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DAMPING OF RESONANCES IN RFI FILTERS

WITH RC MEMBERS

D.Stipanicev
Electrotechnical Institute "Rade Kondar"

Power Electronics Department,ENC Lab.

Zagreb, Yugoslavie

The resonances in the pass-
band of the RFI filter cen be suppres-
sed by introducing an RC member in
the parallel,capacitivé branch of the
filter.The paper describes an anali-
tycal way of calculating components of
the elemental "L" section filter as
it works under odd interface conditi-
ons 0/® .More complex,multiple "I" se-
ction filters can be désigned using a
digital computer,such that the paper
describes principles of the computer
program as well.At the end,theoretical
regulis are verified experimentaly and
the results of measuring are also
given. ‘

Introduction

The best method for suppressing
conducted RF interference is filtering
The diference betwen a ‘conventional
filter and a filter for suppressing
RFI (especially a power-line filter)
is,that the first one is mostly inter-
face matched,and the second one is
often interface mismatched.Resonances
and insertion gain (negative value of
insertion loss) are the effects of
mismatching(1],[2] and [3].

There are several methods for
eliminating the resonance problem in
RFI filters.In general,resonances are
suppressed by introducing frequency-
selective losses into the generator,
the load,the power line or the filter

1} .In most cases when we design RFI
filters,we don’t know where the filter
will be installed.For that reason,it
is much more interesting to introduce
losses into the power line or into the
filter,than into the generator or into
the load in every singular case.

Losgy-lines are useful only at
very high frequencies and for very
long lines [1],[4] and [5].

If losses are introduced into the
filter,they may be introduced into a
series-inductive or shunt-capacitive
branch.The lossy series-inductive
branch can be realised by dispersion
in the magnetic material of the indu-
ctor [4]; by wire losses in the form
of increased skin-effect [6] or by

adding an RL combination parallel to
the inductor.Schlickefl} showed that
the first two mechanisms are not use-
ful for frequencies below 5 NHz.The
third method is impractical because
of enhanced volume and the cost of th
filter.Introducing losses into the
shunt-capacitive branch can be done
by adding an RC member parallel to th
capacitor.This paper describes that
last method of damping resonances.

Background

Baert [7] described a method of
designing filters for interference
suppression in phase-controlled
regulators damped with an RC mem-
ber using desigrn curves,but the load
must be resistive and we must know the
value of it,

Power feed line filters for diffe-
rent purposes are designed according
to Schlicke 's extreme-value theory of
mismatch [3] .The main resonance prob-
lem of filters for phase-controlled
regulators 1is ringing,and the
worst cases of oscillating in power
feed line filters are eigen(self)-
resonances.

If we have 0dd interface conditi-
ons (and in the agymtotic cases the
source of interference is an ideal
voltage source and the filter is in
the open-circuit condition,or vice
versa : the source of interference
is an ideal current source and the
filter is in the short circuit condi-
tion) the eigen-resonance problem oc-
cur and we have insertion gain.Practi-
cally the insertion gain is high
enough if we have instead of 0/® con-
dition 2;/Z,<0.1 and Z, /Z,>10,and
instead of /0 condition Zj/Z,>10 and
2, /2,<0.1 (Z; -impedance of the source
of interference,Z -impedance of the
load and Z, -characteristic impedance
of the rilter).If we have odd inter-
face conditions,the method of desi-
gning filters with an RC member is
quite different,and will be described
below.



I AT e AT

e d

- 548

Géneral consideratiops

Characteristics of filters in ge-
neral can be described with chain pa-
rameters. )

[Uq = [a" an]'[Uﬂ (1)
I xn 824 11,
The insertion loss is:

IL = 20 « log Ix| (2)
where IxI is the insertion voltage
ratio and can be expressed in terms
of the chain parameters.

8y 2y + 8t 8y % L+ 8y T,

Zg + 2,

(3)

Ix| =

For odd asymptotic interface con-
ditions the insertion voltage ratio is

la,l (4)

ja,,l (5)

It is sufficient in consideration
of the insertion gain problem to ana-
lyse Just this asymptotic case.Inser-
tion gain is less in real conditions
than in the asymptotic conditions,be-
cause in real conditions we have ad-
ditional damping with generator and
lcad resistance,

Z, =0, 2, — ® x|

Z, =0, Zo—= ® |x|

The eiemental LC filter

First of all we will analyse the
elemental low-pass "L" section filter
(LC filter) damped with an RC member.
Fig.1l shows this filter.

X, = —2—
Jwg,
Xe; = R+ %
Jwg,

j= V=1 , w= 27f -radian frequency

The insertion gain

It . i3 not difficult to show that the
absolute value of g, ,or insertion
voltage ratio Ixi is:

AP+ (B -C );
Ixl = (7)
A? + (?
where
RE?
A = 3
(1+g) + (WRC, €)
B = o0l
(1+€)/C, + C, (wREY
c = -
wi(1+6)7 + (ERC,w)z]
€ = C,/ C,

ixi is s function of five parameters L,
Ci s ,€ and R.In one frequency range
Ix} will be less than 1,and because

of (2) the insertion lcss will be ne-
gativ.We will have insertion gain.

In this moment let us suppose that we
know L,C, and €(latter it will be shown
how we calclate those components),

The problem is to find the value of

- the resistor R for which the insertion

Fig.1l: The elemental LC filter damped
with an RC member

We will analyse just one odd
asymptotic interface condition ( Z; =0,
Z,—= ® ) because for the other inser-
tioa loss is for all frequencies equal
to zero ( a,,=1 ).

The chain parameter a; of the LC
filter from figure 1 can be calculated
from the equation (1)

U, X Xep+ Xy X+ X, X
a, =— = (6)
U, I, =0 Xet X,

gain will be minimal.

Let’s introduce a new variable X
as a quotient of B and C from equation
(7)Y ( K = B/C ).Insertion voltage
ratio as a function of K is shown in
figure 2.

Xl

o
—
R e

K

Pig.2: Insertion voltage ratio as a
function of K = B/C

The insertion gain is maximal
when |x! is minimal.From the curve in
figure 2 we can see thatix] is mini-
mal for K = 1l,or B = C.



For K = 1 equation (7) is :

Rg?
Ix}

[¢]

V@RE P+ [(1we)/wc, + 00, (R TP
(8)

Optimal value of the resistor

We want to find the value of R U%%

for which ixl, from equation (8) will
have the maximum{and then the inser-
tion gain will be minimal).

Sixl,
DR

= 0 (9)

After derivation and simple calculatian

we obtain the following expression
for optimal value of the resistor R
(Ropr):

Ropy = =————+\|1 +¢ (10)

Ci and ¢ are known,but we gtill
don’t know the value of w for K = 1
and R = Rgp; (wy). The qualitative cur-
ve of K as a function of the radian
frequency w 1is given in figure 3.

Klw) = f{w)+ g(w) K ,,
fw)=aw’e b 4
- 3b Y
gl=- 29— -
d +CW Zb P
a=LC, f(f),’
bz LO+E bt-—"~ Klw)=flw)s glw)
R’C,€ 0 o
3YRE) .- w
c=C -
L b=~ Tgiw)
d=C (1+€)

FPig.3: K as a function of the radian
frequency

From figure 3 it can be seen that
the dependance of K and w 1is unique
but not linear.If K = 1 it follows
that B = C.From this relationshipe we
can find the expresion for R if X = 1.

R =

1 - LG, (1 +€)
V1+e (11)
WG, E o’LC, - 1

For different values of R although

K = 1,we have different values of ¢ .
If R = Ropr sequations (10) and (11)
must be equal.That means that

(1 - WG (1+4€))/(w?LC~ 1) from equati-
om (11) must be 1l.Now it is easy to
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find the expresion forw if K = 1,
and R = ROPT .

1
W= =, (1z
VLC, (1+ £/ 2)

From equations (10) and (12) we can
write the final equation for the opti
mal value of the resistor R

.

—

1 [L €
Royor=—\[— (1+¢ )(1+=) (13
€ C, 2

The minimal insertion gain

Minimal value of the inser-
tion gain (IGmN) can be calculated
from equations (2),(8),(12) and (13)
using the knowledge that the insertic
gain is the negative value of the
insertion loss.

€+2

£

The variation of the insertion
voitage ratio ixl, and the minimal
insertion gain IG,, as a function of

&€ i3 shown in figure 4.

IG,, = 20-log

(14

! [T
IXL Lot IGMll
| o8]
a5 'i
10
oo 5 10 15 € z;o

Fig.4: |x|, and 1G,, as functions of g

Now we can plot the dependence of
the insertion voltage ratio x| and
the insertion loss IL in the passband
of the filter as functions of the
radian frequency w .R is the parameter
(figure 5).

Por all cases the insertion loss
is negative in one frequency range,The
negative insertion loss (insertion
gain) is at a minimum when R = Ry, .
For frequencies where IL>Q and for
extreme values of R ( R = 0 and R=@® )
the slope of the insertion loss curve
is 40 dB per decade,For O < R< @ thse
slope is in the first part less than
40 dB per decade.In the second part
the slope is also 40 dB per decade.
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Fig.5: Ix| and IL as functions of w
and R
8 R =0
O0<R < R
® R = Repr OPT
® RyeyrR < @
® R—-O®

Calculation of L and G

At the begining of this section
we supposed that we knew the values of
L,C, and € ,Now it will be shown how we
calculate these components.

The maximal voltage drop on the
series branch of the filter ( Upuax)
often is given for power feed line
filters.This value in most cases deter-
mines the value or geries inductance L

Uimax

L=——— (15)
wy Iy

U wax— max.voltage drop

I, - rated line current

W= 2mW £, - rated radian frequency

The upper limit value of the inser-
tion gain determines the parameter ¢t
(figure 4).From figure 4 we can see
that for € >10 the insertion gain is
not much less than for €= 10.

A request for insertion loss in
the stopband of the filter determines
the value of capacitor C, .For freq-
uencies,high in the stopband the influ-
ence of C, and R to the insertion loss
of the filter can be neglected.If
%2/ 2o<0.1 and Z,/ Z,>10 the value of
C, can be calculated from the simple
formula:

(16)

When we know the value of ¢ and
¢, it is easy %o determine the value
of C, because & = C;/ C,.

A1l of these results can be also
applied to the "TT " section filter
( CLC filter ) with the RC members in

parallel with both capacitors and to
the "T" section filter ( LCL filter )
with one RC member in parsllel with
the capacitor under both odd asympto-
tic interface conditions ( Zg =0,

Z, —= ® and Z,—e= O, 7 = 0),

This method of determining the
optimal value of the resistor in the
RC member can be also applied to cal-
culating the optimal value of the re-
sistor in the RL member if resonances
of the filter are damped with t»» RL
combination in parallel with the .-
ductor instead of the RC combination
in parallel with the capacitor.The
principle is the same,but the equa-
tions are different.

The multiple LC filter

The analitical analysis of more
complex filters ( multiple LC filters)
is impractical because equations are
big and nonperceptible upon the first
glance.For example if we have a filter
with two identicel "I" sections ( LCLC
filter whose partition number is 2 )
damped with equal RC members the in-
sertion voltage ratio will be:

| e % xp BF ¢ R X RO XD

l

il '
( Xy Xcz’2 l
)

X, ,X;, and X., are given below the
equation (63.

Computer progrem analysis

It is much more practical to com-
pute the optimal value of the resis-
tor R on a digital computer using the
method of iteration.The optimal value
of the resistor ( Ry, ) increases with
the number of "L"gsections(partition
number of the filter).So,we begin ite-
retion with R computed from the for-
mula (13) and increase the value of
the resistor in discrete steps.For
each value of R we compute the inser-
tion loss curve and find the maximal
value of the insertion gein ( IGua) .
R,for which IGuyls the least is Ry,
and that insertion gain is the minimal
which can be achieved with the values
of L,C, and C,. )

Computer print-outs

Print outs of the computer pro-
gram for two examples are given in
figure 6.In both examples we have the
same values of inductor L and capaci-
tors C, and C, .The partition number
in the first example is 2 and in the
second 4.The first point of the inser-
tion loss curve was calculated at the
frequency 1 kHz,and the lasgst at the
frequency 100 kHz.In this frequency
range the insertion loss was calcula-
ted at fifty discrete frequencies.
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ELEMENT VALUES OF A FILTLR

PARTTITION HNUNBELReN 2
SERIES INDUCTOR=L cluu=33 H
SHUNT CAPACITUR=C1 e 10001 F
RC CAPACITOReC? o 10d=4 F
FIRST FREGUENCY=FB JluLeyG Wz

LAST FREJUENCYwFL 2 120+06 12
OPTIMAL RESISTOR=ROPT
MIN INSERTIUN GAIN-IGMIN
FREQGVENCY UF I0MIN=FQ

12,59 OnMA
«1,973 DB
«398+0d HZ

a)

ELEMENT VALUES OF A FILTL«

PARTITION NUMBER=N

“4
SERIES INDULTOR=L Jlirerd
SHUNT CAPACITOR=C] el =5 F
RC CAPACITUR=C? ol cie=id F
FIRST FREQUENCY=FH ol it a2
LAST FREQUENCY=F{, Wl ¥ib Ay
UPTIMAL RESISTQR=-ROPT 21 .00
MIN INSERTION GAIN=IGHIS =2, (%% i

FREQVENCY OF IGMIN=FQ e ¥ 14 W/

b)

Flg.6: Print-outs of the computer
program
a) first example
b) second example

Experimental verification

Theoretical results are verified
experimentally.The examined filter is
shown in figure 1l.The values of compo-
ments are: L = 2,2 mH , C, = 0.1 MuF
and C,= 1 uP.The insertion loss was
measured for 4 different values of the
resistor R:

a) R = 0 (without R )
b) R —= ® ( without RC memberx)

c) R = 120 n(Rycalculated from
equation (13))

d) R = 20N (erbitrary resistor,R <Ry )

The measuring method

The measuring method was similasr
to Schlicke’s 0.1 /1000 method [3]
and it is shown in figure 7.

The wideband transformer was used
for impedance transformation of stan-—
dard 50-ohm signal generator.Results
of measuring transformers characteri-
stics show that the output impedance
of the transformer is 0.1 ohm and it
is constant in the frequency range
500 Hz to 200 kHz.

The input impedance of the RF
voltmeter was 2 WHz.RF voltmeter was
in the Faraday cuge and the exami-

ned filter and the signel generator

were out of the cage.

2 =, e

Fig.7: Schematic diagram of the inser-
tion loss measuring system

1) 500 signal generator
2) wide band transformer 22:1
3) filter under test

4) high input impedance RF
voltmeter

5{ Faraday cage

Results
nsertion loss curves for all

four different values of R are shown
in figure 8,The insertion loss was
measured in the frequency range from
0.5 kHz to 100 kHz.

As we predicted,the minimal insger-
tion gain was for R = Ry = 120 0L (13)
The measured mirnimal insertion gain
was 1.58 dB at the frequency 4.38 kHz.
From equaticns (14) and (12) we can
calculate the minimal ingertion gain
and the frequency where it ig located,
Results of caiculation are:Ig =1.43 4B
and £, =,/ 2W = 4.08 kAz, MW

For R >Ry and R<Ryy the minimal
insertion gain is greater than for

R = Ropy 8nd it is at a maximum for
R =0 and R — ® .Theoretically for
R = 0 and R —= ® the insertion gain

is infinite under asymptotic odd in-
terface conditions.Practically we cant
realize asymptotic conditions,and
that “s the reason why the insertion
gain is finite for R = 0 and R —e @D .

In the stopband we can see that
insertion loss curves for R>0,and
especially for R »Rgys,are close by the
insertion loss curve for R —e @ fil-
ter without RC member).Therefore the
equation (16) cen be used for calcu-—
lation the value of ¢, .

Measured insertion loss of the
examined filter with R = Rypr &t the
frequency 100 kHz was 39.2 dB.Calcu-
lated ingsertion loss from the equation
which can be easily evoluted from (16)
is 39.17 4=,

Experimental results show great
congruity with calculated results,

Conclusions
=z2ncusions

Although we introduce RC members
into RFI filters the insertion gain
will exist,but it can be made asg low
as we want,

The elemental "IL" section filter
damped with an RC member can be de-
signed analytically using equations
from this paper.
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Fig.8: Measured insertion loss of the elemental "L" sectlon filter damped with

an RC member (L = 2.2 mH , C,= 0.1 u¥ , C,= 1 uF , R = variable)

Computer design is the most con-
venient method of designing more com-—
plev,multiple "L" section filters.

From the practical example given
in this paper great congruity between
calculated and meagured results can
be seen.
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