t is well known that modertn electronic sys-

tems exhibit an increased use of microelec-
tronic circuitry for reduced size and weight,
as well as for increased performance and func-
tionality. Perhaps less well known is the fact that
these systems exhibit a corresponding increased
use of, and dependency upon, the dc-dc converters
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_ that supply them. The dc output voltage of these

converters continues to decrease in accordance with
the complexity and geometry of the microcircuits
themselves. There will likely be legacy 5 V dc re-
quirements for the foreseeable future. However,
there is a definite shift toward 3.3 V dc, there is al-
ready movement toward 2.2 and 1.5 V dc and, as
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microelectronic geometry approaches 0.1 microns,
we are likely to see dc voltage requirements of less
than one volt in the not too distant future.
Especially because of the pulsed nature of typi-
cal microelectronic loads, where the power re-
quirement of a microprocessor can jump from less
than one watt to over ten watts in just a few hun-
dred nanoseconds, it is not feasible to supply chese
lower voltages using a remote, centralized power
-supply. Instead, adistributed power system archi-
tecture, in which there are one or more “point-of-
load” de-de converters per circuit card, is re-
quired. Typical de-dc converter input voltage am-
plitudes are 28 V dc and 48 V dc, which are
standard voltages for military and telecommuni-
cations systems, respectively. For modern systems
with ac inputs, the power is normally first con-
verted toa relatively high dc volrage (400 V dc for
230 V rms input, for example), often including
active power factor correction. This inpur ac~-dc
converter is then followed by an intermediate,
transformer-isolated, bulk dc-dc converter,
which provides the lower input voltage for the
“on-card” dc-dc converters, With this approach,
the size of the transformer is governed by the dc-
dc converter switching frequency rather than the

ac line frequency, resulting in a much lighter -

weight system. The input ac-dc and intermediate
dc-dc converters may require redundancy and/or
battery backup, depending upon the criticality of
the application.

DC-DC Converters Cause Interference

The switching regulators that are used in these
high-efficiency dc-dc converters are notorious for
generating current related interference at their in-
puts and voltage related interference at their out-
puts. Flyback and buck (Fig. 1) topologies are
particularly bad for noisy input currents, since a
semiconductor switch is directly in series with the
input power line. Other topologies, such as the
boost, SEPIC and Cuk converters {1}, inherently
produce less input noise, but are not always appli-
cable for other reasons. :

Outpur filters are used to smooth the switched
output volrage waveforms to levels that can be tol-
erated by the load circuitry. The output filter nec-
essarily creates phase shift and is a major influence
in the design of the switching regulator feedback
control circuitry that is used to assure stability,
while still meeting performance requirements.

Similarly, power line input filters are needed ro at-

tenuate the switched input current waveform suffi-
ciently to prevent electromagnetic interference
(EMI) problems and to ‘assure electromagnetic
compatibility (EMC) within the given system
and/or with neighboring systems. As will be dis-
cussed in more detail, the power line input filter
canalso significantly affect the stability and perfor-
mance of a dc-dc converter.

i —»
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Fig. 1. Buck ropology switching regulator.

Interference that is emitted by dc-dc converters
can be either conducted or radiated. Power line
conducted emissions, in conjunction with finite
source impedance, can cause degradation in sys-
tems that operate from a common power bus. Deg-
radation can also occur in systems that are in close
enough proximity to detect the radiated emissions.
Radiated emissions can be in the form of either
electric or magnetic fields. Because of the relatively
low voltages and high currents involved, magnetic
field emissions are typically a larger dc-dc con-
verter EMI problem in practice, although electric
fields from the dc-dc converter power circuitry
may cause localized EMC problems (especially to
its own control circuitry!). Good physical layouts
are always important and some shielding may ulti-
mately be necessary to meet radiated emission
specifications. Nevertheless, the greatest source of
radiated emissions is often the conducted emis-

_sions on the input power line. To that extent, the

power line filter serves a dual purpose.

Conducted emissions can be either differential
mode or common mode. Differential mode emis-
sions include the basic switching current waveform
and harmonics thereof, as well as periodic current
“spikes” at the switching frequency. These spikes
are generally coincident with the turn-on of a
power semiconductor, and are caused by phenom-
ena such as bipolar diode recovery and charge re-
versal of transformer intrawinding capacitance.
Common mode emissions consist of periodic cur-
rent spikes through chassis ground caused by rap-
idly switched voltage across parasitic capacitance
(C dv/dt). Sources of parasitic capacitance include
transformer interwinding capacitance, transistor
case-to-chassis capacitance and stray capacitance
associated with the physical layout.
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Good Design Practices Are Required

- Power line conducted emissions, in both the differ-

ential and common mode, typically show up as a

narrowband problem at the switching frequency -

and its harmonics,-as well as a broadband high fre-
quency problem. For example, a 200 kHz switch-
ing regulated dc-dc converter may have significant
broadband emissions in the vicinity of 5 to 10 MHz
due to the current spikes described above, in addi-

‘tion to narrowband emissions ac 200 kHz, 400

kHz, etc. Of course, if either the dc source or the
load is modulating, it is possible to have all manner
of mixing products as well.

Depending upon the severity of the conducted
emissions specification that must be met, the self-
resonant frequencies of the power line filter com-
ponents that are needed to attenuate the lower fre-

- quency emissions may be lower than the frequency

range of the broadband emissions due to spikes.
Above self-resonance, capacitors start to look like

- inductors and inductors start to look like capaci-

tors. Therefore, switching regulator power line fil-
ters often, if fot usually, consist of two distinct
filter sections. The larger, lower frequency section
is typically placed adjacent to the switching regu-
lator itself in order to minimize the impedance and
loop area of the input lines to the regulator. De-
pending upon the system configuration, the
smaller, higher frequency section is often placed
adjacent to the input connector, where it can also
attenuate any additiopal conducted emissions
caused by power line pick-up of locally generated

- radiated emissions.

Because spike related EM1is largely related to
parasitic components and coupling, it is very dif-

* ficult to predict. Therefore, the design of higher

frequency power line filters often relies heavily

-on good design practices, such as the use of com-
mon mode inductors and strategically placed-

by-pass capacitors, as well as empirical post-de-
sign techniques (some would say “black magic”).
Fortunately these higher frequency components
are'small enough that major redesign is usually

. unnecessary. Furthermore, the advent of board

level simulators and more-sophisticated estima-

)

Fig. 2. Low frequency ac model of LC input filter with switching regulator load.
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tion techniques continue to help mitigate this de-
sign problem. '

The lower frequency power line filters are notas
amenable to the post-design trial and error tech-
niques that may be successful for reducing high
frequency broadband interference. Inpur filter re-
quirements of greater than 60 dB at the switching
frequency are not uncommon, tequiring input fil-
ters chat can easily be larger than the output fileers.
Therefore, a disciplined design process is required. -
In addition to the obvious size issue is the fact that
these filters can seriously degrade the performance

_of a switching regulator, and even cause a switch-

ing regulator that is otherwise perfectly stable to
become unstable. This is especially true if the reso-
nant frequency of the power line filter lies well
within the gain-bandwidth of the switching regu-
lator open-loop gain function. )

Several authors have written excellent books
that address EMI/EMC causes, effects, specifica-
tions, analyses, measurements and mitigation
techniques, including power line filters [2]-{7].

Power Line Filters Can Cause Instability
As a simplified example, let us consider a switch-
ing regulator that responds petfectly to any input

 voltage variation. By perfect response, we mean

that the dc output voltage remains constant and
unperturbed. Thus, for a given load, the output

power is constant regardless of input voltage. For "

an ideal switching regulator, with no losses, this
means that the average input power is constant as
well. As the input voltage increases, the pulse-
width modulated control circuitry cuts back the
duty factor of the controlled switch to maintain
constant output voltage. This, in turn, causes the
average input current to be correspondingly de-
creased. Since the average input current decreases
in response to an input voltage increase, and vice-
versa, an ideal switching regulator behaves, on the
average, like a negative dynamic resistance. As
long as the frequency range of interest is much
lower than the switching frequency, the system
performance of a switching regulator is quite accu-
rately represented’ by its average behavior [8].
Mathematically, the negative input impedance
phenomengn can be demonstrated by taking the
partial derivative of input voltage » with respect to
average input current 7, while recognizing that
v=P/i

dv d(P P v? 1)
—— == =_—:“—':-R .
07 az‘(i) ;

A simple LC input filter, combined with the nega-
tive dynamic resistance model of the switching
regulator, is shown in Fig. 2. This model is nonlin-
ear since R, is a function of ». However, in the
neighborhood of a given operating point, where
R can be considered constant and the systern can

in



therefore be considered linear, the characteristic
polynomial iss* —s /R, C+1/LC. .

The negative term in the characteristic poly-
nomial transforms to a positive exponential in the
time domain, representing an unbounded, hence
unstable, system. The minimum value of R, , cor-
responding to the minimum value of v, is worst
case. Of course, no switching regulator is lossless.
However, because of their very high efficiencies,
the constant load power will be much greater than
the switching regulator losses. It has long been

known that in order to assure stability, damping -

resistance must be explicitly included in the
power line filter, thus complicating its design
[91-[12}.

It is a fact that many dc-dc converters have been
successfully designed and fielded, using simple LC
power line input filters, by people who did not
fully consider the theoretical arguments above.

There are several reasons why a switching regu-
lator combined with a simple LC input filter might
not oscillate in practice: (1) The LC input filter
components and even the power line itself may in-
clude enough parasitic resistance to provide ade-
quate damping. (2) Only interference at
frequencies well above the fundamental switching
frequency may be of concern, such that an LC input
filter with a resonant frequency above the switch-
ing regulator gain-bandwidth (i.e., above the re-
gion where the regulator behaves as a negative
resistance) is adequate. (3) The gain-bandwidth of
the regulator may be artificially low relative to its

- switching frequency such that its gain-bandwidth,
hence region of negative resistance, is below the LC
input filter resonant frequency. An example of this
would be a simple lag compensated switching reg-
ulator, where the gain-bandwidth is much less
than the resonant frequency of the output filter,
which, in turn, is much less than the switching fre-
quency. However, the gain-bandwidth of the same
switching regulator with lead compensation is
higher than the output filter resonant frequency,
and can easily be as much as one-tenth the switch-
ing frequency.

Almost any dc-dc converter that is intended to
supply switched or modulated loads, such as mi-
croprocessors or power amplifiers, must be de-
signed for wide gain-bandwidth. Furthermore, for
some topologies, input voltage feedforward tech-
niques can be used with either voltage mode con-

trol or current mode control that, theoretically,

allow perfect input voltage regulation, hence nega-
tive dynamic input impedance behavior, inde-
pendent of gain-bandwidech {13]. Examples of
where these techniques are applicable include the
buck converter in the continuous conduction mode
(inductor current is always greater than zero) and

the flyback converter in the discontinuous conduc-

tion mode (the inductor current dwells at zero for
part of the switching cycle).

In the remainder of this article, power line fil-
ter design considerations will be discussed for
de-dc converters that have switching regulator
gain-bandwidths much higher than the resonant
frequency of its power line filters. In particular,
we will discuss a design strategy, including a sam-
ple problem, that can be used to determine the
minimum-size power line filter component values
that are required to provide sufficient attenuation
of switching frequency related power line con-
ducted interference, without serious degradation
to stability and 'performance. We will use a
chopped current source model of the switching
regulator for interference considerations and a
negative resistance model of the switching regu-
lator for stability considerations. For dc-dc con-
verter performance considerations, we will use a
small-signal linear model to permit frequency do-
main analysis using Laplace transforms. Thus, we
will be able to confirm stability using Nyquist
plots, as well as to assess performance, at least
within the limitations of the linear model, using
transfer functions such as conducted susceptibility
(variation in output vs. input—also called audio-
susceptibility) and output impedance. These
transfer functions correspond, respectively, to dy-
namic line and load regulation.

Fig. 3. Damped RC input filter.

L R,

Fig. 4. Damped RL input filter.
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Fig. 5. Two-section damped RC inpur filter.
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Damped Power Line Filter Configurations
It is not practical simply to add a damping resistor
directly to the LC input filter. A damping resistor in
series with L would seriously degrade efficiency,
since it must pass all of the dc input current. A
damping resistor in series with C would seriously
degrade the attenuation.characteristic of the filter as
well as the efficiency, since it must essentially pass
the entire ac input current component. A damping
resistor in parallel with C must be less than the
smallest expected value of R, (corresponding to the
minimum value of input voltage for which regula-
tion is imaintained) in order for the total parallel
equivalent resistance to be positive. This approach is
absurd, since the efficiency would automatically be
less than 50%. However, if this parallel damping re-
sistor R, < R, were ac coupled with a large enough
second capacitor C, in what we will call a damped
RC configuration (Fig. 3), one can imagine that ade-
quate damping may now be achievable wich negli-

‘gible loss of efficiency. A fundamental requirement

is that the zero frequency 1/R, C, must be less than
1/ /L, C, sothat the damping resistance is available

- at the resonant frequen(:y‘of the filter. Typically, this

requirement results inC, > C |, thus representing a
significant impact to size, if not to efficiency. As-
suming that R, is large enough that the preferred
path for the ac interference current is still through
C,, the RC damping path does not significantly re-
duce the value of L | that is needed to meet the inter-
ference attenuation specification compared to the
simple LC configuration. '

«O

ZS
N Feedback
Input i Control
Filter System
.
Z.

Fig. 6. Feedback control system with input Silter,
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Insimilar fashion, it is also possible to use an RL
configuration (Fig. 4) to achieve damping, where
L, provides the dc current path. In this case, the
zero frequency R, /L, must be greater than the res-
onant frequency 1/,/L,C , which typically resules

in L, > L,. For this damped RJ configuration,
damping degrades the attenuatidn of the input fil-
ter, since the damping path is in parallel with L,
instead of C . Therefore, L, must be larger in order
to achieve the same interference attenuation as the
simple LC filter. Because of size and capacitor cost

- factors, the damped RL configuration is generally

better for higher voltage applications, and the
damped RC configuration for lower voltage appli-
cations. Examples of higher voltage applications
include the intermediate dc-dc converters that are
used with ac input off-line rectifiers and dc-dc con-
verters that operate from higher voltage dc prime
power, such as the new 270 Vdc military standard.
Although the design details are naturally different,
the overall design strategy is much the same for
both RC and RL damped filter configurations.
For the detailed discussions that follow, we will
use a modified version of the RC configuration,
which would be especially applicable to lower volt-
age de-dc converters. The modified filter, shown in
Fig. 5, is now a two-section filter with a second in-
ductor between the main input capacitor and the
damping capacitor. Although this is a well-known
configuration {141, the design strategy deserves
further consideration. By choosing a small enough
valueof L,,suchas L, = L, /10, the switching fre-
quency attenuation is significantly improved with
only a minor influence on the low frequency perfor-
mance of the filter. Prior to discussing the design of
this specific filter, it may be appropriate to provide
some analytical background for the general prob-
lem of switching regulators with inpuc filcers.

Analytical Background
In linear feedback control systems, the characteris-
tic equation can be expressed as

P(sX1+G()H() =0,

where P(s) is the characteristic polynomial of the
original system to be controlled (i.e., without feed-
back), and G(s)H(s)is the open-loop gain function.
If the feedback control system is now connected to
an input network, such as a power line filter, the
characteristic equation for the entire system can be
described by:

(2

S

(1+—Zﬂ)(1% G©HG)P() =0,

in

where the term Z (s) is the source impedance of
the input network and Z, (s) is the input imped-



ance of the feedback control system (Fig. 6). If the
input impedance is negative,i.e. Z, (s) =—R, ,as
in the case of our perfect switching regulator, then
the term —Z /R, can potentially cause system in-

stability just as surely as a phase shift of 180° in the’

open-loop gain function G(s)H(s) can. Since 6 dB
is a widely accepted gain margin for the open-loop
gain function, we will use that same standard for
the termZ, /Rm , namely Z oy < Rty /2,
where Z . occurs at the dominant resonance of
the input filter. .

Since a switching regulator is not even continu-
ous, let alone linear, frequency domain analysis only
applies when low frequency (relative to the switch-
ing frequency) and small-signal approximations are
valid. Not all perturbations to switching regulators
would qualify as low frequency or small signal.
Therefore, mote sophisticated simulations using
numerical analysis routines are ultimately necessary
to predict full performance. Nevertheless, much can
be learned about switching regulator behavior from
the closed-form expressions made possible by sim-
ple, linear approximations. Several excellent text-
books are available to the reader who is interested in
learning more about switching regulator design and

_modeling {151-[18].

Power Line Input Filter Design Strategy
As we have discussed, the chree primary require-
ments for the power line input filter are (1) sufficient
attenuation at the switching frequency, (2) stability
with the follow-on regulator and (3) minimum size.
Subsequently, we will need to examine whether the

input filter that does not cause instability neverthe-,

less causes undue performance degradation. If so,
performance considerations override stability con-
siderations and additional damping would be re-
quired. For example, an input filter that is damped
well enough to meet the Z, . <R, ., /2 crite-
rion may still have a low enough damping factor to

D |

Fig. 8. Noise model of two-section RC damped input filter.

cause unacceptable resonant peaking and an associ-
ated system conducted susceptibility (immunity)
problem. However, no ac voltage source modulation
is without source impedance, which must be taken
{nto account to prevent unnecessary overdesign. Asa

practical matter, one needs to know not only the.

EMI specifications that apply to the de-dc converter,
but how it will actually be tested for EMI compli-
ance as well. In-the following, several simplifying
assumptions are made in the design of the input fil-
tet besides the switching regulator linear assump-
tions previously discussed.

In the far majority of dc-dc converters, the
power line input filter capacitors are electrolytic,

16 uH

A ON

440 uF §.5 Q

Fig. 9. Sample 50-W, 12-V to 5-V buck switching regulator.
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Nyquist Plot without EMI Filter
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either aluminum oxide or solid tantalum. At the
switching frequency, parasitic equivalent series re-
sistance (ESR) dominates the impedance of these
capacitors. Therefore, the input filter configura-
tion of Fig. 5 must be updated to include ESR (Fig.
7). For the worst case, we assume maximum ESR
for attenuation purposes and zero for stability pur-

- poses. We will also assume zero parasitic resistance

for the inductors, letting all parasitic resistance
represent a stability safety factor. The input filter

" noise model is shown in Fig. 8, where R, is under-
. stood to include the maximum ESR ofC and 7, is

the:equivalent noise source at the sthchmg fre-
quency. As a simplifying assumption, the low fre-
quency effect of L, is ignored. Thus, the
third-order model, which will be used to deter-
mine maximum input fileer source impedarice,
hence stability, is the same as Fig. 3. Also, for
worst-case stability considerations, the ESR of C,
is assumed to be zero. (In‘any case, the ESR of C, is
typically much smaller than the required damping
resistance.) '

Virtually all electrolytic capacitors have ripple
current limits that are based on thermal constraints
due to ESR-related power dissipation. Recog-
nizing that C | must accommodate essentially all of
the switching regulator noise current, the value of
an electrolytic C | is constrained, in practice, by its
ripple current limit and, therefore, is not part of the
size minimization procedure. If we let the value of

" L; ‘be fixed to L, by the equation L, =L /K,
A there are still three independent varlables namely,

L,,C, and R,, available to meet our three design

requirements. For applications where C| mdy be a

good high frequency, non-polarized capacitor,
such as amulti-layer ceramic with very low ESR, it
can be included in a more complicated total input
filter component volume minimization process

. Fig. 10. Nyquist stability plot of sample buck converter withour input filter.

Nyquist .Plot without Damping
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- Fig. 11. Nyquist stability plot of sample buck converter with

that can benefit from Lagrangian multiplier tech-

“niques. For our purposes here, we will assume that
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LC input filter.

C, is electrolytic and, therefore, is predetermined
by its ripple current rating.

.Assuming that R, <<2mf L, and
R, <<2nf L, where f, is the switching fre-
quency, and letting L, = L, /K, where K >> 1, the
required input filter attenuation ' can be ex-
pressed as

_ RRK 3
@rf.L,)’

This equati(‘)n corresponds to requirement (1) above.

We next assume -that R, and L,

enough that the dominant resonant frequency can
be expressed as

1 4)
W, = [——.
\fL,(c, +C,)

The maximum input filter source xmpedance is
then :

are small



)

2
®: +( J
Zj(ma?()' = ——1———— =(XRM .
| o, '
Llcl

Using the variable ¢ gives us the flexibility to
useasmaller value than 0.5, if necessary, to account
for errors due to simplifying assumptions and/or to
increase damping beyond stability requirements to
address possible performance concerns. Com-

bining (4) and (5) yields:
L(C +C))
Ric: J©

(@ y =BGt [,
;.

This equation corresponds to requirement (2) above.

Since the size of R, is negligible with respect to

" the sizes of L, and C,, the volume V to be mini-
mized can be expressed as V=0 ,L, +B,C,,

.where B, is the size coefficient fot L, in in’/henry -

fora given current, and B, is the size coefficient for
C,in in’/farad for a given voltage. If the final val-
ues of L, and C, are too far removed from the val-
ues upon which B, and B, were based, a second
design iteration may be required. Naturally, the
size factors B, and B, are also dependent upon the
capacitor and inductor types used. The minimum
size requirement (3) above then corresponds to (7)
below:

oL, . dC,
+B, =0.
oR, oR,

v
aR,

@

=»B1

We next define some intermediate variables that
simplify notation and permit the reader to follow
the algebra more easily.

A =4RK/T @nf,)’ (8)

9 *—

Fig. 12. Sample buck converter with two-section rc damped input filter.

6=M\C,+C,)/C?. (8b)

Substituting (8a) and (8b) into Eq. (6) results in

VR, +4R, OR,) —R}" )

2

Since we know that ¢ must be positi\}e, (9) sets an
upper bound on R, , namely R, <OR,, /\6 With
substitutions, (7) becomes
(10)
1).

Bl)\'(l + %) = Bf/CZ‘Z(C‘l * CZ) ( G3/2 -

Rz Rz (2C1 + Cz) Rz

Alchough a computerized approach using the
Mathcad “find” function, for example, can be used
to great advantage, the conceptual design proce-
dure is as follows: )

Step 1. Start with R, =0R,, /«/5

Step 2. Determine G from Eq. )

Step 3. Determine C, from Eq. (8b)

Step 4. Check the integrity of Eq. (10)

Step 5. If necessary, return to Step 1 using an
incrementally smaller value of R,

~ Step 6. Determine L, (hence L, ) from Eq. (3)

4th-Order RC Damped Filter (550D)

N
T

Im{(GH8(m,n,))
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I~ ——
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4th-Order RC Damped Filter (550D)
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Fig. 13. Nyquist plot for sample buck converter with rwo-section RC damped input filter.
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‘. 4th-Order RC Filter with Zero Damping
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Fig. 14. Nyquist plot for sample buck converter with
two-section undamped input filter.

A Detailed Design Example

For our design example, we will consider a de-dc
converter that would be suitable for automotive
applications. The objective is to design a power
line input filter of the configuration shown in Fig.
7 for the 50-wate, 12- to 5-volt buck’'switching
regulator shown in Fig. 9. The output filter induc-
tor is large enough that the switching regulator in-
put current can be approximated as a quasi-square
wave. (This will almost always be the case for buck
regulators whose output filters are designed for
minimum size at full load.)

Taking semiconductor losses into account, the
input power will be very close to 60 watts and the
duty factor will be very close to 0.5 nominally,
which causes a worst-case power line conducted
emission of 5 amperes rms. For simplicity, as well
as a safety factor, we will assume tha all of the ac
current is at the switching frequency of 100 kHz.
To meet the Society of Automotive Engineers
(SAE) ¢onducted emission specification of 5 mA at
100 kHz, the input filter attenuation must be at
least 60 dB. The efficiency of a switching regulator
is at least somewhat independent of input voltage.
At higher inpur voltage the switching losses are
generally greater but the conduction losses are gen-
erally less due to the lower duty factor. Therefore,
we will make the worst-case assumption that the
60 watt input power is constant. For an input volt-
age range of 9 to 14 volts, the worst-case (i.e. mini-

mum) value of Z, is —9)? /60 =-135Q.

As far as the control circuitry is concerned, we will
assume lead compensation with a phase margin of
slightly greater than 45° but no input voltage
feedforward control. This will allow us to treat the in-
put impedance as a negative resistance in the vicinity
of the input filter resonance, but it will also allow us
to see the effect of the input filter on conducted sus-
ceptibility, which feedforward control would mask.
The Nyquist stability plot for the linearly approxi-
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Fig. 15. Interference current attenuation plot for two-section
RC damped inpur filter.

mated switching regulator without inpur filter is
shown in Fig. 10. Note that the point (=1 + 70)is not
circled and that for | G()H(j®)| = 1, the phase an-
gle is greater than 45°. .

As a benchimark, we will design a simple LC fil-
ter that meets the attenuation requirement but not
necessarily the stability requirement. Modern solid
tantalum capacitors are selected for their high den-

sity and low ESR. Three 20-volt 100 UF capacitors

in parallel are required to accommodate the 5 A

rms ripple current. The maximum ESR is .025 Q
(.075 Q per capacitor), requiring L, = 40 uH to
meet the 60 dB attenuation requirement. As-
suming that L, is wound on a molypermalloy
powder (MPP) toroid, the total size of the simple
LC filter is 1.08 in” with B, = 1.38 in”/henry and
B, =176 in’/farad. The Nyquist plot of the 4th-
order system comprised of the linearly approxi-

mated switching regulator with LC input filter is |

shown in Fig. 11. Note that the system is unsta-
ble, even though we purposely included maxi-
mum ESR.

The values for the damped filter of Fig. 7, ob-
tained using the procedure described in the previ-
ous section, are shown below:

C, =300uF L, =85uH

Worst Case (Zero ESR)
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Fig. 16. Source impedance plot for two-section RC damped input

filter.
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Fig. 17. Output impedance plot for sample buck converter,
(@) with two-stage RC damped input filter and (b) without.

C, =300UF (rounded up from 267 UF)
‘L, =085uH R, =011Q.

The Nyquist plot for the linear approximation
of what is now a Gth-order system (Fig. 12) is
showninFig. 13, where R, = 0for worst case. Note
that the system is not only stable, the plot in the vi-
cinity of unity amplitude is almost identical to that
of the original stable regulator. To prove the need
of the damping resistor R;, the Nyquist plot for
the 6th-order system with R, =0 is shown in Fig.
14. The volume of the damped filter is 1.19 ina, or

10% larger than the volume of the simple, unstable
LC input filter. Without L, (Fig. 3), the volume
would be 1.81 in’, or 67% larger. The filter atten-
uation is plotted in Fig. 15. Remembering that the
goal was toachievea Z . no greater than 1.35/2
=.0.675 €, the plot of Z, for the damped filter is

shown in Fig. 16. Although there is sufficient
damping from a stability viewpoint, we need to ex-
amine whether the input filter has unduly affected
performance. _

Using an extension of the linearly approxi-
mated switching regulator design aids available in
[19}, Fig. 17 shows dc-dc converter output imped-
ance with and without inpuc filter. As might be ex-
pected, a 6 dB “bump” occurs at the input filter
resonant frequency due to the 1—Z, (s)/R,, term
in the characteristic polynomial. As long as the in-
put filter resonant frequency does not occur at the

Fig. 18. Conducted susceptibility plot for sample buck
converter (@) with two-stage RC damped input filter (with
EMI filter), and (b) withont.

frequency of maximum output impedance, the
effect is minimal. On the other hand, the corre-
sponding plots of conducted susceptibility (Fig.
18) show a 16-dB increase in the peak value, which
can be attributed to the signal gain at resonance in
the input filter itself, as well as to the 1 = Z, (s)/R,
term. In theory, this problem could be eliminated,
at least for the buck topology, by using input volt-
age feedforward control. However, at input filter
resonance, the increased ac voltage excursion at the

input terminals of the switching regulator itself -

may be beyond the range of regulation. As previ-
ously indicated, a significant mitigating circum-
stance is that no ac input modulation source is
without source resistance. For our sample problem,

,an ac modulation source resistance of only 0.05

is required to reduce the resonant peaking of the in-
put filter to the point where the peak conducted
susceptibility increase is only 3 dB. The source re-
sistance associated with the conducted susceptibil-
ity (immunicy) compliance test is widely variable,
depending upon the equipment category and the
regulatory agency, but at least some conducted
susceptibility test procedures permit a source resis-
tance of up to 0.5 Q.

Conclusion
This article has presented an overview of switching
regulated dc-dc converter electromagnetic intet-
ference problems and possible solutions, with spe-
cial emphasis on power line conducted emissions
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and power line input filters. Potential stability and -

performance problems that can be caused by the in-
teraction between the power line input filter and
the switching regulator have been discussed in de-
tail. Candidate damped input filter structures have
been presented, along with a general inpur filter
design strategy and a detailed design procedure for
one of the candidate configurations. A sample
problem consisting of a damped input filter for a
50-watt, 12- to 5-volt buck switching regulator
has been solved. A performance simulation of the
entire dc-dc converter comprised of the input filter
and buck regulator has been performed using the
small-signal, linear switching regulator model.
Although the design approach presented in this
article has been successfully used in delivered prod-
ucts, there may well be better approaches. The
larger point is that unless some disciplined process
is followed in which the power line filter that is in-
tended to suppress switching regulator emissions
is designed concurrently with the switching regu-
lator itself, there is likely to.be trouble ahead.
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