values for wp - Wq - wo o 
The resulting numerical values for all the parameters 
in the loop-gain expression of (22) are 

fo • 4.0kHz (30) 

Q = 0.60 (29) 

f - 3. 4kHz (31) p 
f - 6 .3kHz (32) 

q 

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 phas e . obtained by signal 
injection [10] at the modulator input, confirm the 
predicted results quite closely. The excess phase 
approaching the svirchlng frequency of 100kHz is 
ascribed to transport lag. not accounted for in the 
model of Fig. 13. 

Figure 15 sh~s computer predicted and experi­
mentally measured results for the regulator 
performance parameters output impedance IZol and 
line transmission characteristic IFI, for the test 
circuit of Fig. 13. The discrepancy bet~een pre­
dicted and measured results at higher frequencies 
can be ascribed to esr of the averaging filter 
capacitor C. 
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Fig. 14. Computer predicted and experl~entally 
Qcasured magnitude and phase of the loop 
gain T for the test circuit of Fig. 13. 
Loop gain crossover occurs at about 8.5~{% 
vith a phase margin of about 85°, 
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Fig. 15. C~puter-predicted and experimentally 
ce86ured magnitudes of the output impedance 
to and line transmission characteristic F 
for the test circuit of Fig. 13. 

4.2 Results for Regulator Test Circuit ylth 
Various Input Filters 

4.2.1 The Preferred Approach 

The results of Figs. 14 and IS describe the 
basic properties or the regulator. Preparatory to 
addition of an input filter. 1n order to validate 
the desired design inequalities, information 1s 
needed on three special-c8se input impedances: 
the open-loop low-frequency input resistance 
~2R. the open-loop input impedance ~2Zei'2and the 
open-loop short-circul~ input impedance ~ (Re+sLe). 

Computer results for the three special-case 
input i~edances required to quantify the design 
inequalities (14) through (16). corresponding to 
those in Fig. 7, are shovn in Fig. 16 for the test 
Circuit. Because Rc is not negligible compared to 
k, aa was assumed in the general plots of Fig. 7 •. 
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Fig. 16. Computer predicted oagnitude shapes of the 
open- loop l ow-frequency input resistance 
\R/n21. open-loop input impedance lzei/nll. 
and open-loo~ short-circuit input icpedance 
1 (Re+SLe)/n2 1 for the test circuit of 
Fig. 13. Experi~ent81 data points are also 
shown for IZei/02l. 

in the test circuit the l~~frequency aSYQptote for 
IZei/n21 is slightly different fro~ R/n2 , and the 
~lniuUQ occurs at a frequency fo/(Re+R)/R - 4.4kHz 
instead of at fa - 4.0kHz; ho~ever , the lover cotner 
frequency remains at 1/2nRC ~ 420Hz, Experimental 
data points for the open-loop input 1cpedance 
jZei/o21, also shown in Fig. 16, arc in good agree­
ment with th~ predicted curve. 

As discussed in Section 3, design of an input 
filter involves choice not only of its cutoff 
freluency fs but also of its maxicuo impedance 
Izs max to satisfy the design inequalities. For 
illustration of these results an input filter ~ith 
a single-section LeCs and a parallel damping 
resistance Rp of the type shown in Fig. 10 was 
employed in conjunction ~ith the regulator test 
circuit. Although this is not the most attractive 
configuration. it is simple to imple~ent and 
possesses all the flexibilltr necessary to il1us­

. trate various placements of IZsl relative to the 
other shapes in F!s-l. by choice of cutoff fre­
quency fs - 1/2nYLs Cs and characteristic resistance 
R - ~. Both Rs and R contribute to 
d~~1n&; as shoon 1n F1g. 10Plz.l max - R l(l+~/RsRp)­
(Ro/Rs~I,."J 11+(Rs/Ro) 2. For simplicity jn 
presentation of the folloving experimental results, 
Rs viII be set equal to zero and the total damping 
~ill be characterized by an effective value of ~, 
so that IZslmax· R. For convenience in reference, 
the several sets ofPvalues chosen for illustration 
vill be designated as \Ofilter A, filter B" etc., 
with each filter characteri,ed by the three values 
fs, Ra, and Rp' 

According to the criteria discussed in Section 
3 t an input filter for the test regulator circuit 
should have a cutoff frequency lover than 4.4kH~ 
and a maxim~ icpedance much less than 7.10 as 
disclosed by t~ :impedance plots of Pig. 16. 

The first test input filter. filter At was 
chosen with fa - 880Hz and IZslmax • Rp • 6.60. 
with a COjutcr predicted and experimentally con­
firmed Iz shape given by the solid line in Fig. 
17. As 8e~n from the relation of this shape to the 
shapes of the relevant regulator impedances also 
reproduced in Fig . 17, the inequality [zsl « 
1~2zeil • I Zei/n2 I is met by a margin of about ~OdB, 
or a fsctor of 3, and the inequality IZsl « I~ RI -
IR/n2 1 is of course met by a much l arger margin. 
Consequently, the regulator loop gain should be 
little affected, by (10), and stsbility should be 
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Fig. 17. Hagnitude shapes of IZsl for single-section 
input filters A and B supc rlcposed on the 
special-case input lcpedance shapes of 
Fig. 16. 

1kHz 10kHz: 

Fig. 18 . Magnitude shape of loop gain ITI f or the 
test circuit of Fig. 13, and the degraded 
shapes IT'\ in the presence of input filters 
A and B. 

Fig. 19 . 

• • 

1kHz: 10kHz 

Magnitude shape of output impedance Iz I 
for the test circuit of Fig. 13. and tge 
degraded shapes IZol 1n the presence of 
input filters A and B. 

O.lfi 

assured, by (13). As shown in Fig . 18, the computer 
predicted and experioentally verified result for 
the new ITtl (solid line) is little different from 
the original ITI reproduced from Fig. l~. As 
expected, such degradation of IT'I below T i~ 
cost noticeable where the inequality IZsl «Iv zeil 
i s least well satisfied, namely, 1n the neighbor­
no ad of the filter cutoff frequency f s • 880Hl. 

On the other hand, with this saoe input filter~ 
it is seen2in Fig. 16 that the ine~uality 
IZ,I « I" (R +sL )1 • I(R.+sL.)/D 1 is not veIl 
satisfied; ig fa~t, IZ61c x • 6.60 is only 
slightly below ~2Re - Re/D~ - 7.10. Therefore, it 
is to be expected that the regulator closed-loop 
output impedance Jz~l, by (11) I vould be sub­
stantially degraded (increased). This is con­
fireed by the cocputer predicted (solid-line) and 
experimentally verified results shown in Fig. 19. 
However, the line transQission charact eristic F', 

102 

by (12), should be on ly slightly degraded (that 
Is, increased, because Zl is ncga~ivc in the neigh~ 
horhood of !zs lmax); nevertheless, since the 
Thevenin equiva lent voltage Hsvs in Fig . 6 is not 
accessible to ceasurccent, the codification of r 
to F' cannot be directly verified. 

Also shown in Fig$. 17 through 19 are t he 
corresponding results for ir.put fUter B with the 
satle fs and Ro as filter A. but with R - 160. 
This causes the filter output lr:<pedancR to be more 
highly peaked, 60 that not on l y 16 the condition 
IZsl « 1~2(R +sLe ) I even more scverely violated, 
but the condi~ion IZsl « lu2zeil is only poorly 
sat i sfied. It 1s secn from Fig. 18 that the loop 
gain IT" 1s no\ol degraded by BdS, and fr oc Fig. 
19 that Iz~l 1s even more severely peaked; in 
!ac.t, this peak is higher than the original maxioUt:l 
va lue of about In. 

dB rei In 

30 

10 

o 

FI'g. 20. 

dB 
20 

IkHl !OkHl 

Magnitude shapes of /Zsl for s1nsle­
section input filters C and D superimposed 
on the s!,!ec1al-case input impedance shapes 
of Fig. 16 . 

IkHl 10kHZ 

F1g. 21. Magnitude shape of loop gain ITI for the 
test circuit of Fig. 13, and the ~egraded 
shapes IT'I in the presence DC input 
filters C and D. 

o 
dB rt l In 
·10 

I "Hz 10kHZ 

Fig. 22. Magnitude shape of output impedance IZol 
for the test circuit of Fig. 13 , and the 
degraded shapes Iz~1 in the presence of · 
input filters C and D. 
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For _further illustration, two Bets of input 
filter values vere sele~ted. having approximately 
the same two values of /Zs/max - R as the first 
twO filters, but vith cutoff frequRncies higher 
by a factor of about five . Ihe two new IZsl 
shapes are shown in Fig. 20, superimposed on the 
same relevant regulator impedance shapes as 
before. 

The solid IZsl curve 1n Fig. 20 is for filter 
C with Ro - 5.40 and Rv - 6.60, and has essentially 
the same shape as that for filter A in Fig. 17, 
but translated to the hiBh~r cutoff frequency fs -
3.3kHz. Purposefully, this places the filter cut­
off frequency close to the averaging filter cutoff 
frequency 4.4kHz and so, as seen 1n Fig. 20, the 
IZsl « ~2Zei inequality is less well satisfied 
than for filter A. As shovn in Fig. 21, addition 
of filter C therefore causes a greater degradation 
in the l oop gain t han does filter A, even though 
both filters have essentially the same IZ s l~x - ~. 

On the other hand, the inequality IZsl « 
1~2(Re+sLe)1 is about equally (poorly) satisfied 
for both filters A and C. and so the resulting 
degradation (increase) in output impedance is 
also about the same, as seen from Figs. 19 and 22. 
The overall comparison bet~een the effects of 
filters A and C there fore demonstrates the 
desirability of placing the input filter cutoff 
frequency lower than the averaging filter cutoff 
frequency. 

Ihe dashed curve Iz I 1n Fig. 20 is for filter 
D with R - ISO, almost ~he same as for filter B, 
but withPhigher Ro - 210 and fs ~ 3.8kHz. Both 
inequalities Iz.1 « 1~2zeiland Izsl « 1~2(R.+sL.ll 
are nov substantially violated, and over a wider 
frequency range because of the broader maxlmum in 
the IZsl shape caused by the higher Ro. It i s 
seen from Figs. 21 and 22 that the resulting de­
gradations in both loop gain and output impedance 
are nov quite severe, and loop gain crossover 
occurs at the significantly lower frequency of 
about 2kHz. 

4.2.2 The Alternative Approach 

To simulate the case in yhich the regulator 
i s a "black-box," direct measurement.s of input 
impedance magnitude Iz11 and phase ~i were made 
on the te·st circuit .1n 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 nated: ~i is -ISO· at low 
frequencies, representing the input resistance 
Rl - -R/n2 , and becomes asymptotic to +90' at 
high frequencies as the loop gain vanishes and the 
input impedance approaches that of the r eflected 
inductance L/D2. 

Although both the low-frequency and high­
frequenc! asr,ptotes of IZll are essentially the same 
as of I~ Zei • the dip at intermediate frequencies 
1s smaller, as can be seen by comparison of Figs . 16 
and 23. This confirms that an input filter designed 
to satisfy IZsl < IZil. which ensures stability of 
the minor loop g8i2 II - Zs/Zil does not necessarily 
satisfy Iz.1 « I" z.il or Iz. « 1"2(Re+.Lell 
~hich vould ensure negligible disturbance of T and 
Zoo As seen in Fig. 23, the IZsl shapes for three 
of the four input filters already discussed are well 
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Fig. 23. Computer predicted and experiQentally 
measured magnitude and phase of the 
regulator closed-loop input impedance 
Zi and filter output impedance Z , for 
the te st circuit of Fig. 13 vithSinput 
filter E. Ihe system is (marginally) 
stable even though IZs 1cax a ~ - 550 
is greater than the low-trequency input 
resistance magnitude IRil c I-R/DlI ~ 
410. 

below the IZil shape, and that for filter D just 
touches IZll I whereas [zsl for all four filters 
violate IZsl « i"2Z. i i or IZsl « i"2(R.+sLell to 
at least some degree. 

As a matter of interest, an experiment ~as 
made on the test circuit to see how underdacped the 
input filter could be made before the ~ircuit becace 
Unstable. Input filter D, ~hlch satisfies 
IZsl « IZII the most poorly of the original four 
filters, was taken as starting point. The value 
~ g ISn of filter D was gradually increased, 
leaving is a 3.8kHz and Ro g 2ln the same. until 
oscillation appeared. It was found that the circuit 

E 

IT,I 

-=-ii""--'-Lr'.....,.......,..-o--+I-
10-3 o 

Fig. 24. Computer predicted Nyquist plot of the 
minor loop gain Tl - Zs/Zi' corresponding 
to the Bode plots of Zs and Zi of Fig. 
23. ~hich confirms that the systec i s 
marginally stable. . 
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\oI'4S just below osclHatlon at Rn - 5Sn; the corres­
ponding Iz~1 and & are ehololll in the cOI:lputer pre­
dicted solid lines and expericental data points 
labeled filter E in Fig. 23. Cocbination of the 
Qugnltude and phase plots of Zt and Z leads to the 
polar (Nyquist) plot of the minor loop gain T a 

Zs/Zi sho~ In Fig. 24. It is seen that the locus of 
Tl just avoids encirclIng the critical point (-1,0), 
t6us conflrclng that the circuit Is on the point of 
Instability. 

It is of interest to note that In the admittedly 
extreme case of filter E, JZslmax '" R '" 550 Is 
larger than the lo\ol-fre~uency closed-~oop input 
resistance IRtI K I-RID I D 410, and yet the system 
16 stable. As a further exaople of the incompleteness 
of the conventional stability condition IZsl <IRi l • 
the test circuit was oodified in such a way that for 
a certain input ftlter the system vas unstable even 
though IZslmax was smaller than JRit. as folloys. 

4.3 Results for Modified Regulator Test Circuit with 
Input Filter 

In the modified test circuit, the feedback 
frequency compensation vas 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 Rv infinite In the 
circuit of Fig. 13, and by addIng a capacitance 
C2 - 6.SnF across Rs' Computer predicted and 
experimental data points for tbe resulting loop-gain 
magnitude and phase IT land LI are shO\JTl for the' 
modified circuit in Fig. 25. It is seen that loop­
gain crossover now occurs at 5.4kHz t and the phase lag 
is almost 1600 BO the circuit is but marginally 
stable. 

Inclusion of input filter 0 caused a 
Significant degradation 1n the loop gain of the 
modified circuit, also shown in Fig. 25. Loop gain 
crossover is reduced to 2.6kH%. again vith only 
marginal stability. In fact, increase of ~. 

20 

dB 

10 

ITI modified cj~cuil 

0--~~~------~--~~--------1 

-10 

o· 

-90·'-___ ==!:=-_~ • 
b: • 

-1800 

-210° 
1kHz 10kHz 

Fig. 25. Computer predicted and experimentally 
measured magnitude and phase of the loop 
gain for the test circuit at Fig. 13 
modified with Rv - ~ and vith C2 -
6.S of added across R • without input 
filter. and degraded gy presence of input 
fIlter D. The system is marginally stable 
in both cases. 
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just above 1Sn of filter D vas the caxi~uc possible 
for stability. 

The corresponding Zi and Zs shapes for the 
~odified regulator test circuit and filter Dare 
shown in Fig. 26. It 1s seen that IZsl exceeds 
IZil substantially over a certain frequency range, and 
yet the system is (just) stable. However, increase 
of ~ above 180 causes instability even though 
IZslcax • R ia still conSiderably lo~er than the 
lov frequengy input resistance IRil c I-R/n2 1 - 410. 

For conpieteness, sone additional cooputer 
predicted plots are shovn in Figs. 27 through 29· 
for the oodified circuit ~ith input filter D. The 
Nyquist plot of Fig. 27 sho~s that the cinar loop 

R/D~ = 41n 
~;;---;------L \2,\ modified circuit 
L30 

dB ref ,n 
20 

10 

90· 

O· 

-900 

-tBO° 

- 270° 

Fig. 26. 

Ion 

il; 

1kHz 10kHZ 

Computer predicted magnitude and phase of 
the regulator closed-loop input iopedance 
Zi and filter output iopcdance Z ) for the 
mOdified test circuit ~ith inputS filter D. 
!he system is almost unstable even though 
lZsl~ • ~ = ISO is substantially smaller 
than t~e lo~-frequency input resistance 
magnitude IR1I = I-R/D21 • 41fl. 

! IT,I 

-1,0 
.;_/L-.J.,L!"1 f I I 

o 10-3 10-2 IO~1 

T ~ I ~ Z, 

modif ied circuit 

Fig. 27. C~puter predicted Nyquist plot of the 
~inor loop gain I1 - ZS/Zi' corresponding 
to the Bode plots of Zs and Zi of Fig. 
26, which confirms that the systec is 
marginally stable. 
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Magnitude shape of output impedance IZal 
for the modified test circuit, and the 
degraded shape Iz~1 in the presence of 
input filter D. 

IFI modif ied clleul l 

1kHZ 10 kHz 

MagnItude shape of line transmission 
characteristic IFI for the modified test 
circuit, and [.he degraded shape . \HsF' I 
in the presence of input filter D. 

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

In Fig. 28, it is seen that the output 
impedance magnitude IZel 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 
Iz I « 1~2(R +sL ) I. . • •• 

Finally, in Fig. 29, a plot of the line 
transmission characteristic IF I without input filter 
is shown. For input filter D present, the overall 
function IHsFl1 is plotted. which includes the 
filter transfer function Hs. It is scen that IHsF'1 
has 8 higher peak than does IFI . in spite of the 
fact that the input filter itself has no peaking 
(Qs ~ Rp/Ro a 18/21 ~ 0.86); thiB is a general 
result; and occurs because the minor loop gain 11 Is 
negative at low frequencies and hence. by (12), 
IF'I can b. larger than IFI. . 
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5. CONCLUSIONS 

An investigation has been made into the effects 
of addition of a line input filter to a 6uitching­
mode dc-to-de converter-regulator. Because such 8 

regulator has a negative input impedance at lov 
frequencies. addition of an input filter can cause 
system oscillation. 

The original objective yas sieply to determine 
neces sary conditions for sy~t~~ stch!lity. Hou­
ever. s ince addition of ~n input filter affeL:s 
the regulator performa:lce properties, the objecti .. ·<!.s 
vere broadened to in~lude criteria to minioize these 
effects on performance. 

5.1 Model and Analytic Results 

The prinCipal qnalytic results are expressed 
in equations (10) th:"'ough (13). Equations (10) 
through (12) shoy how ~he presence of an input 
filter affects the regul~tor loop gain. output 
iopedance, and line transm!ssion characteristic; 
equation (13) defines a l'min,,: loop gain" T 
yhich oust satisfy the Nyquist ~tability criterion. 
All these results are' obtained fru~ analysis of 
the small-sigaal equivalent circuit of th~ cegulator 
shown in Fig. 4 ...... ith 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 dc-to-dc 
converter: the de voltage transformation ratio t the 
duty ratio modulation due to the amplified error 
signal. and the LC low-pass filter. This is a 
general model that accomm odates 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
quencies up to about half the converter switching 
frequency and, since practical input filter cutoff 
frequencies are yell beloy this limit. Is entirely 
adequate for treat~ent of both stability and 
performance effects due to an input filter. 

The analytic results of equations (10) through 
(13) show that system stability and regulator 
perfcrcance are affected by one parameter of the 
input filter, its output impedance Zs. The principal 
import of these equations Is that Zs must be 
designed 80 that 11 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 vie ...... 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 1s to 
design the regulator and input filter to~ether 80 

that Zs satisfies the inequality IZsl «1~2zeil. 
~here ~2Zel is the regulator open-loop input 
icpedancej it is shovn that in consequence the loop 
gain is essentially unaffected by addition of the 
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input filter, and that the system satisfies the more­
than-necessary stability condition ITII «1. This 
inequality is alleviated if the input fIlter cutoff 
frequency is chosen lo~er than the regulator 
averaging fIlter cutoff frequency, ~hich therefore 
constitutes a desirable design criterion. If, in 
addition, the more stringent inequality Izsl « 
lu2(Re+ste)I is satisfied, ~here ~2(Re+sL') 
:Is the regulator open. loop short-circuit input 
impedance, then the regulator output icpedance is 
also essentially unaffected. 

These inequalities can be made more specific in 
the typical case that the input filter output 
impedance is peaked with a maximum value lz I 6 max 
in the neighborhood of its cutoff frequency wS' 
and that Ws is belo~ the averaging filter cutoff 
frequency Wo and yet above the corner frequency 
IIRC formed by the averaging filter capacitor C 
and load resistance R. In this typical case, 
IZslmax occurs in a frequency range in ~hich Zei 
is do~inated by l/wc. so that the relevant inequality 
becomes IZslmax « 1~2/wscl· 

rur:hermore, if w < Re/Lel the more stringent 
inequality reduces ~o fZslmax «1~2Rel. In this 
relation Re 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 effici~ncy. the total value of R includes a 
lossless component (which may well Ce the dominant 
component) due to modulation of the power switch 
du2y ratio [5), and so the inequality JZslmax « 
I~ Rei, while more ·stringent than IZslmax « 
1~2Iwscl, Is not as stringent as it roay 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 cust 
resort to direct experimental measurements of the 
regulator closed-loop input impedance Z1' 
Formally. the input filter must then be designed 
so that Tl - Zs/Zi satisfies the Nyquist stability 
criterion . However. fro~ a practical point of 
view, it is simpler to design the input filter to 
satisfy the core-than-necessary condition 
ITII" IZ8/Zi/ <I, sina:!then a measurement of the 
regulator input impedance magnitude /zil need 
only be made, and not of its phase ili' In any 
case, if no kno~ledge of the regulator internal 
structure is available, such an input fUter design 
procedure ensures only system stability, and does 
not guarantee tha t t he regulator performance will 
remain e6sentially unaffected. 

5.4 Input Filter Paraceters 

Although the regulator stability and certain 
performance properties are influenced only by the 
input filter output impedance Zs' the regulator 
properties from the point of vie~ of its input port 
are influenced also by the input filter transfer 
function: indeed, reduction of current ripple fed 
back into the line is the principal reason for 
inelusion of an input filter. The reverse current 
transfer function Hs(S) (which is the same as the 
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for~ard voltage transfer function) and the 08xicu~ 
output impedance IZsl ax are therefore the t~o 
parameters for ~hich ~esign criteria are established 
for the input filter. Various LC single-section 
input filters .with different methods of d~pin& 
are considered , and their transfer function and 
output icpedance characteristics are 6u~arized in 
Figs. 6 through 11. Greater flexibility ia 
achieved by use of a two-section LC filter; in 
this case, as sUmmdrized in Fig. 12, a higher IZsl 
peak can be allowed at the lo~er of the tvo 
resonant frequencies, vhilc oaintaining essentially 
the same degrees of IZsl « !~2zeil inequality at 
the t~o resonant frequencies. 

5.5 Experimental Verification 

Extensive experioental results are presented 
for a buck regulator test circuit and several input 
filters. including both c~puter 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 parar:::eters 
loop gain, output icpedance, and line transclssion 
characteristic that occurs I.1hen the design 
inequalities imposed upon the input filter output 
impedance are violated or only poorly met. Also, 
it is demonstrated that the conventional stability 
requirement IZslmax < I~l, vhere Ri C _~2R is the 
lo~-frequency regulator closed-loop input resistance, 
is not only incomplete but oay also be incorrect: 
a test circuit example Is ~iven for which the sys-
tem is stable even though IZsl :> IR I. and 
another exacple is given for w~~h theisystec is 
unstable even though Iz I < 1Ril. s max 

The experimental results not only confirm 
the usefulness of the design inequalities imposed 
upon the input filter output .impedance to ensure 
stability and cinimum 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 tbe input filter that 
have been emphasized in this investigation. 
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