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The terminals of high power electronic
apparatus are generally required to be
free of unwanted signals, as defined in
specific standards and regulations.

Low pass filters using reactive components

can provide the needed attenuation but
unfortunately exhibit a very unsatisfactory
worst case Dbehaviour under certain load
impedance conditions.

This problem may be avoided by using
filters that dissipate the unwanted signal.
This paper describes the design of one

such dissipative filter and gives experi-
mental data gathered in the 10 kHz - 30 MHz
frequency range.

Introduction

This paper deals with the reduction
of conducted emission produced by high power
equipment in the kW range. Although the
results presented may have various applications,
this work was done principally for wuse
with uninterruptible power supplies. The desi-
gner of a high power device faces two diffe-

rent kinds of conducted emission requirements:
1. Compliance with standards, usually

specifying maximum emission levels at

given  frequencies, the measurement

beeing made under well defined conditions.
Compatibility of the equipement with

any electromagnetic environment that

could be encountered in its normal

use.

The second requirement is not mandatory

and is therefore not always considered

in the design of filters. Equipment com-

plying with standards thus sometimes presents
excessive conducted emission.

This is wusually due to the exclusive use

of non-dissipative elements in the power-

line low-pass filters provided at the inputs

and/or outputs of the considered power

device. Such non-dissipative low-pass

filters are known for the marked dependence

of their behaviour on load and source impe-

dance [1], [2].

At frequencies above
the impedance of a normal power outlet
and of many types of 1linear power 1loads
can take on almost any value in the complex

a few tens of KkHz,

France

plane. Thus, if such a source or load
is not known accurately, its complex impe-
darnice should be considered as a random guan-—
tity, at any given frequency. A non-dissi-
pative filter connected to this source or
load will then exhibit random behaviour ,
sometimes showing insertion loss of a high
or low value and sometimes showing insertion
gain when ringing occurs.

This shortcoming may be avoided if losses
are introduced in the filter [1], [3].

Two major differences between lossless
and dissipative filters will be pointed
out. BSome properties of three different
dissipative structures, made of lumped
elements will then be discussed. Using
those structures, we will describe an
example of dissipative filter design for
the 10 kHz-30 MHz frequency range.

Some fundamentals of 3-terminal filters

Let us consider a 3-terminal linear filter.

With the notation used in Fig. 1, the
filter 1is characterized by its chain
matrix A defined by :
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Fig. 1 - Notation

The quantities Vi, ip, Vg » and ig are
complex amplitudes. The A matrix is a
complex matrix and is frequency dependent.
Since the filter contains no sources, it is
well known that, due to reciprocity, the
determinant of the chain matrix is [4]



a.. a.,. =1 .. (3)

det A = a;) a5, - 8 2

Thus, the impedance Z' seen by the gene-

rator, defined as L
v
S
) —_ P
zL = oo (4)

is given by

8y, 21, = 3p ... (5)
a1 7 31 2

This quantity is very important. It permits

calculation of iS and Vg and therefore

i and Vi provided that g ZS and ZL are

known.

Considerations on lossless filters

Filters made of ideal inductors and
capacitors are of course lossless. The
active power at their inputs and outputs
is equal. Since the active power reaching
the load is given by :

le |2 Re (Z2'.)
S L
P = Te. -z 12 -(6)
s+ 2l
where Re ( )} represents the ''real part

of", the only way a non-dissipative filter
can work is to create a severe mismatch

between Z'L and ZS’ at the appropriate

frequencies.
Another important property of lossless
filters is that, when propagation can be

neglected, a;, and a,, are real numbers

While as and a,, are purely imaginary num-

bers. This is the case in the 10 kHz-30 MHz
frequency range and for filters of reaso-
nable size. Thus the value of ZL corres-

ponding to a random value of Z'L, given by
'
B SR M -
= ————— e
Loag 27, 2
has a real part given by

Re (Z'L)

Re(ZL) = ...(8)

lagy 2'y + 20l

This is extremely important because it proves
that Z';, has a positive real part if and
only if Zj also hasapositive real part.

In other words, if the load impedance Zj is
allowed to take on all physically possible
values (i.e. values with a positive real
part), the impedance Z'j seen by the gene-
rator will also take on every possible value
in the positive real part half complex plane.
Eventually 2'p will reach the value Zg for
which the maximum active power is sent from
the generator to the load. When this occurs,
the filter acts as a.matching device. This
is why lossless filters should not be used
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with a random load impedance ZL'
Basic considerations on dissipative filters

As will be seen from the following exam-
ples, dissipative filters are quite different
from their lossless counterparts in two
important aspects
1. The active power at the output is lower

than the active power at the input.

Sometimes it is even possible to guarantee

that the ratio of these two quantities

will be lower than a specified value
smaller than one.

2. With a dissipative filter, the entire
positive real part half complex plane
cannot usually be swept by Z'L when ZL
is randomized.

Let us now study the dissipative struc-
tures which display these properties. In
the following, PS and Py will be the active
power at the input and at the output of the
filter respectively, i.e.
= Re (

P. =Re (v ) ... (9)

s s s L VL'
The real part of Z; and the real part of 2'1,
will be Rp, and R'; respectively.

) and P

Examples of dissipative structures

The parallel RC branch

The parallel RC branch (see fig. 2) is
already used for its dissipative properties
in some power line filter designs [3], [5].
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Fig. 2 : The parallel RC branch

It is usually seen as a damping device, to
be used in conjunction with standard lossless
filters. Our point of view 1s somewhat
different. We see it as a filter, which

at sufficiently high frequencies

(RC >>7%_E ), is characterized by two proper-—

ties
P R
L C
— < TR ...(10)
S C L
and R
R
C L
< ]
Rn+RL'RL§ R, .. (1)

For this filter, the ratio B has a maximum
S
value of one if ZL is allowed to take on

any value with a positive real part.



The series RL branch
The series RL branch (see Fig. 3) is less

frequently encountered in power line filters.

L

IVL Z

Fig. 3 : The series RL branch

It is a filter, which at frequencies such
that Ry <wf , gives

L
PS Rt + RL

U

.. (12)

and

R'L:R8+RL ... (13)

Here also EE has a maximum value equal to 1
P
if ZL is allowed to take on any value with

a positive real part.

The series—parallel dissipative low-pass
filter

With a series RL branch and a parallel
RC branch, a series-parallel dissipative
low-pass filter can be obtained (see Fig.4)

Fig. 4 : The series-parallel filter
For this filter,
frequencies such that Rg>
P R

L <1 +2 —l -

PS - RC

RI R£
'( ﬁz)lz—-L')

Maximizing the right hand side of equation
(14) gives

P R R
L £ / o
= < 1-2¢ 1+RL_1 ...{(15)

S C

one can prove that, for

and Ry « w @

wc

fz' |
L ... (14)

+ {1 +

This is an interesting result. The ratio
EE has a maximum value less than 1, and
P

igdependent of ZL. Whatever the load provi-
ded at the output, this filter will always
absorb at least a certain proportion of
the high frequency power at its input.
Note also that for frequencies such that

1 . ; :
Ry » wo and R! <:ag£ , this filter gives:

395

72 L4

R, R
C L
R1+_"’_SR'S
RC + RL L

On the other hand, at frequencies low enough

Rg + R ...(16)

C

. 1
to satisfy RC ¢ W C and RX >>a)2 , the

losses become negligible, and the features
described by equations (15)and (16)disappear.
Let us define the quantity M representing
the minimum atteruation of the filter where

M=-10 loglo
R / R
1-2Ri 1+§9~-1 )...(17)
c rd
R
If — > 1, which is desirable, then
Re
4Ry
M2 10 loglO(R—-—) ...(18)
o
This relationship is valid to within 'O
R -0,5dB
provided that — > 5
e

Dissipative filter design

To design a power line filter made of
lumped elements that is really effective
for any load, a series parallel dissipative
low-pass filter 1is extremely suitable.
Typical values of M attainable with a
single filter are 10 dB to 30 dB.
Unfortunately a series — parallel dissipative
filter usually has an insertion loss under
50 {2 -source and 50() - load conditions not
markedly different from M, whereas a lossless
low-pass LC filter using the same values
of L and C gives a far more impressive
insertion loss under the same conditions.
Thus, under the same conditions (50 (Q ),
the same insertion loss will require the
cascading of more dissipative than non-
dissipative filters. This will probably
deter some designers from using dissipative
filters. Before making such a decision
one should however consider the following
advantages of a dissipative design :

a) A coil with losses is not a problem.
One can therefore use cores of a lossy,
high fA material, making coils cheaper
and lighter.

b) High cost, high capacitance feed-through
capacitors are not necessary. The only
major requirement is that the reactance
of a parallel RC branch be much smaller
than 1its resistance, for correct dis-
sipative behaviour.

¢) Independent shielding of each coil is
not as critical as for lossless filters,
due to the strong loading of the coil
by a small parallel resistance.

d) It is also possible to take advantage
of the property described by equation
(16), and use the dissipative filter to
screen a lossless filter from load
impedance variations.



A dissipative filter design example

We have designed an experimental dissipa-
tive filter to be used with a certain class
of Uninterruptible Power Supplies. Our pur-
pose was to eliminate the conducted emission
from the UPS back into the mains supply;
this being a major problem in the 10 kHz -
200 kHz frequency range, but of lesser
importance in the 500 kHz - 30 MHz region,
except around 6 MHz (see Fig. 5 and 6).
Emission was mainly in the differential
mode but the fundamental {at 25 kHz) and
harmonics of the switching frequency were
also present in the common mode. In the
low frequency region,the differential mode
emission had a low impedance (below 20(2)
and the common mode emission had a high
impedance, mainly capacitive.

Taking these characteristics into account,
we adopted the circuit shown in Fig. 7.

We used a low leakage design, for which
the neutral line must be clearly marked
(6]. Our filter was intended for a 2-line
2 kW unit.

The following points must be emphasized :

a) The cell containing 11, L1', L2, L2
and Cl,..., C8 is a lossless low-pass
filter. The differential mode load

seen by this cell has its real part
around 85f) {see(16))at frequencies above

10 kHz, and the presence of this load is
negligible, due to the low impedance of
C3 + C4.
4B pV
°F

8o

7o J
150kHz
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Fig. 5 : Conducted emission

5.a, Voltage between line and ground, 50() LISN + receiver
5.b. Voltage between line and ground, 50 €2 LISN + oscilloscope



b) At low frequencies
in the

operate only

At higher frequencies,
formers are wound

in such

(€1 kHz),
common
these two trans-
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Li,..., L6

mode.

a way that

the increase in the reluctance of their

c) L7 - R5 constitutes a
common mode
This branch becomes inope-
frequencies

operative in the
frequencies.
rative at higher
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series RL branch
at low

because

it is effectively shorted by the stray
capacitance betwen the UPS's case and

cores decreases the coupling of their the earth line or the ground
windings, and they therefore become Performance - The performance of the filter
really effective in the differential alone and connected to its UPS are summarized
mode. in Fig. 8 and 9.
. Wall of
SH¢|J|n3 ‘UPS ~
1 a3 C& ca q*oF enoen N
w
\Oonf L1 SuF 0fTu fan R-j_ Spf 04tu R3 SqF 04uF g
— 11 : n-,A 1 L ‘.‘.‘.-. 1T
gl sl WL TE AT T e
gs st " “n - —_— —_— E
¥ D
gl . T OIVIY RG-WLS R? P
:"‘ Y P‘T 4- Lé AV 3’9-‘1 M i 3,31). i L
[c2 Ly Tee R 2w | R¥ 2w | v
10nF - ionf 332 ' Ha o
c? RS Cl a3 4 RS B '
10WF Ba ozﬁ,.r [_4 : lro,.r $13a N
b - w Cs
N S
shieldi L?' Cepacifance
ielding S Pttt
!
Fig. 7 : Dissipative filter circuit
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Fig. 9 : Conducted emission of the UPS with its dissipative filter.
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(50 () LISN + receiver).

The remaining signal above 500 kHz is mainly due to the radiated emission of the

UPS (inappropriate shielding)

The measurements were made with a 50 () LISN
and receiver, and therefore do not show
the independence of the behaviour of the
filter versus its load impedance. However,
we know from our calculations that this
independence should exist. Unfortunately,
we did not have the possibility of setting
up an experiment to investigate this point
(71, [8].

Conclusions

The design of a dissipative power line
low-pass filter is a simple task.
The dissipative filters offer the extremely
important property of providing at least
a given attenuation when the load impedance
takes on an arbitrary value.
Unfortunately these filters require a
greater number of components than their
non-dissipative counterparts for a given
attenuation and given source and load impe-
dances. They should nevertheless be made
available to users wishing a high degree
of equipment compatibility.
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