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Figure 11.2 The off-line regulator with critical inductivi ca?c'ive load.
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Figure 11.3 The power coWuit.
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Figure 11.4 The line voltage source Es, the source impedance Rs, and l¢)M;p.

The value of Ry is the highest dc supply voltage divided by the lowest load
current. The addition of the inductor lowers the storage voltage, but the power

Page 151



= EMI Filter Design

= ERCARE

supplied to the switcher(s) must be the same. This raise the current minimum,
decreasing the value of Ry, and, therefore, L.. This subject is covered by W.T.
McLyman, Transformer and Inductor Design Handbook (Marcel Dekker).
Ro DC
Ro L
Mclyman Transformer and Inductor Design
Handbook

If the area product is known in centimeters to the fourth power, the
approximate weight, in grams, and the volume, in cubic centimeters, can be
estimated from Tables 11.1 and 11.2. These have beenjassembled from
McLyman 3 book. The K, factor multiplied by the A, gives c
Kw multiplied by A, gives grams.

centimeters, and

g 11.1
11.2 Mclman
Ko Ap
Laminations and tape-wound cores are rarely rs but are
included in Tables 11.1 and 11.2. La i ion is needed for the
critical inductance. The area product is area of the core in
square centimeters multiplied by the wire Ow area, also in square

centimeters. The A, must
(laminations and C cores).
critical inductance mu
the energy stored in

e stacking factor, if applicable
yman 3 book, the value of the
11.1). The next step is to find

EMI 11.1 11.2
Table 11. tios of Ai Product A, to Weight and Volume

Core type K, (em') K, (G) x
Pot core 14.5 48.0 1.20
Powder core 13.1 38.8 1.14
Laminations 19.7 68.2 1.14
C core 179 66.6 1.14
Single coil 25.6 76.6 1.16
Tape wound 25.0 §2.3 1.15

Table 11.2 Value of Kj for the Various Core Types
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Core type K, (25°C) K, (50°C) €

Pot core 433 632 1.20
Powder core 403 590 114
Laminations 366 34 1.14
C core 323 468 1.16
Single coil 395 569 1.1
Tape wound 250 365 1.15
LCLf)
ENG = 5 (11.2)

where I, is the peak current the inductor must carry. T
determines the value of L., yet the peak of the largest c i rrent of the
storage capacitor I, through the inductor dete the
inductor must handle. The minimum area prod
is then, Per McLyman,

I

Mclyman
Ve 4 X

A = 2(energy)” 10

- (11.3)

B K, K.
here B, is the maxi i s, Ky is the winding factor for the
type of core configura ), comes from Table 11.2 (from
McLyman 3 co
Ki ()

The de to reduce the temperature rise of the entire filter.
This may commendation for the critical inductor, too, but the

savings in vo eight would be greater with a 50 temperature rise for
the critical ind if the surrounding circuits can withstand it. X is repeated
here for convenience.
25
50 50
X

If the pulse current charging the storage capacitor, without the critical inductor,
is integrated, from Section 3.2, the approximate area under the curve (pulses)
can be calculated:

3.2
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2 4T 2 1 PNt PN 2PNt
e a 77 NthCOUZT COoS > COoS — a1
P P N=2468

or

2, AT 5 ("7 PNt 2Nt

pT p N:2,4,6,8T2' N4 2 2T (11.5)

T2 o . T2 AT ¥ (_ 1)N/2 oNt
O 79+ 0~ 7N 2008
o PT o P n=246sT - N 2T

itT/2+l£ ég ’(_ 1)N/2

a \
pT | 20 p N=2,4,6,8 N(TZ' N%t 2

T 2T 5 (-2
P p2 N=1,2,3,4 N(Tz' N% 2)

where the summation must
multiplied by p is zero

he sine of any integer

sinpN =0

(11.9)
and thus the nder the
t
E (11.10)
As the va e capacitor increases, t is reduced, reducing the width
under the ¢ e peak increases, making the area the same. The area

here is normali 0 1, so the peak is the reciprocal of Equation (11.10):

1 11.10
P
i (11.11)
If the conducting angel is 20°, t is
20° t
¢ =P
- 9 (11.12)
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and the peak current is

p/p _
9

This is normalized for a current of 1 A, so the multiplier is 9; 4 A would give a
peak of 36 A for the 20°. In degrees, the peak multiplier is
1A 9 4A 20° 36A

180
conduction angle degrees

This agrees with the calculations of Mike Hannigan at Po

(11.13)

ab (Pomona, CA

91798).

Mike Hannigan
What is lacking is the conduction angle in ei i is is
developed next. From Equation (3.7), the pea ith the

capacitor value and is repeated here:

3.7
_ 1,10
- 11.14
2F(P- P) (11.14)
where |, is the load . ak (P-P) ripple as a function of C,
farads, and F, the line i
F lo
P- (11.15)
The capa V,: less line, wire, transformer (if any); and diode loss.
All losses ar he minimum capacitor voltage, V; is as follows:
Vo
I 2/ FC- |
—\/ . - —\/ - 0 — P 0
The ratio Vy/V, is as follows:
V, _ AV FC- 1,
vV, 2,FC (17
p p
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Knowing this ratio in Equation (11.17) and the ratio:

11.17
1 _ 1
WRC 2pFRC (11.18)

the current conduction angle (radians) through the diodes can be calculated.
This is the conduction angle of each pulse:

1

t = cos‘lﬁ +sint——
2pFR,C

p

(11.19)

and the current peak multiplier follows:

P

M =X =
cos'V,/V, +sin"'1/ 2pF 20)

ip

R, is selected as a minimum to give th rrent for the minimum

size of inductor in the EMI filter. This is

(11.21)

(11.22a)

. P i . "
FC- 1,)/2V,FC|+sin[l,/p(2V,FC - 1, )] 41220

showing that M, depends on V,, the peak voltage, F, the line frequency, |y, the
dc load current, amperes, and C, farads. Now that M;, is known, the energy can
be found for the inductors in the EMI filter. The denominator of these equations
must be in radians.
Mip Vo F DC lh C
Mip EMI

There is no way to calculate the needed loss of the filter from this information.
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Assume a double-balanced L with each inductor, four, at 250 uH each. Thissize
of inductance is purposely made small for this amount of current to prove
further that if this size meets the requirements, larger inductances surely will.
Also, assume a 60 Hz line with a V,, of 167 V capacitor of 2000 uF, and a load
current of 5 A. Then M, is 5.7096, or 5.71. This means that the peak current is
5 multiplied by the 5.71 muiltiplier, or 28.55 A.

L 4
250uH
60Hz
167V 2000uF 5A M, 5.7096 5.71
5 571 28.55A
s 6/ 2
ENG=250 102 2855 =0.1019 11.23)

From this, the A, for the EMI inductor follows. Chg
with a winding factor Ky, of 0.4 and a B, of 0.7
the values of Kj (at 25 ), K, Ky, and X are tak

EMI Ay 0.7T
MPP K (at25 ) K
Kj =403 X =114 K, =131
~ [2(energy)10“]X
Ap a BmKM K (11.24)
(11.25)
(11.26)

or 168 inches®, or approximately 10x 4.25x 4.25, and the weight is 27.2

pounds, per
168 10x 4.25x 4.25 27.2

4" 52.484" 58.8
453.6

Large and heavy? Yes! Most designers do not allow for this amount of peak
current, and so their filters are smaller and lighter but often saturate on the
peak of the current pulse. Worse yet is that these are current pulses at twice the

=27.214 (11.27
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line frequency-for a single phase-and the pulse permeability is low than normal,
further reducing the inductance value.

With the critical inductance, the 167 Vpeak is reduced to average, or
167V

167" 0.637 =106.379 (11.28)

of 7.87 A. The
ent, or 4 A. This
is as follows:

The power must be the same, or the current is of the ord
minimum current for sizing the inductor is 0.5 times the
makes the value of Ry equal to 26.5 Q . The critical ind

7.87
0.5 4A Ro 26.5Q
L =T =265 _qgoay A
6F 6 p’ 60 -

and the energy is

, 2
0.023" (7.87) _ 071

The area product is as_follo

(11.30)

19.7, K, is 68.2, B, is 1.8 T, and X is 1.14 for

19.7 K, 68.2 B, 1.8T

(2 0712 104}
= =04.197
% 1.8" 0.6 534 (11.31)

From the area product for the critical inductor, volume is calculated in cubic
inches:

94.2° 19.7
— =113.244 (11.32)

2.54

and the weight in pounds is
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942" 682 _
W - 14163 (11.33)

The question is, will the filter inductors, four again, fit within the remainder of
volume and weight?
4

The peak current is

7.78J2 =11.003

The filter inductor energy is

, 2
0.00025" (11) 0015

and the area product is

A - (2" 0.015" 10*)}*
0.7 0.4” 403

The volume is, in cubi

(11.37)

(11.38)

The total weigh pounds, of the critical inductor and filter inductors is

14.163+ 3.063=17.227 (11.39)

which is well below the 27.2 pounds of the filter without the critical inductor. The
total volume, in cubic inches, of the critical inductor and the filter inductors is

113.244+18.892=132.136 (11.40)

This is again less than the filter alone without the critical inductor, which was
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168 inches®. The filter capacitors were not included because they would be
almost the same volume and weight with or without the critical inductor. There
is a further savings in volume and weight in the storage capacitor. The
capacitive reactance value of the storage capacitor with L. should be equal to, or
less than, 1/10R, at the ripple frequency, 120 Hz in this example (twice the 60
Hz). This is , per McLyman, Powerlab, and others,

168
L 1/10 Ry 120Hz
60Hz Mclyman
&:@:2.65@: _ 1, =5
10 10 2p 120" 2.65

inductive reactance, it aids the reductio
used quite small EMI filter inductors, and
uH, the illustrated example

A

. P, o
N FC- 1,)I2v,FC|+sin Iy /p(2v FC- I, )| @14

Mip = cos'l[(

In the first equation, the denominator ist in radians. In the next equationt is in
seconds.
t t

I _AT 5 L co':lo'\It sinlONsianNt
(t) D N:1,3’5’7-|-2_ NZ2 - 2T > T (11.42)

The two terms pand t, one in each equation, do not cancel. The best technique
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is to solve for M;, and then multiply I by M;,. The p terms can cancel, but one
of the t terms must be changed for clarity. One method is to compare the ration
of t and T to 2p to convert the time t in seconds to radians. This gives the
approximate equation of the current created by the off-line regulators. This
would still be very approximate, because V; in the first equation would decrease
as the pulse current charging the capacitors increases. This, in turn, would
increase the value of t, the conduction angel (degrees or radians). In the second
equation, the first sine term for N=odd is
p t Mip Mip I

Mip P t t
T/2p t

Vi

The EMI filter is purposelyffnot shown i typical commercial filter that
provides little loss at terest. These current peaks

result of the voltage dr i ce R; for all loads fed by this source.
If the conducti ngle i

Es
20° Mip 9
If Power ien circuits, inductive input power supplies, and better
EMI filters a , lbx Mip is greatly reduced and approaches RMS.

|p>( Mip

Hundreds of these off-line regulators can be fed by this source, and these
current pulses create some degree of flatness in the voltage sine wave. At
remote sites where the generator can just handle the required load, actual
drains occur at the peak of the voltage sine wave.
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If the filter designer is not also the power supply designer, or at least part of the
group, try to find out whether power factor correction or an inductive input is
employed. Attempt to have the design group use either of these if they want a
smaller and less expensive EMI filter for their supply.

EMI

If the system will be used in areas of quality power and either of the techniques
of ridding the supply of high current pulses is used, there should be little worry
about the harmonic currents or specifications for the capacitors making up the
EMI filter. If these conditions are unknown, stick with capacitors that
support higher pulse currents.

EMI
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12

Initial Filter Design Requirements

The goals of this chapter are as follows:

1. Differential mode design goals

2. Common mode design goals

3. Estimate of common mode load impedance
This chapter discusses these goals and what can happen

not met.

N

812.1 Differential Mode Design
812.1

d impedance is transferred to the input
, along with most of its harmonics. The

shape becomes. Theses harmonics are odd
requency to accomplish this goal should be above
is because the level of any harmonic above the ninth,
ality line, is insignificant. This is why the rule is set at the
tenth harmonic e line frequency.

AC DC

10
Z.,at N;=R (12.1)

where Z;s is the input impedance of the filter, N is the harmonic number and is
set equal to 10, and R; is the load impedance at the same frequency. Practically
speaking, the load impedance is constant over the frequency range of interest
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in this discussion.
Zis N 10 R

This goal is hard to reach, especially for high-current filters in which the
required losses are heavy at the low-frequency end. The filter designer should
strive to reach this goal, however. If the cutoff frequency allows the filter to
attenuate the fifth harmonic and some of the third harmonic, higher capacitor
currents result. These heat the capacitors because of the current through the
ESR. The higher harmonic currents through the inductors also heat the
capacitors because of the current through the dc resistance,and higher core
losses. This raises the operating temperature of the filféer. The low cutoff
frequency lowers the resonant rise frequency and raise
these increases the odds that the filter will oscillate.

Q

812.1.2 Output Impe
812.1.2

filter should be trans input impedance goal is met, the
output impedance goal . Meeting these two goals makes for
better filter o ion.

(12.2)

where Z¢is i tput impedance and R is the line impedance at the same
frequency. The terms are the same. The line impedance here is the basic
dc resistance of the line. This is true for most lines to 5 kHz before any rapid
increase to higher line impedances in reached. At 10 kHz the impedance is

about 4 Q on most lines.
Zog R DC
5kHz 10kHz

4Q

812.1.3 Input and Output Impedance for a DC Filter
812.1.3 DC
Both of the two preceding requirements are easily met for a dc system unless
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the load is a switcher. Here, the output impedance of the filter must be very low.
This statement rests on the premise that the switcher designer has not

anticipated this.
DC

Z, at F,<<R at F, (12.3)

where Fs,, is the switch frequency and the rest of the terms are the same. The
same holds true at the tenth harmonic of the switcher frequency. The switch
may not be all that starved at the fundamental and yet be starved at the ninth
or eleventh harmonic, if the output impedance is slightly in ive or the output
capacitor is above its self-resonant frequency. Little ied by the
higher frequencies above the ninth harmonic, so these

Fsw 10
SRF 11
13 ” 9
If this goal is not met, the switch is starved. The ce O filter should be of the
order of 0.1 of the load impedan i i on time. This is adso a function of the
pulse width. The main goali is ot excessive so that the switcher can
function properly. For exam , lon=8 A during on time, and t=5 us=pulse

Fsw=80 kHz, V=28 V,

The on impedance followed by the required capacitor impedance and then
followed by the capacitor value is

28 35 1
— =35 —==035 C= =5.68nF (12.4)

8 10 2080,000" 0.35
The output impedance of the filter at 80 kHz to meet the requirement is, from
Equation (12.1), 0.35, and the capacitor value is 5.68 uF. Use a close value.
12.1 80kHz 0.35 5.68uF
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This goal requires a very good quality capacitor with a self-resonant frequency
above at least the fifth harmonic of the switcher frequency, 400 kHz in this
example. The value of the capacitor can be rounded to the closest standard
value.
SRF 15
400kHz

812.2 Common Mode Design Goals

812.2

The common mode need not meet any of these requirements for the differential
mode. The cutoff frequency can be as low as desired, cu well into power
harmonic frequencies. Watch for leakage inductance i i tor(s). This
generates a high amount of differential mode inductanc aturate the
inductors at the current peaks.

band pass or other factors.
factor correction circuits, s
differential mode inductanc

ould have little effect on power
load. Again, this assumes little
mode inductor.

ode Load Impedance

, using the hot wire and a return wire, common
mode ind sed without hindering the dc load. This assumes that

the different roperties are low.
DC

DC

The common mode impedance of the typical nonisolated circuit in Figure 12.1,

using the switcher as the common mode noise source, is as follows: G (the

switcher and other elements) is now the noise source, and the circuit is drawn

backward from the figure. This keeps the format used throughout this book of

keeping the source, or line, to the left and the load to the right of each diagram.
12.1 G
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The storage capacitor is out of the circuit in Figure 12.2. The diodes and the
transformer look capacitive, and the switcher inductor remains the same. The
current probe measures the noise.

12.2

OFF LINE REGULATOR ~ WITHOUT CRITICAL IND
CAPACITIVE LOAD

Figure 12.1 The switcher a
critical inductance an

—nm T

- 1 -

D 1| U
1 e L

= - K T

=T

Figure 12.2 Capacitors around the power supply components.
Figure 12.3 shows the four capacitors across the diodes and the output

transformer capacitor. If the transformer has a Faraday screen, the final
capacitor is even smaller. All of this creates a common mode circuit impedance
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that is much higher than the differential mode impedance. Paralleling the diodes,
the circuit is as shown in Figure 12.4.
12.3

T1
TI |

Sw noise source
- V
Figure 12.3 Power supply componentsw itors.
cip
—_—

Sw noise source

v
Figure 12.4 The final switcher reduced to capacitors.
If the circuit lacks a transformer, the diode capacitance to ground has a higher
impedance than the current probe until the upper frequencies are reached

(Figure 12.5).

12.5
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s

Figure 12.5 Simplified common mode load impe

CIP

I

following technique. Calculate the
determine the inductor and capacitor va
12.5

same as for the differential mode
and R is th e is a leakage current specification,
calculate t apacitor to ground, or the specification may

lue, and multiply the inductor by this value. The
same, but the impedance grows by the multiplier.
Fo

For example, the 400 Hz maximum to ground per line is 0.02 uF. In a
single-phase circuit, two of these would be in parallel for the common mode
application. With the design impedance of 10 Q and a cutoff frequency of 3350
Hz, the common mode inductor would be
400Hz 0.02uF
10Q 3350Hz

_10 . 4.751° 10" = 475nH

2p 3350
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and the capacitor would be

1
2p3350° 10

which is much too large to meet the specification! An easier method of
calculating the capacitor is to divide the calculated inductance value by the
square of the impedance (10), or 100 here. Divide this value of capacitor by the
maximum value of 0.04, the maximum allowed value of the capacitor to ground
—a total of 0.02 times the two lines:

=4.751" 10 ° =4.75nF

10 100
0.04 0.02

4.751 118.775
0.04

and multiply the inductance by this multiplier:

118.775" 0.4751nH =56.43nH

This gives an impedance of

ive, and the common mode should be split into
two se R will jump in value and make the two common
mode ind asonable values of inductance. This reduces the size,
weight, an gives better self-resonant frequency. The maximum
capacitance to d for each line section drops to 0.01, making the two in
parallel 0.02 uF. This technique of changing the values should not be
used in differential mode.

Fo

0.01 0.02uF

13
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Review of A Matrices

A

813.1 Chain Matrix A: Transfer Functions

813.1 A

Matrices of various forms exist. Besides the A matrix, Z, Y, H, G, B, and now
scatter parameters are used. The advantage of the A, or chain, matrix is that
each element of a circuit can be chained, or in tandem, as the elements of the
circuit appear, as in the circuit in Figure 13.1. R; and R3 are series elements; R,
and R, are shunt elements. Each of these resistors can m up a matrix, and

each matrix can be multiplied by the following element i rough each
following element as here:

A ZY

13.1 R: Rs R Ra

R, ][R ][Rs][R.]

&

Rl )

Figure IX serie d shunt elements.

Each matrix y four elements, such as

éA By

& D

The series elements, R; and Rz, make up the matrix element B:
R1 Rs B

€l Ru é R
1

~

o 1 ®

o ey en?
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and the shunt elements make up the matrix element C but are the reciprocals of
their values:

C
él Ou é1 Oy
S] o 81 ¢
L el
éR, 0 eR, 0@

These four matrices make up the following matrix equation:

AN 7 \ ,1 O\ 7 A ,1
¢u_€l Rugy Gé Rugg
8.0 © 1lieg W& 148

n eR U eR,

Matrix multiplication of the first two matrices
(for matrix multiplication, see Section 11.1)

reduce to

If the load resistor is also R, then I, is equal to V,/R and the current and voltage
follow:
R lo Vo/R

3RV,

\/in=5\/0+ =&/O
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|in:3\/0+2\/0 :5\/0
R R R

The input impedance of the resistive pad is then 8R/5, or 1.6R. The only

difference between the preceding text and the text that follows is that EMI

filters use reactive components, adding J factors, or imaginary components, to

the system.

8R/5 1.6R EMI
J

813.2 Review of A Matrices
813.2 A
This section reviews the chain matrix to take advantag

calculation of the insertion loss.

Knowledge of this section sh itions by the reader as needed.
All unit filters, except dissipati ers, can be handled with four

herefore, all filter equations must

be equally complete s lution can use the same form for
each solution is is like because each matrix fits the overlay,

infinitum.

4

The filter designer must know the voltage, current, required insertion loss,
operating frequency of the power line, and other information about the load. In
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these equations our only concern is the filter loss at a known frequency, such as
—30 dB at 14 kHz. Often the required filter loss is specified by an
electromagnetic interference (EMI) test laboratory after running the proper
tests on the unit. In other cases it is only a good educated guess by the
equipment or power supply designer using equations given in earlier chapters.
The filter designer 3 goal is to meet the specified needed loss with some added
headroom. From the final matrix of all the combined elements, the loss at a
given frequency can be calculated with an estimated load and source
impedance. The government normally specifies the insertion loss of a filter at 50
Q load and source impedance in the 220A specification. The designer can insert
these values for any load and source needed. In our case, the designer picks a

frequency to ensure that the filter is not ta@
Usually, the band pass shou

14kHz -30dB

220A 50Q

T
GOAL-SEEKER

Lotus What 6dB

10

GOAL-SEEKER
10

All the matrices listed here are 2x 2 square matrices giving four elements. As
the number of elements or stages grows, the complexity of the terms grows,
not the number of elements. Thus, a simple single element has four terms, but
the terms are easily calculated; a 4L also has four terms, but the terms may be
algebraically complex. Also, the terms for Cauer and dissipative filters are made
up of both real and imaginary terms. Thus, the matrix may be four elements but

Page 174



= EMI Filter Design

, EHCARE

can have eight terms. All the layouts should be the same to use the same matrix
equation solutions, such as

2% 2 4
4
4L 4
4
8
¢A+JB C+JDJ ¢A+JB C+JDJ
§E+JH G+ JIFy GE+JH G+JIHY @D

where A, C, E, and G are real and B, D, F, and H are im
through H may be quite complex algebraically. The d

ary and where A
inant of the chain

matrices, and each was then co
matrices)-These were then added and co
process often creates rounding errors. T
from 1 and leads to an imagi

atrices (admittance
e A matrix form. This
rminant is slightly off
. That is,

A C E G B A H
3.8x 10~
1
0 A
A d 1
(A +JD)(E + JF) (13.2)

This is tr atrices in the chain, as well as the resultant matrix,
except for i ative, Cauer, and other filters because of matrix
conversions, a ambiguity to some elements. The order of progression of
the matrices is in the same order of progression in which entire filter types are
laid out. The order cannot be changed without arriving at an incorrect answer,
but combining them can be worked in any order as long as adjacent matrices
are combined or reduced.

The solution of a two-element column matrix composed of the two matrices as
before is
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.0 aA+IB C+IDg aK+JL M+ING,O

glmﬂ gE+JF G+JHggP+JQ R+JS £| + (13.3)

.0 adA+B)K+IL)+(C+ID)P+IQ) (A+IB)M +IN)+(C+ID)R+IS)6a¥,0 (13.4)
glmg'g(EuF)(K +I)+G+H)P+IQ) (E+IF)M +IN)+(G+H)R+IS)z&l, 5

The first term is equal to

AK+JAL+JBK-BL+CP+JCQ+JDP-DQ (13.5)

These can be separated into real and imaginary compone

The same follows for the remainder of the ter, ghs
reduce either to numbers or to basic algebra ers are
based on two terms, K and Ry, where K is the no cy, so that

these can be plotted, and Ry is the d cedx, The first element just
rendered reduces to anew A3JB Tand s i of the elements. The
new combined matrix is:

(13.7)

A

A'G-B'H-CE+D'F=1 (13.8)
J{A'H'+B'G-CF-D'E) =0

Note, as stated before, that close counts for the J term, equaling zero on some
of the derived matrices as a result of rounding errors, are created especially
when moving between different matrices, such as converting to Y matrices
(doing some addition) and then converting back to the A matrix form. Also note

that V./R,=I;,. If this is the final form after multiplying all the matrices, this can
be transformed to complex algebra by
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Y A
Vo/RIZIin

_Vo(R(A+JB)+C+jD)
| R

R(A+JB)+C+|D'
R (13.8)

Vi
VO

V, _RA+C+J(B'R +D)
Vs, R

So that the voltage ratio

Vo _ R
V, RA+C+J(B'R+D)

Dropping the primes for clarity,
V

-9 = R'
V, RA+C+J(BR ¥D)

(13.10)

This voltage ra s compared with the voltage ratio of the source and load

impedances without the filter (Figure 13.2):
13.2

R.*R R
R (AR +C) +(BR +DJ’

where R and R, are the source and load impedances. The decibel loss is given by
Rs RI

=insertion loss (13.11)
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R +R
20l
0og \/(AR, N C)2 N (BR N D)2 (13.12a)

or

ZOIOQ(RS +R )- ZOlog\/(AR| +C)2 +(BR + D)2 (13.12b)

20l0g(R, + R )- 10log|(AR +C)* +(BR + D] (13.120)

Y 4

o 167

Figure 13.2 The insertion loss with and withieu

The angel of lag is

(13.13)

itute of Electrical and Electronics Engineers
ly priced programs (others are not so
ot, list decibel losses, give phase angles, and so
on, bu am that calculates the value of the components

which know d output impedances are mandatory. Some use these
programs to b ngineer an EMI filter by changing the component values
until their goal of decibel loss at a particular frequency is reached. This, and
most other similar methods, gives random values of components that yield the
needed loss for the 50 Q test setup but can do strange things to the band pass
in the real world. This method can also provide a resonant rise at a low
harmonic of the line frequency, oscillate, heat the filter, or present such a low
input impedance that the circuit breaker may trip on turn-on.
IEEE
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50Q

If the inductances and capacitors are pure, the series element of inductive
reactance is placed in the C+JD and any shunt or parallel element reciprocal
impedance is placed in E+JF. A simple L formed with a series inductor followed
by a parallel or shunt capacitor forms such a small chain matrix. Note that C and
E are both 0, because their small values of ESR and DCR are neglected-or
treated as pure-and the inductor faces the line and the capacitor faces the load.

ESR
DCR
égl+J, 0+JX
8)4_30 1+J, (13.14)

(13.15)

(13.16)

This might look bad, but the first term reduces to 1-K?, as follows.
1-K?

The inductance and capacitance equations are

R o1
2F, 20FR: e
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The inductive reactance using Equation 13.17:
13.17

_ _ PFR; _ FR
X, =2pFL = 20F, = F, (13.18)

The capacitive reactance, also using Equation (13.17):
13.17

__ 1 _2FRR, _FR,
° 2oFC  2pF F
but

F = KF,

The inductive and capacitive reactance beco

(13.19)

X =KR, X, =% (13.20)

K is the normalized frequency, Ry is the d
frequency.
K Ry

ce, and F, is the cutoff
Fo

The matrix (13.16) is

13.16
&V,
€ 13.21
eI i ( )
Note that are real and resistive and 2 and 3 are imaginary. Also
note that thi i Ids a d value of 1. What happens if the order is changed?
This places the t capacitor on the line side and the series inductor facing
the load.
1 4 2 3 d 1
\ A 1 O\ 7 \ \
é/iu_gJ Hel IX U &/, U
eiu e)(C 1] uUeéeolu

Substituting these values for X, and X,
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X| XC!
oo €1 0 g kR e
A ':eJK u A Ve A Ve
8.8 ep WO 1 f8&.4
e'iu eRj 0 0

Figure 13.3 Co ison of the LC and CL L filter matrices.

Note the difference in the two answers, showing what happens when elements
are processed in the wrong order, by comparing Equations (13.21) and (13.22)
(Figure 13.3). Either answer is correct, depending on what element the
designer wants facing the line or the load. Most EMI filter designers want the
inductor on the line side, especially for 461 specifications or any specification
requiring high insertion losses at frequencies near 14 kHz.

13.21 13.22 13.3
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461 14kHz

A multiple L of the type in Equation (13.21) with the inductor on the line side
can be formed by

L L 13.21
% 2 N A 2
au_g ko HREE T TR e
ATy togp 10fl we
e R gé R o

This reduces to

é- 3K 2 +4K*
=€ JK(2- k?)
e R

The d of the matrix is
d

- 3K2 + K1 K2
f- 3K2+K*-
(- aK2+4K*-

MD:D>
O ¢

preceding values would be
400 K=400/4000=0.1 R=20

3.98J0 &/,0

~

099 ¥ & H

If the load is also 20, then I,=V,/R, and
20 1,=V,/R,

3.98)9
0 g

V=V, 80.9701+
e

V= Vo (19.402+3.98J)
20

and
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1=V, 3.00007 + 2299
e

20 g
V,
| ==°(0.199J +0.99)
20

Then,
~19.402+3.98J 0.99- 0.199] _ 20+ 0.0792J
' 099- 0.199J 0.99- 0.199]  1.0197

Zi equals 19.614 at 13.613 minutes.
13.613 Z; 19.614

The value of the impedance is not too far from the expec
essence on phase angle.

there is in

20

Various values of K can be plotted, or any one freq ickly checked.
The main advantage is that the filter e given for the required
insertion loss. The various filter sections e i or each term of the
matrix, and the method for designing othe ded in this chapter. All
the equations are listed to of Equation (13.7) without the
primes:

13.7

&V U

e| (13.25)

14

Filter Design Technique
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Here we discuss how to build the matrices for all the filter elements in the
following list. The names can be changed if a designer wishes to build these
filters into a computer program. These names are only those | used initially in
my programming.

. Unit matrix

. Rs matrix

. LINESIM matrix

. LISN matrix

. DIN and DOUT matrices
. RCSHU matrix

. LSER matrix and CSHU matrix
. L filter

. pfilter

. T filter

11.Cauer filter and matrix

© 0 ~NO U~ WNP

=
o

814.1 The Unit Matrix
814.1

The simplest matrix is th
multiplication by 1.
elements of the matri
because thes

is the equivalent of scalar
nput. Verify that all the unused
ements, not other filter elements,
e sections will give erroneous higher
losses, making have the required specified losses even
though i well o specific ation.

1

The value are

&+J0 0+ J0y
D+J0 1+J0y (14.1)

In reality, the unit matrix is a square diagonal matrix, as follows:
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él O

D 1
The off-diagonals are all zero, and again, this is like multiplying the matrix field
by 1.

8l14.2 The Rs Matrix

814.2 Rg

The value needed for an Rq filter (Figure 14.1) comes from the
section, and is used for the input-side line impedance Rs. term is the lower
frequency line resistance or source impedance. This d§/fine for Jfrequencies
under 100 kHz, at which a skin effect is not operative ter is being

“‘Common Terms~”

designed for insertion losses around 14 kHz.
Rs “ K 14
Rs
14kHz
Most of the various groups who have teSte i ve agreed that the
line impedances are around 4 Q at 10 kHz r alue of 4Q is assigned.
4Q Rs
4Q

&L+ I@, 4

:4W:%
& . +J
Rs

— A A

Figure 14.1 The Ry matrix

(14.2)

which is reduced to the following (but all the matrices must have the eight
terms so that they can overlay the equation format and the solutions may be
repeated whatever the matrix placed in the equation):
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8
el 4d
g) 13 (14.3)

No further information is needed for the unit matrix, which describes the line,
not the filter.

814.3 The LINESIM Matrix
814.3 LINESIM

The LINESIM matrix is used to match a known line or impedance of
a dc power supply (Figure 14.2). The small seriesresistor
the “Common Terms,””’but the value of the shumt re
inductor L; must be given. R, K, and F, should availal

Terms~”area and are needed here. Ry, the high ¢ t resista must be
known. R acts as the low-value series impedanc §
symbol can be used. This value must B i if Rghis not used.

LINESIM 4.2
1
Rnt L1
Rs
The frequency of inte
F = (14.4)

Rs, Rni, and so that values can be inserted directly into the matrix,
so that the line ation network impedance follows the normalized frequency.
Thus, as K varies, the inductive reactance of this network varies along with the
filter.

Rs, R, L
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Figure 14.2 The LINESIM network.

The LINESIM matrix is

LINESIM

eR, + JX
g/i U_a Ry R
éIiH é i+JO (14.5)

€

e f
For example, Fq is 40 i i s 90 uH, and K floats, so it can be
plotted.

+2.262JK ()
1+0J H (14.6)

When this matrix is multiplied by the others in the series, the various values of
K can be plotted. The LINESIM network is not part of the filter and accounts for

the line impedance.
K LINESIM

814.4 The LISN Matrix
814.4 LISN

The input section formed by R, and C;, is in series shunt across the line. The
midsection is made up of one inductor in series, L;. The output section, with R,
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and C, in series shunt, is also across the line. All these values must be known.
The initial values are from a standard LISN but can be changed. The default
values in any of these sections can always be used. The engineer can input the
main LISN values used repeatedly and save these values so that this
information need not be reentered each time this LISN is used. If more than one
LISN is used, several LISNs can be added by copying the equations into each
new section and changing the known values. These would be called LISN1,
LISN2, and so on.
LISN R, Cin
Co

specification calls for an LISN, this matrix can be
filter. Here, the LISN is used as the input feed to
are also used to evaluate the full sys
meets the specification.

LISN EMI
LISN LISN
Rs
a
POWER Ll

__(YYY\_L

| FILTER RES|
UNDER ~ _L..,
TEST ]

_ YYY LI TRansi

L1

> owors

SFECTEL™M ANALYZER

Figure 14.3 Msed for testing.

Standard LISN units (Figure 14.4) can be purchased from such companies as
Solar Electronics Co. (Hollywood, CA 90038; Attn: Al Parker).

LISN 14.4 Solar Electronics(Hollywood, CA 90038; Attn:
Al Parker)

The LISN matrix is the most difficult to format and is formed by the following
multiplication of the three matrices:
LISN
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éRl + ‘]Xcl l

Solving the first two,

u

A u

——"" C 1 ~A——— - s,
SRZ+ X2, Hg derrxe U

(14.7)

(14.8)

é u
é 1 RZZ + Xz ‘Jxll [:l
é c2 u
R+ IXgy , R+ X, X (R+IXG)R +IX,,) , IKu(R+IXy)g
R+ X% RAxs (R+X3IR+X3) R+Xa
Typical LISN values with Fy at 4000 are as follows:
Line section Midsection Load section
R, =10 L, = 56 uH R, = 50 01
C, = 2.5 pF C,=225pF
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11768
X = =
PKFC, K
X, = 20KF,L, =1.407K
11768
Xcz - -
20KF,C, K

Using the standard outline of the 2x 2 matrix with eight terms, the equations for

the individual terms follow.
8 2x2

¢A+JB C+JDi)
E+IF G+IHY

The terms for the matrix with the preceding v,

50" 1.407K?
50°K ? +1.768°

X2 R XZ - X (XgR +RXg,)
R +C2 )R +><CO)

Xco is often the same as X¢;. This reduces the equation greatly to
Xco Xe1

(R+R)+|RR, + X&, - X, X,

A

(R +X¢ )(Rz "'XCO)

where R; and Rj, are the same, which also follows for C; and Cj,. R, (Rout) and C,
are equal to R, and C,. These values are interchangeable, as in the LISN shown
in Figure 14.5.

Ri Rn G G Ro(Rout) Rx Cp Gy 14.5 LISN
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Figure 14.5 The common LISN with equal cap rs.

Ll
LINE I 56 uH LOAD
22 .5 wF 11.5 uF
Lerm
1
1 Ohm I KOhm

51K 2 (47.51K 2 +1.7687

g A

- (K2 +1.768? 502K 2

).35K ° +4417.34K 3 +11.053K |
(K2 +3.126)(2500K ? + 3.126)

=] Rz - X Xg Xéi

G
R +X¢

_ 3.126- 1.488K?
K?+3.126
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3
e ZRXle | 1;407'(
RR+X2 ~ K?+3126

In the computer program, all these are already provided but the component
values must be entered if these are different.

Finally, the component values (A-H) are entered based on the simpler equations
A-H

P =2pF,K

A= LHPPRIC] - BLG,
1+ P°R;C;

5 PCLR,
1+P°CIR?

FRC:[+Prc (R - L)

° f1+P°CIR)

+C,:o(1+ P2C|2R2)+ PZCiCo!'l(PZR RoCiCo - 1)
L+ P°C’R: Ji+ P’C’R’?)

The only variable is P, and this term varies with K. Again, this allows all these

equations to be plotted as a function of K. K is the normalized frequency, which
has the value of 1 at the cutoff frequency.
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K 1

814.5 The DIN and DOUT Matrices

814.5 DIN DOUT

A dissipative filter gives a loss of 6 dB per octave. The DIN faces the line and the
DOUT faces the load if both filters are used. Several terms must be specified,
including Ri, and R,,;. The value of K is the same as K in the other filters. R;, in
Figure 14.6 (bottom) should be the desired filter input impedance, such as
50Q for the DIN filter. R, the output impedance needed, should match the load
for the DOUT, which can also be 50Q . This would be a nice feature for the 220A
.6 (bottom). The
d R, (R in

specification. Here, the term is Ry but R4 is used in Figur
opposite two resistors, Ryt (R2 in Figure 14.6, botto
Figure 14.6, bottom) for DOUT, can be used
wanted-Butterworth, p, or other-and these can al
6dB/
Rin  Rout
14.6 Rin

DOUT 500
Rout 14.
14.6 R,) DOUT R, Rs)
p
50Q ‘ - 9

I 1 1

- w

Figure 14.6 The DIN and DOUT.
The is not always equal to 1 because of conversion back and forth between

Y and A matrices. This leads to minor errors, or rounding errors, within the
terms. The values of K and Fy could come from the “Common Term?’area, and
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the values of R4, Ri, and R, should be listed with this matrix. Both DIN and DOUT
are the same, but Ri and R, should switch values. As F, decreases in value, both
L and C increase in value. If the line frequency is 400 Hz, the central filter cutoff
should be 4000 Hz and above, say 4000 Hz. Then, if K40 is 0.5, or making its
cutoff= 8000 Hz and still have the full filter give a good impedance match at
10,000 or 14,000 Hz, say 50Q , the DIN and DOUT equations are

Y A 1 K
Fo : K Rq Ri Ro DIN DOUT
Ri R Fo L C
400Hz 4000Hz
4000Hz Krato 0.5 8000Hz

10,000 14,000Hz

Kd = KKration Rd :‘\/ I--\i)nRout

L = I% Kration C - Kratio
2pF, 2pF R

where Ky is the equivalent of the value
impedance for the DIN and DOUT only, a

filters, including the DIN and DOUT.
Ka

DIN  DOUT

filters, Ry is the design
requency for all the

The format of the DI
DIN DOUT

same as the others:

(14.12)

e R to be 50Q, Ky is equal to 1, and Kio=1, the
various e ual the end values given after each element:
Ka=1 Kiatio=1 A-H

A= AKIR - KRR +R)+(R+R)
KGRI+ (R +R,)

A=0.75

_ 2JKIR,R
B= 22 2
4R +(R +R)
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__ KR(R+R)

AGR+(R+R,)

C=125

5 KR+ KR(R +R))

AR +(R+R))’

D=J375

c-_ Ki(R+R)
4RI +(R+R,f

E =0.005

F = ‘](ZK;Rj + Kd(R
R, (4K 2R +(R

(14.13)

F =J0.015
G=
G=
- 2 d ‘o
2p2 2
4KIRI+(R +R))

H =J0.25
Typical values are Fo = 4000, K;atio = 1, R; =50, and R, = 50. Then, Kqg =K, R+
R, = 100, and

Fo = 4000 Kisio =1 Ry =50 R, =50 Kg =K R+ R, =100
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¢ 0.75+J025 125+J37.7)
&.005+J0.015 0.75+ J0.25] (14.19)

as shown by the preceding solutions of A-H. Note that the is equal to 1.
These are the values at 4000 Hz.
1 4000Hz

DIN and DOUT are the same, but R, and R,, if the two values are different,

exchange values, so that the R; of DIN faces the line and the R, of DOUT faces
the load. The K40 is usually 1 but must the same if both DIN and DOUT are used.
This means that two matrices are required, one for DIN al
DIN  DOUT R Ro,
R; DOUT R, Kratio 1 DOUT

Kratio

814.6 The RCSHU Matrix

814.6 RCSHU

The RCSHU matrix is used to lower the i d correct for resonant
rises and/or a problem frequency, such a i t a given frequency.
The design method is to calculate the 2deg Raeitor value to equal the
design impedance at the pro then place this combination in

series across the line. Thes ted in board between two other

filter sections, such as,bet Id be tied across the first L3
capacitor. This filter i several problems at once. If, for
example, a three- ve the required insertion loss at 10

kHz, two res i raph. As the load impedance deviates
k value of the resonant rise changes. Also,
or even somewhat over, the insertion loss limit.
rise frequency, and tie the resultant network
second L3 capacitor. The result should be that the

kHz, is improve cuit Q is reduced to impede any oscillations by the addition
of an RC shunt. (Figures 14.7 and 14.8). This is easier to design than the Cauer
and is automatically balanced.

RCSHU Q

L 10kHz

10kHz
RC L

Page 196



z EMI Filter Design

, EHCARE

10kHz
10kHz RC 14.7
14.8 Q

R=Rd?

Figure 14.7 The RC shunt.

— ==C —_—
C Cre C

Figure 14.8,Th i shunt.

The is the series resistance and should be equal to
Rg, th om the “Common values to all filters,””if any such
area exis . Cis calculated as before, and X. = R4 at the problem
frequency. alues are placed in the E+JF area of the matrix as listed
here. Once the of the capacitor is known, the capacitive reactance for the

matrix must be a function of K, so the matrix varies with the frequency and can
be plotted.

RC Rc “ "
Rq C Xe = Ry
E+JF K
1
X = — —
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E;:___fi;__ F :.__QZSL__
RS+ X¢ R+ X

§|_+JO O+JOl:J
&_'_ F 1+JOH (14.16)

A triple L was designed with two resonant rises. The first fell near 3800 Hz and

the second near 4600 Hz, and the design impedance was 10Q . This filter was

also out of limits at 14 kHz. Design the capacitor impedance tg equal the 10Q at
3800 for the first, lowest, resonant rise. This gives

L 3800Hz

10Q

4600Hz

3800Hz

_ 1 _ _

C= ___=4.188nF =4.2
2p 3800" 10

The self-resonant frequency (SRF) of t

of the rest of the filter capacitor unl

problems. This is primarily used to solve s

not be as good as that
higher frequency
ncy problems, and the
. If the SRF( SFR

here, of this upper frequency,
at the filter designer does not
than the capacitor that will do the
gle value as shown earlier. Tie the
oss one of the inbound capacitors that
ing from the load end of the filter. The closer
network works, and the load is the higher

) is better than the fi
the job will get done. This st

14kHz
5 70kHz

10Q 4.2uF

814.7 The Series Inductor LSER and the Shunt Capacitor CSHU

814.7 LSER CSHU

These matrices should be understood from the various descriptions given

earlier but are reviewed again here for clarity. There are many uses for each of
these, and in some locations they can be used together. For example, these two
together can make up Ls, Ts, ps, and so forth that are not functions of Ry, CSHU,
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alone, can be used to duplicate the value of a feedthrough capacitor. The LSER,
the series inductor, can be a common mode inductor. LSER and CSHU can work
together to form part of the common mode filter (Figure 14.9).

LT p Rq
CSHU LSER
LSER CSHU 14.9
The LSER is
X, = 2pF KL (14.17)

It is obvious that the value of X, is a function of K and i
D:

ced in the matrix at

.\ 4
_ YYYL___
TESHU

LSER
(14.18)

2pF, K (14.19)

This is the same as RCSHU except that R, is zero, making the E value zero and
F the reciprocal of X.:

Rc RCSHU E FoX

X = 1
c a)FOKC (14.20)

814.8 The L Martrix
8148 L
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This is a review of Section 11.2 showing the origin of the values that make up

the L filter, where K is the normalized frequency and R4 is the design impedance
(Figure 14.10).

11.2 L K
Rg 14.10

F = KF,

L=
20k,
XI = @ =K
2pF,
C= #
2pFoR;

R

Here, the inductors and capacitors as treated as pure. The series element of
inductive reactance is placed in the JD term, and the reciprocal of this
impedance of the shunt capacitor is placed in the JF term. The inductor faces the
line, and the capacitor faces the load. The L matrix is formed as follows:

JD JF
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&/,0_él+30 0+JIKRu §-F 9 0TI ey g
glinH 8)+J0 1+ J0 HSO+E 1+J08 e,outu (14.21)

Eliminate the unnecessary zero here only because the eight positions must be
filled so that the computer program reads the full eight units. This way the same
solution can be reused repeatedly, like a template.

8 8

2

D>
oo o

2
=]
O

(14.23)

D

5

s the same form as the rest,

(14.24)

In the p filter es 14.11 and 14.12), the capacitor value is split. Half is

placed in front of the inductor in parallel with the line, and the other half is in
parallel with the load. The capacitive reactance of both halves is then doubled.

Yet, the reciprocal of this impedance placed in term JF or half the value is then
used to make up the L matrix in term JF.
p 14.11 14.12

JF L JF
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610U 61 004 .
Vold_gak 0 & KRU g g Youl
e|_ U y— 10 8) 1 U ~— y— 10 e| U (14.25)
elinu 92Rd 0 u eZRd O € outU

The p matrix is the same form as the others.
p

Figure 14.Ve balanced p filter.
: u

e

é/inu @1' 7"'\]0 O+JKF%Q é\/outl]

~nS=a 0 = J

=y ®+JK(4- Kz) 1- K* v g .4 (14.26)
g 4R, 2 f

814.10 The T Matrix

814.10T

In the T filter (Figures 14.13 and 14.14), the inductor is split, with half of the
inductor in series with the line and the other half in series with the load. This
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makes the JD term half the value of the por L. The full T matrix is

T JD
L T
6 JKRUEL 006 IKRU 4 -
gl —Fjek ge 0 Lol
e| H A a 65 10 A a gl H (14.27)
einl & 1 HER, g& 1 Y €ou

Figure 14.1Ve T.

which becomes

e K? JKR, K20
Cd-2v30 0+ D ‘
a0 8 2 & 28 0
.07 K2 0 8.0 s
e'inl % - out :
& Ry U
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&2- k?) IKR, (4- K?)u

é/i“g—é £J0 0 H é/outl‘;'

e - 2 J @

élinH e 0+£ 2-K +J0 U élouthl (14.28b)
e R; 2 s

814.11 The Cauer Matrix or Elliptical Filter

814.11 Cauer

The Cauer filter (Figure 14.15) is used to eliminate a problem frequency. In the
461 specifications in which 100 dB or so is needed at 10-14 z, a Cauer filter
is sometimes used. F, is the problem frequency, and he resistance in
series with the cap. Above F.,, the Cauer looks like a c itor and,the resistor
limits the minimum impedance in this capacitor leg. imp ce of R. is
usually assigned the value of Ry, the design i filter. i
usually employed on the center inductor of g er is
often associated with a triple-L filter (Figure 14

same as before:
14.15

100dB

Figure 14.15 The Cauer matrix.

L:&
2pF,

and the Cauer capacitor must resonate with L at the problem frequency F,.
Cauer Fn L

(14.29)

Page 204



z EMI Filter Design

= ERCARE

Fo

2pF°R,

LOAD

I
1

Figure 14.16 The Cauer of elliptical filt

The impedances are

(14.30)

and

__[K°RR?- K*M?RE +KM“R?)

Kchz + Rj(KZ - M 2)
R. and Ry should be equal but here are listed separately if for any reason they
should be different for a special problem an engineer may encounter. If the two
terms are equal, C and D reduce to
Rc Rd
cC D
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K'R,

C= 2 +(K2- MZ) (14.31a)
which approaches R4 at the higher K values, and
K Ry
_ (KR, - K?M?R, +KM“R,)
D=J KR+ Rdz(Kz M 2) (14.31b)

This approaches

2
D:_Jﬂ
K

which is the capacitive reactance, and this ap
increase.

The matrix for the Cauer filter is

é1+JO C+JD§|
©9+J0 1+Jof

and without the zero

(14.32)

€l C+J

0

U
i
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15

Matrix Applications

The first step is to find the filter type needed for application. The listing in
Section 5.8 should help. Either through documentation from the
electromagnetic interference (EMI) test house or mathem

impedance Ry and find the minimum cutoff freqe
by dividing the voltage by the expected highest Y0a pd the cutoff
frequency should be 10 times the line ncy.

5.8 EMI
10
Rq
Ry
The first matri , should be a matrix that represents the
line. This , LISN, or any other line unit added by the
user. T filter. The second, third, fourth, and so on, are

rices multiplied together, and the final matrix is
filter. As K varies the loss changes, and this can be
plotted.
Rs LINESIM
LISN
K

One condition discussed here is the low-current application in which operational
amperes is used. Many design engineers make errors when using this
application. These engineers substitute active filters to replace passive
components in the lower current applications. These filters must have very
clean power or they cross talk, generating the same noise, and in some cases
even more noise, than this active filter was meant to cure.
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8The single-Phase AC Filter

8 AC

For example, an L is chosen by the filter designer. The design impedance is
found to be 10Q, and the line frequency is 400 Hz. The loss needed is 40 dB at
20 kHz. This is a low frequency, and the Ry matrix is chosen for the first matrix
to represent the line. R; is thought to be around 4Q at 20 kHz. The second
matrix is the L matrix chosen by the engineer. If these
multiplied as a system in the computer, all the other ces in the chain
contain unit matrices. The final matrix is the result of o the L filter
because only they control the answer. The value of Fyis c eet this 40

e automatically

value of Fg here is 1200 Hz to obtain the de 46 dB (40+6 headroom),
and this is sitting on the thir ic, ma
Skip by one matrix, and lea This allows changing it later to
an RCSHU, or whateve
10Q 400Hz
20kHz
L
Rs L
Fo 40dB
Lotus 6dB
46dB 40 6
Fo 1200Hz
RCSHU
Matrix 1: Rs
Matrix 2: L

Matrix 3: unit
Matrix 4: change to L
All remaining matrices > units
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This is followed by the column matrix with elements V, and L, as shown in
Chapter 14. |, can be replaced by V./Rq4, where Ry is the design impedance and
is the lowest load resistance seen by the filter. Proceed by adding the next L filter.
This changes the cutoff frequency to 4600 Hz, which is well above the 4000 Hz
recommended limit. The initial inductance was 1.3 mH, and now the
requirement is two filter at 345 uH. The same is true for the capacitor. It was
13.3 uF and is now two at 3.46 uF. This can be balanced as in Figure 15.1. The
load impedance was changed to see how the filter responded in the standby
mode, and a resonant rise was found at 2760 Hz. This required an RCSHU to be
added to the third matrix; add the common mode components to Figure 15.2.
The new matrix lay out is as follows:
Vo o 14
Vo/Ry Ry

L 4600Hz
4000Hz 1.3mH
345uH 13.3uF 15.1

lo

2760Hz

Matrix 1: Rs

Matrix 2: L

Matrix 3: now an RCSHU
Matrix 4: L

All remaining matric

175 uH 175 uH

3.5 uF 35uF
175 uH 175 uH

Figure 15.1 The balanced L.
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175 uH TS g,
i 15-FJ‘§

175 uH

Figure 15.2 The fully balanced double L with Zorro, RCSHU, and feedthroughs.

This matrix group is still followed by the column matrix with, elements V, and
Vo/R4. Check that all dB losses at the other frequencies list the specification
meet their requirements for this filter. Most expect all the higher
frequencies pass if the lowest passes. This is usuall there are
exceptions, so that all losses must be checked. Thi i ut in
general the frequency that requires the lowes

cutoff frequency uses.
Vo Vo/Ry

dB

orro). The two feedthrough
15.3). The line-to-line capacitors
. The 175 uH inductors are divided
or the four, adding little to the common

headroom. This is reduced to a single L.
15.3 0.04uF

175uH 87.5uH
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Figure 15.3 The common mode part of the filter in Figure 15.2.

Remove or replace these elements with the unit matrix, except the R, and
matrix 2, which is an L. The loss for the common mode is 46 dB at the switcher
frequency of 50 kHz. The 0.04 uF capacitor must be maintained. This requires
an impedance of 1125 Q and a cutoff frequency of 3550 Hz. The Zorro is 50.4
mH, which is ridiculous. The filter was designed to component level, but the
Zorro should be fixed. Some would substitute any reasonable lower value, hope
for the best, and pray for an exemption from the specification, if the unit fails.
The circuit is shown in Figure 15.4.
Rs 2 L

50kHz 46dB 0.
1125Q 2550Hz Zorro 50.4
Zorro

h-----i-

or Flgﬂe 15.1

two different inductors and capacitors or choose
t slightly when tested but should require only
-frequency problems? Add Capcon (see Chapter 4)

value for the common mode inductor, as earlier? Change the feedthrough
values to 0.01, and add a second section. This is now a double L, as in Figure
15.5.

capcon
RCSHU / 180uH
200uH Zorro

0.01uF
L 15.5
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how the size of the Zorro has dropped.
inductor with this much current.
Zorro 7.9mH

87.5uH Zorr,
Zorro 15.6
7.9 MH 175 uH 7.9 MH 175 uH
L AW AW
|
Lo
+

Figure 15.6 The balanced single-phase filter with two double-L common mode
sections.

815.2 The Three-Phase Filter

815.2

There are two types of three-phase filters. The first is the Y filter, and the second
is the filter. These two types are then divided into two groups. The first is the
higher current type in which each leg is a separate insert, with each insert the
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same type and size. This is very important because of the possibility of installing
a smaller, neutral filter in any of the main legs.
Y

Also, the third, sixth, ninth, and so on, currents add in-phase on the neutral wire
along with the unbalanced current of the three legs. This harmonic content
would be the odd multiples of 3 and a few of the even muiltiples, such as 6, 12,
and so on. Therefore, the wire size and filter size are the same for the neutral as
required for the other three legs.
36 9
6 12

3

Asin(wNt + Nx, )
Asi n(th + Nxm)
Asi n(WNt + Nxzoo)
3Asi n(th)

This assumes all the peak h
the term 3A is replaced by
if this harmonic exists. The
the ninth is strong, e i

(15.1)

| three legs in the same. If not,
ases add for all multiples of 3,
low level, if it exists at all, but
ine regulator is used as part of the
ers reduce these harmonics. This
sed, but most designers eliminate the
armonic. This eliminates the problem. The
for the off-line regulator current is normalized

is a function
lower har

3A A B C
6 9
3
1
3.1b
P nN=1357 (TZ' \E 2) T oT 2 T (15.2)

If the 3, 9, 15, 21, and 27 are added, the peak almost reaches 0.7. This current,
plus the unbalanced current, should prove that the neutral filter must be the
same size as the other three legs. The last three-phase type is the lower current
mode.
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3 9 15 21 27 0.7

To design the three-phase filter, the voltage and current seen by each filter leg
must be known. Find the maximum power required by the load. Divide this by
3, and this is the power per leg. Divide this answer by the line-to-ground
voltage for a Y filter or a line-to-line voltage for a filter. Multiply, for the
filter only, the last answer by the square root of 3:

3

12000 4000 4000 19931
208

19.2314J3 33.309
(

current is 19.231 times the square roo quals 33.309 line A.
Assuming that no off-line re e current peak is 47.106 A. The

inductors must not satur (here, 47.1 A). The design
impedance is 208 V divide . i .24Q . Use 6Q for the design

impedance.
12kVA 4KkVA
208V 33.309A
47.106A
6.24Q 6Q
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A_nwww VW VWA iA
Lt _| L T
c[ C [
B LB
L L L '

4
Figure 15.7 The low current Y 5 wire t ilter.

The power is from each leg to neutral, a current is zero if the
currents of the three legs ar re 15.7). As mentioned earlier,
however, the odd third-orde resent. This is true only for the
fundamental of the s discussed earlier. In the
low-current filter, al in the same container and the
capacitors are wired fr

because of th , saving money, weight, and volume.
3

Y filters are five wire because of the three legs plus the neutral and

the ground. Th und must be left intact and unfiltered. | have seen many

filters from various filter manufacturers with components in the ground leg. This

is a violation of the electrical code. The ground lead must be intact, not broken.
5 Y 5

The only exception is if ferrite beads or toroids are splipped over the wire,
leaving the ground lead in a solid wire.
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The output feedthrough capacitors in Figure 15.7 are case to ground, and the
ground wire is wired to the case. Also, this filter can use the Zorro common
mode inductor for common mode rejection because all the parts are within the
same enclosure.

15.7 Zorro

The common mode inductor cancellation of the magnetic field of the differential
mode power current works as shown in Figure 15.8. Discussing the balanced
fundamental power frequency first and ignoring the harmonics, the A, B, and C
currents generate magnetic fields that cancel. Here, a magnetic field cannot be
generated without current flow in the neutral common mo g. If the system
is unbalanced (we know that it is), the difference curren neutral leg
of the common mode inductor and still returns the comm
far as the harmonics are concerned, whatever harg
also flows in the neutral leg and still cancels. Th
to the load is concerned, the magnetic field of t
Any common mode pulse or signal, : he line, is
attenuated by upsetting this balance. i
the lowest line voltage divided by the i ent required by the
equipment-not the inrush. Find the cuto nd the values of the
inductors and capacitors foll

A
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815.2.2 High-Current Y Filter
815.2.2 Y

These become so large and heavy that
technique. All three legs and
and all inserts are installed i
the failed filter of t

built using the insert
same electrically and physically,
This way, if any leg bolws, only
. This technique also eases
installation by allowi be installed and then placing the
inserts in this enclosu is better than hoisting the entire
enclosure an n done by various contractors. They
the fully weighted unit and then dropped it.

, to say the least.

All the capacitors in Figure 15.9 are to ground. There are no components from
line to line in this arrangement, such as capacitors or MOVs. The leakage
specification, even with power factor correction coils, is rarely met. There really
should not be a leakage current specification for this high-current type of filter.
This should be know before the specification is written and often is not known or
heeded by some specification writers. It has been requested after the filter is
shipped that some leakage specification also be met that was not provided to
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the manufacturer initially.
15.9 MOV

[ e SR R Ty e e L R T R R R R R R LN RN ]

_____________ o R L PN R ]

Figure 15.9 The single high-current insert.

There is some limited common mode in the di h are in
parallel, and the capacitors, which are also in para or is divided
by the number in parallel, and the c itors mult in parallel. Also, this
assembly lacks the ability to use the Zor nductor for common
mode rejection. In the following example, circuit is composed of
L/4 and 4C, as shown in Fig
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Neut Newt
Figure 15.10 The three-pha
The common mode e n in Figure 15.11. The working
impedance is Impedance, but the cutoff frequency is
the same.
1/4

| YYY LYY LYY LYY

L/ Lia L/4 L4

aC aC | ac 4C

Figure 15.11 The common mode portion of the four-wire filter.

L
S /Y L g
4C 16C 4\ C (L/4 L4) (15.6)
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E - 1 _ 1
= —
( L4/4C)  (15.7)
»|Eac PV
4

Follow the single-phase design method. Ry is the line voltage divided by the
maximum line current in any one leg.
Rq

815.2.3 The Low-Current
815.2.3
This lower current type is often specified to pass 220A wi

test any one line with the other two legs grounded.” Thj
p type because the line and load impedances are both

e stipulation “to
pot for the
line-to-line
capacitors can be shared, giving twice the capaci .12).
This makes our job easier.

220A

220A

10 Mh | _L

Figure 15.12 The four-wire  showing case ground for feedthrough operation.

If the A leg is under test in the 220A system, then legs B and C are grounded.
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The capacitors from A to B and A to C are then in parallel on both sides of the
differential filter inductor. The impedance is determined the same way using the
line-to-line voltage and current. Follow the same procedure for the single phase.
If the 220A specification is all that must be met, the capacitor values can be
divided by 2, enabling smaller capacitors and saving money, weight, and
volume. Choose the Rq for matrix 1, and place the pin matrix 2; the rest should
be unit matrices.

220A A B C A B AC

220

Matrix 1: Rg

Matrix 2: p

Matrix 3: unit

Matrix 4: second p if needed

All remaining matrices: units matrices

matrix 3 a unit matrix. This is done for on-to be able to add
another network for matrix r value is established, split the
value between the lines. If eck for a resonant rise and fix
as before. Continue with t ingle phase. Check that each
e required loss of the list. If not,
e loss or any of the other solutions

815.2.4 The High-Current
815.2.4

This is the same as the high-current Y except that the capacitors are again to
ground. These should be from leg to leg, as in the low-current . There is no

convenient way to do this using the insert method. The value of the required
capacitance should be doubled to return half the required reactance to ground
and half to the other leg.

Y Y
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815.3 The DC-to-DC Filter

815.3 DC-DC

The dc-to-dc type is often the tubular type and is unbalanced. Figure 15.13
shows the proper hardware to install the tubular through a wall or equipment
housing. Figure 15.14 shows the unit installed. The filter is often a single
feedthrough capacitor, giving only 6 dB per octave loss. In some other filters,
inductor(s) are included, making up the L or T type. These last two give 12 or 18
dB per octave. The filter requires a good ground, or the filter is out of business.
If thisis an L or T, then only the inductor(s) is in the circuit. This reduces the loss
to 6 dB rather than the 12 or 18 dB that the L or T would gi#e. What if the filter

is a single feedthrough type? This would net zero loss ecausg, the filter is

not grounded.

DC-to-DC
15.14 6dB/

FILTER

S<EZ O D

i
1
G
a
k
€

-—eXT 0 3

-8 e s 5 HR L

1

Figure 15.13 The unbalanced feedthrough filter.
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Figure 15.14 The installed feedthrough filter.

The construction is as follows (Figure 15.15 snug fit

through the capacitor center arbor, and this pin is pe outer wall.
The capacitor is soldered to this outer nd). The inductor and
capacitor are soldered to the output pi is placed over the
inductor and capacitor and soldered to the inductor is soldered to

a and extends into the |4 of the
dered to the tube, completing

the input pin pressed throu
inductor. This top capacito d threads

the unit.
&

LA '1

LAT1AEY

Figure 15.15 The construction of the single-phase feedthrough.

815.4 Low-Current Filters
815.4

The low-current filter suffers from the opposite conditions that affect the
high-current filter. Here, the inductances increase while the capacitor size
decreases. One method is to employ RC filters in which the value of R should be

Page 223



= EMI Filter Design

, EHCARE

less than 10% of the minimum load resistance. The disadvantage is that the
circuit gives only 6 dB per octave. A better method for low-current filters is to
employ active filters (Figure 15.16). They are small and light and can be
designed with many poles, but sometimes the higher frequencies suffer
because of the open-loop gain of the operational amperes. What is often
overlooked here is that the direct current feeding the operational amperes must
be very clean. Therefore, the filter(s) needs a filter (Figure 15.17). There have
been cases in which a number of high-impedance lines must be filtered. The
plus and minus voltage for each operational ampere must be filtered with an RC
filter or a conventional passive filter, with the capacitor facing the load. The
combined voltage feed must be filtered with a passive filter.

RC R
6dB/
15.16

15.17
RC

L

Figure 15.16 The active filter.
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10-120

R
R =0014
2 m 1 4000

FI

Cs 0 _ogewn”’
A 1- - 14000-120
R
R
A

r the ve filters.

Figure 15.17 The filter requi

B+
R <<
101 (15.8)

If the volt i imum current is 10 mA, the maximum value
of Ris . e capacitive reactance value is also 100 Q
at h cy. Note here that this gives a 1 V drop, and if
this is resistance must be lowered or the voltage supply
must be | ow for it. If 14 kHz is the operational ampere cutoff

frequency, t z, Cis equal to 0.22 uF; round this to a standard value.
The same is tr the other B, supply. If there are a group of these, say, 10
then the total B* current is 100 mA. This give an impedance of 120Q .

12V 10mA R 120Q R 100Q
100Q 1V
14kHz
7kHz C 0.22uF B
10 B® 100mA 120Q

The impedance of the inductor should be 10 times the 120 Q just calculated,

and the impedance of the capacitor should be one-tenth this impedance of
120Q . A good quality 1 uF @pacitor should remove the noise so that one
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operational ampere does not add noise to the next. The inductor removes any of
these signals from the main supply.

120Q 10 120Q 1/10
1uF

815.5 Fp The Easy Way
815.5 Fo

The filter can almost be designed without a computer program: truly, on the
beach of a desert island with wet sand and a sharp stick! In other words, filters
can almost be designed without a calculator if the design is simple. This means
that the design should be without RCSHU or Cauer circuits us look again at
the single-phase section. The goal was 46 dB, with hea kHz. If the
engineer selected the L, as before, this would give 12 d e, or 40 dB
per decade of attenuation. The beached engine i
write in the wet sand:

20kHz
12dB/ 40dB/
y N

Frequency (kHz) dB

20 46

10 34

5 22

25 10

1.25 -2
The desi ivi Wn by 2 and subtracts 12 dB for each row,
opti ingle LIS o us at the 5 kHz, 22 dB level that a single L does
not wo 400 Hz er system. This is because the next row is half this
value of igure is below the minimum of 4 kHz that should be
followed for gn that keeps the filter transparent to both the line and

load. Look how lonely filter engineer was to our reading of 1260 Hz for 46

dB of loss!
L 2 12dB
5kHz 22dB 400Hz
5kHz 2.5kHz 4kHz
10dB 46dB
1.25kHz 1260Hz

The engineer has many miles of wet sand and starts over a few feet away in
clean sand with a double L at 24 dB per octave:
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24dB/ L
Frequency (kHz) dB
0 46
10 22
5 -1

The engineer concludes that the double L will work and that the cutoff frequency
is 5000 Hz. The double-L value of F; was 4600 Hz, which is close. The
10Q design impedance must also be known, so the value of the inductors and
capacitors can be calculated. For the inductor, the engineer scratches the
following:

L 400Hz
L Fo 4600Hz 10Q

5000Hz

2p 5000
and obtains 318 uH. For a balanced filter, this is di
all that far away from the 175. Actua
enough for beach work. This would h
capacitor followed on more fresh sand a fi

318uH

)

160 uH-not
for p would be close
e of 333 uH. The

160uH——-

20 500,0104, (15.10)

citor value can be solved by dividing the
e impedance. This is 10 Q, and squared is
nd): again, close to the 3.5 used earlier. The
3.2 uF, anyway. The Zorro remains to be calculated,
that the feedthrough limit is 0.02 uF, or paralleled,
giving 0.04
10Q
100 3.5
3.2uF Zorro 0.02uF
0.04uF

Frequency (kHz)
50,000
25,000
12,500
6,250
3,125

LalEsB
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Note how close this is to the 3550 earlier. The Zorro inductor value follows:

3125 3550 Zorro
o =sooam

and the capacitor follows but should be held to two times the maximum to
ground, or 2x 0.02, or 0.04. Again, the value of p, for beach work, could be
rounded to 3, but the value is 5.09 uF. Dividing the 5.093 by 0.04 tells the
engineer that the capacitor is 127.32 times too large. So the beached designer
multiplies the inductor by 127.32, here, and obtains 64.8 mH. This value is
somewhat close to the 50.4 mH from the earlier design. This value of
inductance is too large, also a conclusion in the previous n. This engineer,
similarly, adds another L filter, making the common e a dauble L. The
double L has 24 dB of loss per octave:

0.04uF p : .093
0.04 127.32 27.32
64.8mH

L L
24dB/

wBEE

(15.12)

201250010 (15.13)

which is 63.65 times too large compared with the total of 0.02 uF (four
feedthroughs, 0.01 each), so the inductor is multiplied by 63.65, giving 8.1 mH,
which is close to the earlier 7.9. Note that the impedance of the common mode
filter section is no longer 10Q .
0.02uF 4 0.01uF
63.65 63.65 8.1mH 7.9mH
10Q
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8100 .
oo, 63639 or 107 6365 (15.14)
and the cutoff frequency is still 12,500 Hz:
12,500Hz
1 _
=12,500Hz (15.15)

2p+/0.0081" 0.02" 10°®

The final design is shown in Figure 15.18.

15.18 PN
| MH 160 8.1 MH 160 uH L
b YYY L_YYYL
0l uF |
3.2 UF 1
T sawr
sl L Al L
-__mur | |

Figure 15.18 The fully desi e easy way.

This technique of tra i acitance can be used in common
i normal, mode design because the
design impe . 0 need to match the impedance in
orros lowers the circuit Q because the
at with the single Zorro. Q was already very
e increase does not enhance oscillation. This

higher than th f differential mode impedance. This fights against the
common mode Q increase and reduces the opportunities to oscillate. The same
technique works on Ts and ps, except that 18 dB is used-replacing 12 dB for the
L-for each level as the frequency is divided by 2. Use 30 dB per octave for two
or multiple networks, adding 12 dB for each additional network. Three networks
gives 42 dB per octave. Count the elements of the entire network: the double T
has five elements at 6 dB per octave each, giving 30 dB each octave. If the
frequency is high enough, the decade system can be used and the decade and
octave can be used together. For example, a T has 18 dB per octave and 60 dB
per decade. If 90 dB is required at 160 kHz, will the filter be okay for a 400 Hz
line frequency? Add 6 dB headroom for a required loss of 96 dB. The first step
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was the decade followed by two steps of octaves. The filter should be okay
(Table 15.1 and Figure 15.19).

Zorro Zorro Zorro Q
Q Zorro
Q
Q
T p 18dB
L 12dB 2 30dB
12dB 3 42dB/
T 5 6dB
-
160kHz 90dB 6dB
96dB 51
15.19
L1 SLI1
ILINE LOA
L
Cl1
———
r
= e e
Figur A9 T T\mw the element count.
Table 15. ing the»Loss per Decade and dB Octave Loss
Frequency Loss
160 0
16 &()
L} T8
4 96

Table 15.2 dB Loss at Two Different Frequencies
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Again, the filter must be checked at each frequency listed in the specification to
see that the filter meets the assigned loss at that frequency. One specification
was as follows: 30 dB at 100 kHz and 80 dB at 800 kHz. Adding 6 dB for
headroom, 36 dB loss is required at 100 kHz and 86 dB at 800 kHz. Using the
single L, the loss chart is shown in Table 15.2. Most think that the filter designed
for the lowest problem frequency would be good enough to handle all the rest of
the list: good odds but not always true as in the preceding example. The single
L3 cutoff frequency must be 5 kHz, not 12.5 kHz.

30dB@100kHz  80dB@800kHz 6dB
86dB@800kHz L 15.2

6dB@100kHz

L 5kHz

The easy method for the computer or calculate
Loss required=dB

Loss per octave for filter=L
Number of octaves = X = dB/L
Frequency at needed loss = F
Cutoff frequency = Fo = F/2* = Fy =F/2t

=dB

Loss
36 100 86 800
24 50 46 B0
12 25 34 40
0} 12.5 22 20
10 10
- 5

8 15.6 Remote High-Voltage Supply Fed from a Local DC
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Power Supply
815.6 DC
A very capable power supply company had a contract to design a power supply
with several output voltage. One was 60 V at 0.5 A. After the design, they built
and tested three and sent two to the customer for approval. After several weeks,
the approval was received and the well-designed EMI filter at the power input
also passed the 461 specification. A panic call came from the customer 2 days
later. The request was for them also to design a remote power supply utilizing
the 60 V at 0.5 A for a builtin remote monitor. This monitor power supply
required 16 inches of cable. A key player had died, so this other group could not
finish the design on time. The output was 20 kV at 0.8 mA. The power supply
company designed a double-ended forward converter, eac f conducing with
a duty cycle 0.8 of its conduction time, and a switchi equency, of 50 kHz.
This makes the current pulses 100 kHz at an on time cur
gquestions are as follows:

60V@0.5A
461
2 60V@0.5A
0. 50KHz
100kHz
1. With a proper filter, at t ain supply, is another filter
needed?

e input of the new supply?
for example, what else could be done to

The answer to the first question is, yes, and the reason will be apparent as the
other questions are answered. The second answer is, if needed, at the input of
the remote supply because the current on the cable between the two supplies
must be steady direct current with as little ripple as possible to eliminate
radiation to other wires within the harness and also to the surrounding areas.
For the third question, if the input section of the remote supply was isolated,
requiring a return lead to the first supply, a twisted pair would help eliminate the
radiated emissions. Although the filter is designed properly, there will be some
ripple on the cable after filtering. A shielded pair would also be good, but ground
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the shield only at one end. The best end would be the 60 V end, to reduce
ground currents. Also, Capcon could be used to cover the wires between the two
supplies and dissipate the energy.

60V
Capcon

Before the last question is answered, the following sho
if the original designer knew that the remote switcher as 10 kHz
and designed the 60 V output impedance to be mj
What would the results be? The path of leasg
current pulses is through the cable, creati
surrounding media. Discounting radiation, the res
fine. A filter at the input to the remote ais radiation.
10kHz 60V
100kHz

Now the opposite cond i ineering group was unaware of the
purpose of th edance is 24Q in the 100 kHz region.
What are ; iation would be reduced, but the switcher

A, re 45 V. A filter at the input to the remote should
i r starvation.
60V 60V
24Q
0.625A
45V “ K

Note that the solution to both problems is the same: a filter. A good filter
reduces the peak-to-peak ripple level, reducing the radiation. This filter also
reduces the output impedance to the switchers following the filter located in the
remote power supply. The answer to the fourth question is , no. The system
needs a filter whatever the output impedance and a filter will fix either problem.
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To design the filter, all the processes covered in this book could be reviewed-the
dBuA/MHz, the conducted emissions, and the radiative emissions-but this takes
time and involves testing costs. The filter can be designed without all this. It
may require some final adjusting, but so would the system after all the time and
expense.

dBuA/MHz

The easiest method is to divide the 60 V by the 0.625 A on current and obtain
the on impedance of 96Q . Divide this by 10 to obtain filter capacitor
impedance at 100 kHz of 9.6Q . The value of the capaci

60V 0.625A 96Q

100kHz 9.6Q
1 _ _
S, S, - 0- 166nF - 0-2 516)
Z2p ~ 100,000 9.6
or round this to 0.2 uF, and choose a ty i sonant frequency (SRF)
at least 10 times the switcher frequency! in this case, giving 1

MHz SRF. The inductor should have 10 ti
at 100 kHz:

r this example, or 960

0.2uF
100kHz
100kHz 960

960
20 100,000 (15.17)

This is i ot Side and half on the return side, 1mH each
lue for the inductance but easy to design for the
ugh the SRF may fight. Raise it as high as possible.
1mH 15.20
0.5A

10 96Q
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1 MH

Figure 15.20 The remote filter in the monitor er sup

The filter impedance is

f O.,002 ~100
0.2"10°

which is close to the 9

(15.18)

e cutoff

(15.19)

The ap i Table 15.3.

Table 15. roximaDLoss of the Remote Filter
Frequency dB
8,000 0
16,000 12
32,000 24
64,000 36
100,000 42

This should knock the socks off the radiative emissions and give a
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low-impedance source to the switcher. The pulse power is

s 106
20l0g2EA 10

(15.20)

which equals

. Q7 106
20l0g-2 0'621508 10" 12008

The 20 dB per decade starts at

20dB/
1 1
=~ __=39789Hz
pa p8 10
which is 39.789 Hz, and the level at 100 kHz is
100kHz

20Iogi =20log
pFa pl

where a is in seconds and
a F

(15.23)

from the wave, the full loss would
be -50. Sub ould leave 70 dBuUA. This should be
i ower line. What does radiate is reduced by
be out of specification depending on the
. If this is out of specification, add the shielded
ground at the initial supply end. If the system still

level is arou
problem by gon

A, and this must be adequate. Do not try to solve this
to a double L with smaller values. This could work, but the
dc voltage drop feeding the switcher could be excessive.

-42dB -8dB -50dB 120
70dBuUA

-42dB 30dBUA
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16

Applications Using Round or Square Conducting Rods

igh current filters
e capacitors are

Two similar conditions are treated here. The first is the very
based on toroids and round conducting rods through the

system, and thus the bus te ow. This chapter discusses their
major disadvantage. The be equire them! Several issues are
discussed here, with some sign around them if the need
arises.

90°

816.1 Very High Current Filters

816.1

First we review the number of filters in cascade or tandem. If Q is low enough,
the number of resonant rises is one less than the tandem number in most
applications. The maximum is normally four multiple filters in tandem, which
should yield three resonant rises. This holds only if Q is low enough; otherwise,
there are the four resonant rises. In high-current filters, the rule of a maximum
number in cascade, or tandem, is broken for several reasons. The new
maximum number is seven filters in tandem. For example, there could be seven
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L filters, one after another. This gives six potential resonant rises if Q is low
enough. One reason for the exception of a maximum of four in cascade is the
high capacitor values required for proper design. They become very unrealistic,
and the self-resonant frequency (SRF) drops to low values for the two, three, or
four cascaded filters. As the number in tandem increases, the capacitor value
decrease. Inductor values have the opposite problem. They shrink in value, into
the low uH range. To fix this low-value problem of the inductors and to reduce
the size of the capacitors, a second idea must be discussed: paralleling the
filters. If the number in parallel is N, the impedance of each unit in parallel is
multiplied by N. The value of the inductors is N times large, and the value of
each capacitor is divided by N. The impedance of each filter unit in parallel is

3
7 L
4 2
3 4
NL
C/N
and the parallglfi i is the'Same as the initial impedance because N

h-current filter is not to filter it! Filter the lower
current a . rmy Corps of Engineers consistently ignores this idea.
They wante power line, with currents of 600, 800, and 1000 A per
phase, to be filt rather than to filter the distribution legs, which would have
been easier. It is likely that the entire volume and weight of the branch filters
would have been less than that of one big filter. These branch filters would
probably have cost less, also. The quality of the filter 3 ability to operate at
higher frequencies, because of the improved SRF values, would also have
greatly increased.

600 800 1000A

SRF
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Another costly solution is to use transformers to step up the voltage and step
down the current. This raises the design impedance, making the components
much more realistic. The higher design impedance increases the value of the
inductors, making them more realistic. This also holds true for the capacitors
and makes for smaller, more realistic capacitor values. Both components would
have better SRF values. Note the second word, cost. Theses filters cost like gold,
anyway, so two transformers on opposite ends may not affect the price too
much. Another method may be to filter the power before the step-down
transformer to save the cost of one transformer (you require this transformer,
anyway). The input transformer is either a Y to or to . Another

advantage to adding the two transformers is that the neut
unbalanced currents on the neutral is eliminated.

rrent caused by
of all the

harmonics that are multiples of 3, especially the third ha rent. These
add in-phase on the neutral, along with the neutra are
eliminated. Filtering this as a three-phase t the

through to these filters because they m dnded to function properly.
The cost saved by eliminating the fo ilt elps to offset the
transformer cost if this technique is used} in each leg will still be
high and may require sev i el besides the transformer(s)
technique.

SRF
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Nast Newi
LegC

;]

: E

Figure 16.1 The step-up and step-down transformer fo

The following discussion is based on approximati
the filter quickly. The values can be moved latg
property if not on the playing field.

microhenries, and the
Table 16.1 for 440 V, 400 A at
ues were calculated using the
iThe design impedance is 440
chosen.

100dB

16.1

400 1.1 L

The cutoff frequency R, the value of the
value of capacitance in micr
400 Hz requiring 100 dB
methods discussed eatlier
divided by 400, or 1.

440V/400A@400

matrix
iple Ls wi

Table Hij
Number Cutoff
of frequency
elements F, Inductance Capacitance
3 3750 46 385
b 4500 39 32.5

The cutoff frequency of the five L filters in tandem is somewhat low for 400 Hz.
This makes the six-element filter the better choice. Look at the value of the
capacitors required for either the five- or six-element filters, however. This
would require five or six capacitors this size (and inductors) to make up the filter.

Page 240



= EMI Filter Design

, EHCARE

These values for the capacitors are may too high. Even if two capacitors are
paralleled, 20 uF for the five element and 16 uF for the six element, the SRF
would be too low. The SRF of each capacitor would be in the low-frequency area,
around 60 kHz or lower, depending on the type of capacitor chosen. Paralleling
the entire filter would aid in solving this problem, as suggested by Table 16.2.
The design impedance is now 4.4Q , with four in parallel, and the current is now
100 A. This would form a two by two, giving four filters in parallel. With this low
a current (100 A per filter in parallel), a conventional design could be used.

5 L 400Hz 5 6
6 5 6
20uF 6 16uF SRF
60kHz
4
100A

Table 16.2 High-Current Four-in-Parallel Filter es

Number Cutoff
of frequency
elements E, Inductance Capacitance
4 3000 233 12.0
5 1950 177 9.2
6 4600 152 8.0

4

to consider; five elements is okay. The
at the capacitance is reduced from 9.2 to 8 uF,
the same is true of the inductance. It is obvious

design costs!)
4 5 6
9.2 8uF SRF
6 6x 4  152uH

6x 4  8uF 48

This is the disadvantage of high-current filters. The best solution is to bring this
power into service and then filter the individual feeds after each breaker. The
current falls, requiring fewer elements in each filter and ending the possible
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need for the two transformers and the need to parallel the filters. Some
designers prefer the opposite technique, to filter feed the breaker so that the
filter is always alive. This means that the distribution bus feeds the filters and
the filters feed the breakers. The reason is that in most designs the capacitors
in the filters feed the breakers. The reason is that in most designs the capacitors
in the filters are too large, and this creates difficulty in turning the power on
because of the added inrush of filter current. Look at Equation (16.2), where six
32.5 uF capacitors are in parallel. The inductor furnishes low inductive
reactance at the power frequency, so these give little isolation between the
capacitors. This gives a total of approximately 195 uF. This capacitance plus the
normal inrush may cause a breaker trip problem, but many dgsigns have more
capacitance, adding to the problem.

195uF

stem, some ideas follow. The
r example, rather than a wire

If the engineer is stuck an
current-carrying elem

stronger con ed with copper or silver. This improves
od. The bar or rod should have a diameter
flow with little heat rise. The conductor is not
capacitor Iy should fit easily over the conductor
capacitors should be the feedthrough type, with

equal to 1. This is a copper-or silver-plated rod, with a 95% or better fill factor
compared with the typical 40% for toroids. This bus runs through the inside
diameter of the toroid as well as the capacitor. Later in this chapter the copper
bus bar is discussed.
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The approximate design equations for these high-current filters follow. The
inductance is

_ 0.4pU_AN?" 10 ®

16.2
M " ( )

L

where N is now only one turn, A; is the cross section
stacking factor Sy), and U, is the effective permeability,

e core (times a

type are discussed later. This toroid
manufacturer so that the peak current do the core. This can be
determined from the BH cur;

N 1 Mpl

Figure 16.2 The tape wound toroid showing lg, O4, Ac and My,.
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Figure 16.3 The toroid inserted in the copper

e 0.4pNI, 0.4p+/21, _
M M

pl pl

because N is equal to 1. Th
current passing through thi
off-line regulators are |

at the majority of the
e to unity power factor and the

1
(16.4)
where the units are centimeters.
04U (0, - 1, WS, " 10°® .
L= =0.4U WS, * 10 16.5)

(0, +14)

where the O4>>Il4. Watch this: the poorer the conductive material, the larger
the Iy must be to handle the current so that the bus does not have excessive
heat rise. This heat rise can destroy the capacitors. The dimensions are still
centimeters. The Iy is the diameter + of the conductor, and Og4 is the maximum
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allowable diameter based on the size of the insert or filter box. The amount of
inductance is known because it was previously calculated. The effective
permeability Ue approaches

Og>=>1y4 lg
lg Oy
Ue
_ U.,M, _ PO,
e M, +gU, 2 (16.6)

where g is the gap, also in centimeters, and U, is the core permeability. This
equation is based on U, in the tens of thousands range. right side of the
denominator of the center equation is much larger t hand term.
Replace M, with Equation (16.4) and substitute U, into

g Um

16.5
| = OAPOMS, | 10°°
29

This is the individual value
them in the preceding ca
inches,

d to make up the filter (six of

before partall ). Changing 4, W, and g to

6
Og W
L = (16.8)
Solve s, of the inductor. For the toroid specification used
here, the ns given are Oy, ly, and height. The W used here is the
height
Oq Iy

W

_ 4.043Lg10°
W= 0.S (16.9)

d~f

This way, the width of the inductor core, in inches (here, the width is the height
of the core; there is only the conductor rod through the ly), can be found to
meet the required inductance. Make g vary with Oq4 so that g/OQy is a constant for

each filter in parallel. This way W varies with L. The stacking factor Ssvaries with
the tape thickness only.
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Id g Od g/Od
w L St

A good source for the toroid inductor, and also the C core discussed later in this
chapter, is National-Arnold (Adelanto, CA 92301, Richard H. Wood,
Engineering).

National-Arnold Adelanto CA 92301 Richard
H. Wood, Engineering C

Richard Wood has spent many hours researching pulse transformers. He has
concluded that the width of the toroid and C core should b nch maximum to
the round

rod and the bus to reach the desired width if the main feedhi pulses, for

their catalog for their tape-wound toroids
Richard Wood

16.5
1
I. :: L i'
|
-]
KG b~
A -
=il =i
J'H < =air: 00 1
==t = e = K Hard
Dol ol A Wam 10

Figure 16.4 National-Arnold core losses in watts per pound.
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SRS e

Stacked toroids

Figure 16.5 The stacking of tape-wound toroids g
Each toroid, or C core, is insulated from the rG S an other.

National-Arnold gaps the toroid, as in Figure 16.6
and coating the toroid so that the gap detectiG

~

Tape-wound toroid

Figure 16.6 The tape-wound core gapped by National-Arnold.
The Iy and O4 of the feedthrough capacitor in Figures 16.7 and 16.8 are the

same as the inductor just calculated.
16.7 16.8 lg Oqg
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EXTENDED FOIL
I+ W *|
— Aw (R—
Y
' +
. ARBOR | Da
*
- —— —
] > _*
" EXTENDED FOIL —7

Figure 16.7 The extended foil capacitor.

A

d dielectrics. T is the dielectric
dielectrics and two foil plates

Figure 16.8 Enlargement o
thickness in mils while, t is
thicknesses in inches?

The width m ction 6.2, mostly repeated here.) Ds is
i i eter of the arbor and t is the thickness, all
eter Oq4, and D, is the inside diameter ;. Make
conductor rod and D,, or O4, equal to the same
t inductor just calculated.

Ds Da t
Ds Od Da Id Da Id
Solve for the number of turns N
N
— Ds - Da
16.10
2t ( )

Solve for the mean diameter D,:
Dm
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D = Ds - Da
m 16.11
> (16.11)
Solve for the mean length of turn Ly:
Lm
L. =pD, (16.12)
Solve for the active length L;:
Lt
L, =NL_, (16.13)
Substituting Equations (16.10), (16.11), and (16.12) into ation (16.13),
16.10 16.11 16.12
2 2
Ds - Da
L=p——F7—
4t
To continue, we need to know the K value of t find the
dielectric thickness in mils. Values of K are also & ape, and the
dielectric is often chosen based on the i and size. Mylar gives
the smallest dissipation factor within its

K
Mylar
Polyester (Mylar), 900
Polycarbonate, 840
Paper (resin or PBT),
(16.15)

where T is the thickness of the material in mils, C is the capacitor value in uF,
and K is the dielectric constant from before. Substituting Equation (16.14) into
Equation (16.15).

T  mil C uF K 16.14
16.15
_4ACKTt
A\N—p(Dg_ Dj) (16.16)

If Ds, the O4 of the inductor, and D 5, the 14 of the inductor, have been chosen, the
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width to be allotted for this capacitor can be found. This equation helps to find
the width required to fit the capacitor. The final width will be slightly larger than
A,+2M, where M is the margin for corona. The extra width allows for the
extended film foldover and sputtering. This conductive tab should be soldered
to the conductive bus bar, and the same style of tab should be soldered to the
ground end of the capacitor (Figure 16.9). This should be soldered to a ground
lug or to the enclosure wall. Some extra width should be allowed for the two

tabs. The tabs must carry the capacitor current, not the full current of the filter
section.
Ds

Oy lg

Da

16.9

the conductor. Another way, acitor is to solder or sweat the
capacitor to a partition th e compartments and forms a

screen and shield. The i ductor, the capacitor first, and
the shield is soldered r. Be careful not to heat this to the
point at which the cap sconnecting the capacitor from the
shield: spot i

16.9
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Figure 16.9 The stacked capacitor and inductor on the copper conductor rod.

e —

LEE T T Ii\

e ——

Figure 16.10 The capacitor with groun
The conductor rod is threaded on both en ipped into its container
lipped through a centered hole
in the back cover. A cera i i ped on over the threads and
centered in the hole of the . , Smaller in diameter than the

insulator, is slipped forms the output terminal. The
components are slippe i er the long exposed conductor via
the open fron iner. Each capacitor is soldered before

until all the components are installed. The
soldered, followed by the ceramic insulator, and
rms the input side of the filter. The filter is then

in vacuum and then retested. Often the

terminal con p cover is then soldered in place. A potting compound is
often used to h e elements in place. This unit should not be required if any
of the components are snug to the conductor (this assumes the rod is rigid). If
they are loose, or if the specification calls for potting compound, use just
enough in the bottom to hold the components in place or stationary. These units
are heavy enough now without the potting compound. To keep the filter as light
as possible, mix microballoons with the potting compound.
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The advantages of filters in parallel are as follows (Figure 16.11):
1). The current reduction drops the silver-plated rod diameter by approximately

4

IN

where N is the number of filters in parallel, not the turns
giving more inductance and capacitance for the Oy.

2). The inductor value becomes reasonable by being
capacitor value is divided by N, reducing the size g
the capacitor SRF and the inductor efficiency.
3). H is reduced to H/N, reducing the size of is the
number of filters in parallel, not the number of tu pr turns is till
equal to 1.
4). Lower current filters may now be co ned filters in parallel
rather than the type discussed here.

s reduces the lg4,

Figure 16.11 Top view of high-current filter showing three sections.

The equation for the inductor width, repeated here, is
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_ 4.043Lg10° _ 404.39L,,
= - (16.17)
0,5 O, Sy
This is the initial full-sized filter, before paralleling. The value of the paralleled
inductance is equal to the individual inductor of Equation (16.17) times N, the
number in parallel.

16.17 16.17
N N

_ 404.3NgL,,
In Od Sf

(16.18)

Returning to the initial full-sized filter, before paralleling,
capacitance, then, is equal to the individual cap
capacitor width divided by N:

1/N
ACKTt ACKTt
Aozl VT z)  aew

Ay is the full capacitor widt e initial value of the capacitor,
before paralleling the filter . is A, divided by N. The total
length of the filter-back cov roximately-is

Aw
W 404.3gNL,, U
LC U16.20)
C)d Sf G
where ilter elements (the number of L filters in tandem
here-six) ber of filters in parallel. The multiplier, 1.1, is a factor

allowing for s, capacitor lead thickness, the shield-if used-and for
soldering. R is nd from the initial capacitance needed, in uF, before
paralleling. Ly, is the inductance in uH before paralleling. The inductance and
capacitance were determined initially from the number of filter elements in
tandem S. S must be an even number for those folded back and, even or odd,
for those straight in line. The volume for the full filter, including all those in
parallel, is the full filter length W, from Equation (16.21), times the

Oﬁ multiplied by the number of filters in parallel N.

S L 6 N
1.1 R
uF Lyn
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S S S
16.21 o; N
e R 404.3gNL . u
— 2 _ p mH 2N 12
V. =W, NO; —1.1SgN(O§ - |§)+ 0,5, UNOy 16 01

If Oq4 is, again, >>l4, the denominator of the first term cancels, reducing the

first term to R. The second term is directly multiplied by NOﬁ :

Og =>>ly R

404.3gN°0, L, 6

e
V,, = 1.1SéR +

f

depth. Figure 16.12 is a nic

60

a

Length

Figure 16.12 Ratio of diagonal to length.

The easiest method is to calculate the diagonal of the end piece compared with
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the length. Twice the diagonal is normal and about the minimum, three times
the diagonal is about maximum. There are three equations. The first equation is
for straight where the Oy is the depth with N multiplied by O4 for the width. The
second shape has the same width but the length is half and the depth is twice as
large, or twice the Og. This is folded back, so that the input and output terminals
are on the same face (see Figures 16.13 and 16.14). The last is the even count
type, such as 4, 6, 8, and 9, which gives 2x 2, 3x 2, and 4x 2, which requires
the full length, and the width and depth are multiples of as be of O4 as before.
These equations cannot be differentiated to solve for a minimum because all |
have tried give points of inflection.

3

The three equations for the length t& diagonal follow the
assumption that Oy4>>ly. Any other uations are easily
established. Again, watch for hi ) ecause other materials
require a higher cross-secti der so that the O4 may not be all
that much greater than the

v
(= 203NVN?+4
0 (16.23)

é 404.3gN°0O, L, U
1.1S6— ? S+ I o 1= 0INYNZ +16
@N(Od' Id) S 9|

The first equation is for one filter deep, or depth O4 and N multiplied by the Og4
wide. The second equation is for the folded-back type, so the depth is again
twice the Og4, the width is still N multiplied by the O4, and the length is half. The
last is for the even count 4, 6, 8, and 9. Again, parallel filters are rarely more
than six. Surely by this count conventional filter design could handle this
reduced current. Here, four in parallel would give 100A each for the case listed
in Table 16.3, and a conventional filter could handle this current. These form
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cubic equations. For a current of 400A, the parameters are as listed in Table
16.3 for filters in parallel. Each listing is for one through nine filters in parallel.
Rarely are more than four in parallel ever used.

Oq N Oq
Oq 4 6
8 9 6
16.3 4
100A
400A 16.3 1
9 4
Table 16.3 One to Nine Filters in Parallel /
Z 5 F, L C I, dlA Width
1.1 & 4400 3 328 400 11.5 32.5
22 6 4475 T8 16.2 200 8.0 58
33 6 4530 115 10.6 133 6.4 40.0
44 5 3850 1E1 9.4 100 58 52.7
535 5 3900 24 7.4 20 49 31.5
66 35 3900 269 6.2 66.6 4.4 62.0
LY - 3930 311 3.3 7.2 40 66.3
B8 5 3930 35 4.6 50 36 703
99 35 3960 397 4.0 45 34 74.1
The single filt Vi .1 Q is ridiculous. Look at the diameter
of the ind . not sure that the capacitor can be wound,
becaus winding machines can handle about 6 inch
dia as large as 3 feet in diameter and the same
width delanto, California. The volume is good, and so is

giving a sm i ter and less width. All the filters in Table 16.3 are Oy
depth element multiplied by O4 wide.

1.1Q
6
National-Arnold in Adelanto, California 3
2.2Q 16.3
Oy N Oqg

Figure 16.13 and 16.14 show the folded-back type.
16.13 16.14
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c c
o i}
P p
p P
E e
r +r
b b
u u
1 E
B 3
BOTTOM
Figure 16.13 The side view of two filters iRfpar, d back.
|
TO0P
Copper Bus
Input
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TOP
Shored
terminals
Rear
Figure 16.14 Front of two fil d back with rear view (below).
The rear terminals ar the metal protective shroud
that normally covers i shown. In the front a division is
shown between the to . The same idea is used in designs
with three, fiv, filters. These are all folded back, as in
these figur, s S must be even to split between the top

and bo ed-back designs. The length is cut in half (plus

som oth the front and rear connections). Four is a
two b two, and eight is a four by two, requiring the full

length. Ni three, also running the full distance. The approximate
sizes for the -back designs is listed here. Again, long before these
many filters ar arallel, the design can revert to conventional filter types.
357
4 2% 2 6 3x 2 8 4x 2
9 3x 3 5

The five in parallel and folded back for 400A (now 80): R=601.38 and
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Q=0.3558 with each inductor=195uH. Each capacitor=6.6uF. The required
diameter=4.3 inches. F;=4436 (very good). The folded length is approximately
28.2 inches. Z=5.5, s=6 (even so, the bottom and top half component counts
are equal), and the volume=2.9 feet®.
400A R=601.38 Q=0.3558
inductor=195uH =6.6uF =4.3 inches F,=4436
28.2inches Z=5.5 s=6
=2.9 feet®

Granted, this is only an approximation, but if a 400A filter can be built in less
than 3 feet®, this is very good. The inductors would be 1.8 inches wide, and the
capacitors would be 6.5 inches wide. The capacitors m ave to be split,
requiring 3.27 inches. Winding machine can handle vari tra room is

with this lower current of only 80 A. This high-cU

A or so, depending on the line voltage.
400A

1.8

3.27

The same te d on rectangular buses using C cores of the
he capacitors must be wound on a special

The strap in Figure 16.15 is stainless steel, not strap iron, as a designer once
used years ago after the last of his stainless steel had been used. The strap iron
carried almost all of the flux around the two gaps and melted in a few seconds.
These cores are also available from National-Arnold.

16.15

National-Arnold
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sra clamp

Figure 16.15 The C core showing shims and clamp.

Capacitor

I.—|.I-—..—‘--ll = l:—l-_'— — ",
— S L ]
i . r,- S ——— II

- = -

. e
_— e ——
Figure Nﬂtorzsed for copper bar.
Mount itor the e way as in Figure 16.16 with either a shield or

leads. Thi
16.16

ique is summarized in Section 16.3.
16.3

816.2 High-current Second Method
816.2
Each inductor assembly (C core) surrounds the bus, and each capacitor
assembly has its own rod, or bus, and these are tied together at the main bus
(Figure 16.17).
C
16.14
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=S80 O

Figure 16.17 Second meth i nt design.

, but the bolt carries no current as
bottom feedthrough capacitor in
ry only the normal capacitor “feakage
o ground but this is not through the bolt.

The three capacitor a
the normal feedthrou

ded, and the bolt is isolated from the plate. The
ressed to the ground plate, giving good SRF,

be isolated fro plate or the outside filter wall. The nonconducting bolts,
here, would protrude through the wall of the filter and could be touched without
shocking. The advantage of this style over the style using the ground plate is
that the three capacitors, along with the last feedthrough, could be torqued
again, after the heat cure, from outside the filter body. In the first style, the
cover over these three bolts must be left off through the heat cure to have
access to these bolts. This torque is required for proper pressure for both
capacitor foils of each capacitor to function properly. There are several
advantages of this style over the type in Section 16.1:
16.17

Page 261



= EMI Filter Design

, EHCARE

SRF ESL ESR

16.17

16.1

1. In the first style, the | of all the capacitors had to be the same as the
inductors. In the second style, the Iy can be very small for, three capacitors
to ground. This is not true of the output feedthroug itor. JThis output
capacitor bolt carries the full filter current to the out . The bolts
through the capacitors to ground carry no curre ive and

able to carry the full load current to the outsidey

capacitor value.
1. lg
Iy 16.1 la

b an be as large as needed to
of the C core, because this second

require iterations. As the Oq4 grows, with inductance and capacitance values held
constant for the proper design, the width of the capacitor decreases. This
increase in the value of Q4 increases the My, which decreases the H the MMF

which moves the flux density away from saturation and increases the A
value of the inductance. If A, and M, grow at the same rate, this holds the
inductance constant. This increase in My, however, requires a larger gap to hold
U. constant; otherwise, the inductance increases. So, around and around it
goes. The disadvantage is that the bus must be oversized to allow room for the
capacitor feed. A copper bus is not very big to handle the current 400 A here.
Although copper can be used here because no torque is required, often poorer
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conductors with very conservative current densities are used. This gives the
width needed to support the capacitors to ground but also increases the filter
volume. This is a trade-off. C,, is the circular mils per ampere required, and W,
is equal to FG of the C core:

Od Od

400A

Cm
W, C FG

W, =7.854C_|__ 10 "inch?

m- max

The question is, can the capacitor fit on the bus® itor and
inductor assembly along with the equations is 16.18. The
approximate value of O4 can be calcula i 8. 26.18. This is because all
the quantities are known (Figure 16.1 at least the C core
dimension E. The O4 should be, at maxi e dimension G. If thin

shims or washers are added e capacitor, the O4 can extend

beyond the length of Gto a ice E. If the Oy of the capacitor
is greater than this, t i ases some.

G G+2E
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CKT
L, = " Active length
“C" Core y
04=-1
R = ¢ ¢ Turns
a4
Bus
ﬂ.ﬂd
D, = : Mean Diameter
Ly = ®D, Length per turn
nfo -1,
TOP VIEW L, = NLg = _{L_"l
04 = 2 CKT4 Approximate Od
n-A
L w
Figure 16.18 Top view of C core, bus, Wuaﬁa\s.

/’____:I/“ —

"C" core

A 4
Figure 16.19 C core with dimensions.
For the inductor, the D dimension can be calculated from the equations just

listed and knowing the gap, My, Ac, and W,, three of which are listed here:
D Mo Ac W,

A, = 6.452EDS,
M, =5.08(G + F +2E)
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W, =6.452FG
A, =W,A, = 4162EDFGS,

where D, E, F, and G are in inches and A;, M, W,, and A, are in centimeters.
Knowing the value of the inductor, the needed width D can be found. The core
manufacturer can make these cores to the needed width D, or several cores can
be stacked to reach this dimension. If the capacitor O4 dimension is less than G,
the capacitors can be paralleled (Figure 16.20).

D EF G Ac My Wa Ap

v
Figure 16.20 Second method showing capacitors in parallel.

The advantage of this technique is that the capacitors can be paralleled across
the bus (Figures 16.21 through 16.23). This reduces the volume required for
the capacitors, bringing the C cores closer together and reducing the volume of
the filter. The bus area of the cross section is constant for the current required
to be handled by the bus bar, so that as the width increase for the parallel
capacitors, the thickness drops. There is a limit to this: the bus must fill the C
core window area W,. Therefore, there is maximum ratio of width to thickness,
which is limited to about 5:1. Other wise, the C core cannot be manufactured.
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The cross-sectional area is a constant that varies with the current the bus must
carry. This main bus can be copper because the bus is not threaded and is not

torqued as in the first method.
16.21 16.23

C
C
W, 5:1 C
P
. G .
4 ____ G /
E _,f
+ E |+ t T
f
J “C* core
Figure 16.21 The C CW.HY_ -
~ L, = % Active length
"C" Core ¥
0,4-1
------------------- L] H = d 4 Tums
1
Bus
OI""“I
Dy = — Mcan Diameter
- Lm = ®Dp Length per turn
7 .1
t & 4t
Og = 2 L 6 Approximate Od

Figure 16.22 Top view of C core showing parallel capacitors and equations.
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.

core G dimension (window | ould extend beyond the G plus
twice the E dimension (G+ of the C cores) at both edges,
increasing the volume,if sh & added between the capacitors
and the bus. (For co ust be used, some other ideas are
discussed later.)

C
G
The only is that C is half the value. There is also a practical limit,
and keep in ach hole in the bus restricts the current. Sometimes thin

copper busing i ced across the bus to make up for the cross-sectional area
excavated for the capacitor bolts. This technique adds to the length of the bolt
and is done to maintain the cross-sectional area of the bus at the point at which
the bolt holes are drilled, keeping the bus temperature lower to lengthen the life

of the capacitor.
C

816.3 High-Current Method 3
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816.3 3
This technique eliminates the bolt through the center Iy by using Y capacitors
with very short leads. The self-resonant frequency approaches that of the
feedthrough type and has little added equivalent series resistance or inductance
over the feedthrough type. The advantages are as follows:
Y ly
SRF ESR

1.Very little bus bar area is drilled out compared with the bolts in method 1 or
2.

2. The torque required for the feedthrough type of capacitor is eliminated
because the capacitor is fully assembled, and stressed, bef nstallation in the
filter.
3. The leads are soldered, removing the necessary good
or ground plane.
1. 1 2
2.

the bus bar

The disadvantage is that t
difficulty of returning the s

rely be reused because of the
s in the ground plane.

The approximate equat
and continue i@ Rigure 1 . is the Tength of the capacitor in the E direction

ill not a good idea to be pressing or touching
lus an 1/8 inch or longer. This eats up volume
but re i n. The values of C, K, T, and t are known, so L, can
tion in Figure 16.25. Remember, t is the thickness of
foils in inches (see Figure 16.8)

16.24 16.25 A, E
E C C
Aw E 1/8
Dy C KT t L
16.25 t

16.8

Also, T is the dielectric in mils. O, can then be solved from the quadratic
equation given in Figure 16.25. The last half must be smaller than the first half
under the square root. This also ensures that the last half of the quadratic is
smaller than the first term. The negative solution is the only valid solution;
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otherwise, Dy is larger than D,. Once Dy is known, D,, the arbor diameter, is
solved, and then Oy also follows. In Figure 16.25, the value is shown to be larger

than G+2E of the C core. This is okay if D, is smaller than the container with
extra clearance. Again, none of these Y capacitors should touch the container

wall.
T mil
Dy
16— D=1 D,
/\\ i
N
Dy D,
]" m

TOP VIEW

16.25

G+2E

M = the Arbor Diameter

n

D

Y = Number of turns

21

D

T'...D . = fthe Mecan diameter

D, = The mean length pertum

_-[nfnq D,- m,]__

Figure 16.24 Wpﬂssed capacitor and equations.

i— DX —

lﬂ ﬂdl=’ D‘+D:

Figure 16.25 The top view of the pressed capacitor, C core, and bus with

equations.
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816.4 Review of High-Current Filters
816.4

Most high-current filters use pieces of these various technologies. Some extend
the width of the conductor bar for the capacitor(s). Others use vee technology
for the capacitors, with shunts across the vee legs to carry the main current.
Others mount the inductor sideways and reverse each section so that the
capacitors are on opposite ends (Figure 16.26).

vee vee

16.26 /

“C* core '

e S L Ly

Bus

INEREFTEETETrETEESFE P

an oo -

| “C" core

WD o e -

Buss

TETETEIFE LSS EE AN

]

Figure 16.26 High-current filter, alternative method.

The two wires in Figure 16.27, to and from the capacitor and across the two
buses, are in parallel with the single wire directly between the two buses. These
wires must carry all the current between the two buses. Other wise, the
diameter of the wires must increase. This is veeing the capacitor. The

Page 270



EMI Filter Design

ERCARE

inductance in both the capacitor legs adds to the inductance in the C cores if the
two vee wires can handle the current. This maintains the high SRF of the
capacitor. Otherwise, the shunt wire inductance is in parallel with these two vee
wires (Figure 16.28). With the parallel shunt bus wire, the SRF of the vee

capacitor is still higher than the situation in which the capacitor has single long
lead.

16.27

SRF

[RT RN TEENTN T TR N B

Figure 16.27 High-current filter, alternative method 2.
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sirap

T

Figure 16.28 The vee capacitor in parallel with shunt wir

The main thought is to avoid these high-curre
designer cannot, parallel the filters so that conve ters can

ure 16.29). The width of the capacitors should
the bus, and the bused carry all the current except

advantages are the overall volume is smaller, the total capacitance is the
sum of those along the bus, and Y capacitors do not require torquing after the
filter is heat cured even though the output feedthrough requires torquing after
filter curing for the best capacitor results. If the capacitors along the bus can be
spaced somewhat wider, allowing ample room to solder the leads, capacitors
may be placed on both sides on the bus. The upper capacitor bus hole would be
between two capacitors on the bottom, for example. The Dy of the capacitor
would be narrower, allowing the bus also to be narrower. The cross section of
the bus must be the same to carry the full current. The bus can be cut out of
thick copper sheet or bolted together. This way, the bus between the C cores
may be a different size than the bus through the C cores. Various alternative
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methods may be developed using many of these ideas in combination,
depending on the situation.
C
Y 16.29

SRF

O core

arrErEs S iEE @I TE

prepEFEESdEdEI IR B BN

Figure 16.29 The last alternative high-current filter.
Using this suggestion, the inductance along the bus adds to the overall

inductance and is similar to veeing. The capacitor lead length is low, making ESL
and ESR very low and maintaining the high SRF. The disadvantage is that all the
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capacitors are lost during repair or while adjusting for insertion loss if
components must be added.

Vee
ESL ESR SRF
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17

Packaging Information

Packaging is a very important subject and is as critical in the world of
electromagnetic interference (EMI) filters as it is in the rest of the electronics
arena. Component layout is important in all electronics. onents that are
susceptible to H fields must be moved away from thes
printed circuit board traces, must be short as possible.

EMI
817.1 Layout
817.1
For best performance, the physical layou ilter should be long and

thin. From Fig. 17.1, it is ea ngth is greater than the sum of
the height and width. In thefhigh current filte own in Figure 17.1, the toroids
are spaced by the value of i i moves the tendency toward

17.1 EMI
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Figure 17.1 High current insert showing the front cover.

Long compared to width
Figure 17.2 Filter showing good length to width ratio.
If the input and output must be on the same fag t the
full length of the filter, as shown in Figure 17% nts are
divided between the two halves. Half run from theht ack half and

then double back to the front on the ot e of the'Shield. The shield must be

fully grounded the entire length.

v
Figure 17.3 Filter showing shield to separate clean and dirty areas.

In the lower current mode, these parameters still hold true. The filter 3 aspect
ratio should be long in length compared with height and width. The components
should run from one end to the other, as in a transmission line, rather than
zigzagging back and forth within the filter body. This reduces the cross-talk
effect. Capcon should be used to cover lead wires to help attenuate the upper
frequencies. The inductors should be mounted in quadrature (even toroids), as
shown in Figure 17.4 and in the alternative Figure 17.5. The alternative (Figure
17.5) requires more room, but all the toroids are in quadrature; the two toroids
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in Figure 17.4 are not, but they are separated by an additional distance. The
upper left and the lower right are in the same plane, with a capacitor between
them, but the distance is greater, which reduces the magnetic coupling.

Z Capcon

17.4 17.5
17.5 ; 17.4

Z.
I I
m_m"
X

S

Figure 17.5 Alternative balanced double L in quadrature.
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The top two inductors would be wired directly to the line-to-line capacitor and
the bottom two also wired directly to the capacitor using the vee technique. See
Section 6.1. This continues to the next section, maintaining the quadrature of
the inductors. These are not usually mounted to a printed circuit board because
of the current and the dc resistance of the boards. Most EMI houses do not
design their filters to utilize printed circuit boards.
V 6.1
PCB
PCB DC EMI PCB

Some engineers have designed the EMI filter as part of the er input, and this

function properly. This works well if the
Communications Commission standards or

components to function properly or ot
by the filter or couple their magnetic fiel
a 60 dB filter is reduced to only 24 dB and
went wrong.

er does not know what

EMI
FCC
24dB
The ca i filter must be a good conductor. The better this
surface ¢ wer the magnetic field is on the outside of the case.
Even though d steel is often used for the filter body, the container is

often silver pla 0 enhance conduction. This attenuates the H field and
improves the radiated emissions. The H field establishes a current on the
surface of the filter body container. The better this surface conducts and the
thicker the case material, the weaker the current on the other side of the case.
This reduces the H field departing from the case wall and is true of H fields either
from the filter or to the filter. The container must also be a good conductor so
that the feedthrough capacitors can function. The same would be true if the
good conducting case were not wired to ground or the ground wire were loose
or missing. In the circuit in Fig. 17.6, neither the feedthroughs, C,, nor the two
common mode arresters work properly if the case ground is resistive or the
container has a high resistance. The one thing we can say about the ground is
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that it isn T ground, or as most say, ground isn t. So, grounding of these filters
cannot be marginal or overlooked.

17.6

»
The balanced single phase with arresters

HOT 10 Mh II".‘:!J_

Neutral T

Case ground

outside and ins lameters (inches).
16 S
Ls Ts T1s L Ogq Iy

0.4U,(0, - | 10°®
L= 040, LS, =0.4U WS, 10°°
Oy +14

where L is the inductance and S; is the stacking factor. R, for the capacitor, is
L St R
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ACKT,
p

where C is the capacitance in uF, K is the dielectric constant, and T and t are
both thicknesses but T is in mils. This was calculated based on L filters, but T
and T filters should be close (these are approximations, anyway).
C uF K T t T mil
L T m

R =

é 404.3gNL, U
V. =11Se—~ 4+ 29 L"“gNoj

éN(OdZ' Ij) Ode 0

If O4 is much larger than ly, Vio: approaches
Oq Iy Vot

404.3gN?0, L, ©

e
V, = 1.1S§R +

On the other hand, McLyman has pr
combined in Table 17.1, to calculate man
his book, Transformer and andbook (Marcel Dekker, New
York). Our goal here is volu t in the next section). See also
Chapter 11. The main idea i duct A, in centimeters to the
fourth power, and fro i core, the approximate volume can

be found (Figure 17. energy of the inductor must be
determined:

data, which are
netic properties from

Ly rmer and Inductor Design Handbook Marcel

Dekker, York 17.1
11
Ap
17.7 Mclyman
LI?2
ENG=—2
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HOT paans i
AL | 5L 5L T

c C C
——} I 5L I 5L I il
GAND |

Figure 17.7 Using the McLyman parameters for sj

The type of core to be used must be known tc ] . Kj X come
from Table 17.1. K, is the winding factor 0.4 for 3 eslas) must
be known for the core type.

17.1 Kw
 — 0.4
Table 17.1 McLyman Magn‘ Factors Bﬁed Area Product
Core type K 25°C K S0°C «x KC) K. (g
Pol core 433 632 1.20 14.5 480
Powder core 403 390 1.14 13.1 588
Laminations 366 534 1.14 19.7 68.2
C core 33 468 1.16 17.9 66.6
Single coil 395 569 1.16 256 766
Tape wound 250 165 11§ 25.0 §2.3
_[2(Encho}
P B.KK,

Find the A, for the different sizes of inductors, and add the different A, for all the
inductors for the total A,. For example, a three-stage balanced L filter would
require six inductors, all of the same value. Find the energy based on the peak
current, and from the core type, determine the components for the A,.
A, Ap A,
L 6 6
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If the peak current is 5 amps and the inductors are 250uH,
5 250uH

1067 =2
ENG:250 1;) > =0.0031

If MPP powder cores are the choice, then K,,=0.4, K; at 25 =403, B,,=0.7T, and
X=1.14.
MPP Kw=0.4 K; @25 =403 B,=0.7T X=1.14

_ (2" 00031 10*}
» T 077 47 403

Round this to 1, and find the total A, and then t
1 A,

VvV, =1131 6=786C;
where 13.1 is from Table 17.1 for t

capacitors are not included, but the weig
of that of the inductors. The total is 16

=0.9792

bic centimeters. The
itors is of the order
volume is only 60%
container, feedthroughs, and
quates to 17 inches®. These are
eer in the ballpark.

wiring requires being round
rough estimates that

160 cm?®
817.
817.3
Bob Hassett p. (Bay Shore, Long Island, NY 11706), has done some

research on the to weight ratio for EMI filters. These were primarily done on
the tubular types of filters mentioned in an earlier chapter. The ratio is 1.5
ounces per inch®. This equates to 1.6 pounds for the filter just discussed, which
needed 17 inch®.
RFI Bob Hassett Bay Shore, Long Island, NY 11706 EMI
1.5
/ 17 1.6

Again, use McLyman 3 area product and the same A, as for one inductor.
Multiplying this value of 58.8 for each inductor by the six inductors, as listed for
the powder cores in grams,
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McLyman Ap 58.8 6

58.8" 6 =352.8¢

Doubling this for the capacitors, wiring, feedthroughs, container, and input
terminals,

352.8" 2= 705.69

The weight in pounds is

705.6
459.53

This looks like the same ballpark where RFI Corp,
is at the NASA Jet Propulxon Laboratory in So

is in Bay Shore on Long Island, New York. Anyw g re close
to agreement.

=1.535pounds

RFI an
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18

Questionable Designs

The designs in this chapter have been around for years: | have no idea of the
initial group or company that designed them. The reason that they are here is
for your critique, and the hope is that you come to the sal ew as most filter
designers.

818.1 28V at 35A
818.1 28V @ 35A
The high current in Figure 18.1 sugges ; ductance and high
values of capacitance. C; at 88uF is way t 0 be, at best, resistive,
inductive at any reasonable W, and yet this filter has four of
them. They add weight,fvolume, a t with little electromagnetic
interference (EMI) benefit.

18.1

88UF

EMI
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WM Ipk = 55 AMPS
A=100hm C1 =BBuF C2=6.8vuF

L.
P

il
[ -
1

4-"1-||'-.#"“-::"\r'
P ‘“;F

a
.
-I*--hl

|

8.1 wF

The RC shunt, compo i nd the 8.1uF capacitor, kicks in at
2kHz, showing that the or the current pulse—is well above

this frequenc e resistor should be nearer the design
impedanc capacitor value to 1uF, again reducing the
weight, raising the self-resonant frequency (SRF).

The . capacitor, along with the 0.8Q and the 1uF,
would .8uF feedthroughs. The 0.8Q and the 1.0uF would
offer a hi , but not that much more. The 6.8uF almost stands
alone.

10Q RC 2kHz

0.8Q
1uF SRF 10Q 8.1uF RC
0.8Q 1uF RC 6.8uF 0.8Q
1.0uF 6.8uF

The inductors add little common mode loss to the filter. In most applications,
the Zorro would be at least an order of magnitude above the 15uH inductor in
the circuit in Figure 18.1, where the two differential inductors contribute 12.5uH
to the common mode (the same order of magnitude), giving a total 27.5uH.
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18.1 Zorro
15uH 12.5uH
27.5uH

There is some differential, with the two balanced inductors totaling 50uH and
the two feedthrough in series giving 3.4uF. The impedance is 3.8Q, and the

cutoff is 12.2kHz.
50uH

3.4uF 3.8Q 12.2kHz

818.2 60Hz and 120V with Transorbs
818.2 120V/60Hz transorb

inductors give 1.2mH of common mode, so t

this situation. The 15uH is smaller than the

components. It seems that the two inductors are

should have been the common mo d the

differential mode inductors.
18.2

15uH inductors the

1.2mH

2.4mH 1

5 wF

‘.

*.I.IIIIJ ) |.l|..|.|.|.|.,,,.--.|.‘ .'.,-

¥

Figure 18.2 60Hz with 120V and transorbs.

The two RC shunts are not correct, either. The 47Q may be high unless the
design impedance is around 47Q , and the capacitor is too low. The attenuation
of this RC shunt starts at 240kHz, so it will not help with any switcher noise or
most of the parasitic noise.
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RC 47Q 47Q
RC 240kHz

The transorbs are wired wrong. The third transorb in the ground return should
be wired line to line, making two from line to ground for common mode pulses.
The third should be from line to line for differential mode pulses. These should
be moved to the input to protect the filter and be placed outside the filter
container for ease of replacement.

transorb transorb
transorb transorb

The feedthrough may be high for 60Hz, giving a high
ground more than what is specified.
60Hz

current to

818.3 The 28V DC Filter
818.3 28V

The question about the circuit in Figure
filter is used even be turned on? Discou

ipment in which this
Q leg capacitor and the
is 2520uF across the line in a
circuit that draws only 6.2A0 This current arush plus the capacitor current

may be more than the_circu
18.3
0.5Q 2520uF
28 Volts DC
AMH 56 uH 12.5 uH
AAAN
_L l
Vo ek aw| Ssommzw [0 5 =
1uF ]' 120 uf
T amwvl T avn
56 uH 12.5 uH

4700 pF

X

L

Figure 18.3 The 28V dc filter.

From an EMI standpoint, these three large capacitors are useless, anyway. They
are inductive long before any EMI requirement must be met. This is the
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disadvantage of using most analysis programs because most treat these as
pure capacitors well into the GHz realm. Some programs allow the designer to
add this information, but most enter the component information as if they were
pure capacitors. Those that would do so are often not aware of the true property
of the component.

EMI EMI

GHz

The two RC shunts are almost useless. They do not come into
which is well above most switcher frequencies and their

most parasitics of the switcher transformers and/or j
high-frequency problem with this filter, the 47Q resist

lay until 720kHz,
onics and above

there is a
help. The

value should be closer to the load impedance, whi
impedance of the filter. This should be closer
RC 720kHz

47Q

The 0.1uF capacitors to gr dthroughs for better SRF and
should be located on the lo acitors in series across the line
give a line-to-line value of . o0 the input capacitor of the

upper kHz ra isi ral Communications Commission (FCC),
or CSA filt t count is too high for these types. If losses
are requi i , this technique is not valid. If this filter were
ion or some of the better LISNs, creating a line
range, this filter would look good. This is, again,

e limited in use.

0.1uF SRF
0.05uF T
0.15uF Zorro 0.15uF kHz
VDE FCC CSA
220A kHz
LISN T

If the 0.5 and 120uF are designed to lower the dc supply impedance, this
network should be moved to the load side: why lower the impedance and then
raise it by the two 12.5uH inductor? However, the 120uF is too large to reduce
the switcher droop, and so is the 2400uF. The best solution would be to remove
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these four components along with the two RC shunts. Move the capacitors to
ground, as stated earlier, and then double the size of the output 1 capacitor.
This makes this an L filter, all that is possible, anyway, at a 1.414 times higher
cutoff frequency. The circuit now looks like Figure 18.4.

0.5 120uF DC
12.5uH
120uF 2400uF
4 RC
18.3
L 1.414
18.4
With all the space saved, the 0.1uF could become a 6.8 , aiding the

such as the switcher frequency, the on time o nt peak
during this time. In other words, this circuit cha 3 f it in Figure
18.4 will not function, but neither will iccuit in e 18.3, which must be

fully redesigned.

0.1uF 6.8 H 56uH

T

0.2uF
18.4
18.3
a.
28 Vohts DC
AkiH 56 uH 125 uH
AAAA ANAA
-t‘fl. A uF 45 :
A uF
ANAA YT.T . ]
56 wH 125 uH

Figure 18.4 The modified 28V dc filter.

818.4 120V AC 400Hz
818.4 120V/400Hz

The main complaint is that there is no real common mode or differential mode
in the filter shown in Figure 18.5. The RC shunt3 minimum impedance is 453Q ,
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giving little aid to the common mode or differential. The same is true of the
4700pF to ground. This may have been a medical application requiring low
capacitance to ground for low patient current. The current of nearly 1A agrees
with this. This filter gives 6dB per octave for both common and differential
modes. If the 800uH (the bottom and top 400uH to convert to unbalanced) is
correct, a 0.05uF tied line to line after the inductors would give over 40dB loss
at 450kHz for the FCC.

18.5 RC
4530 4700pF
6dB/ 800UH 400u
FCC 0.05uF
450kHz 40dB
o
10 Mh 400 uH 4700 pF

130

4700 pF

I ——

s, change the 4700pF for the limit of 0.02uF, the
legal limit . This is an order of magnitude larger. Now, with the added

0.05uF from e, there are both common mode and differential mode
losses. If the t shunts are present for a problem frequency, the 453Q

resistor is too high. Change these two resistors to 130Q each. One of these RC
networks, wired from line to line, may replace both networks to ground.
Otherwise, omit the RC shunts. The changes are shown in Figure 18.6. Now, the
filter has 10mH and 0.04uF making up the common mode half and 800uH and
0.05uF making up the differential mode half. The common mode design
impedance is 500Q and the cutoff is 8kHz; the differential mode impedance is
130Q, with a cutoff frequency of 25kHz.

400Hz 4700pF 0.02uF

0.05uF
RC
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453Q 130Q
RC RC RC
18.6 10mH  0.04uF Y
800uH 0.05uF
500Q 8kHz 130Q
25kHz

10 6k 400 uH '
=

B2 uf |

05wl ; 130
' Dhm

02 H"*[

400 uH i

T
Figure 18.6 The modified 115V 400Hz fil \

818.5 Review

818.5
judge it fairly. We do not know

461, and 220A specifications only,
s, with information provided to the

EMI
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19

Review of Filter Design

This last chapter discusses some ideas that were mentioned earlier but were not
clarified. First, the full design technique is reviewed.

819.1 Filter Design Review
819.1

This is an overview of all the design information{in . with ences to
the chapter that discusses the subject.

Before designing the filter, the foIIowin

frequency if ac, minimal RM
load, and lowest switcher
guessed. If this is a si

own: The power line
um RMS load current, type of
an one. Some of this can be
iimum of 100V RMS should do
%. Attempt to determine the type
regulator, power factor correction
. For a dc system, the load should be a
ned for multiple use or for filter sales, the
should be accounted for within the design.
RMS

60Hz 110V RMS RMS
220V/50Hz

1. Find the best filter type from Section 12.3 by knowing the type or needs of
the load. Also, the specification will help here. Knowledge of the specification
and losses required will help in assigning a line impedance (also Section 12.3)
The Federal Communications Commission specifies a higher line impedance
because the loss requirements are at frequencies that will give a higher line

impedance.
1 12.3

Page 292



= EMI Filter Design

, EHCARE

12.3
FCC

2. Calculate the design impedance from the lowest voltage divided by the
highest current.
2

3. Determine the filter cutoff frequency, both differential and common mode.
Use either the matrix equations in Chapter 13 or 14 or Section 15.4 on F, the
easy way. The second method will get the filter designer on the proper ballpark
property and the first will get the designer onto the playing field. This can be a
computer program written by the reader based on Chapte and 14. (It also
can be purchased through the author at a savings as a urchase of
this book.) For the first method, the actual equations fo frequency
are
3

Fo

L =Loss forpor T =

the second equation is for the L.
of L for the equations that follow. N

L
=dB/L
Frequency at needed loss =F
Cutoff frequency =F, =F/2* =F/2t

Another way to select the value for the loss L is as follows. Choose the loss
based on the filter type. Table 19.1 lists the loss per octave for the filter type
listed on the left, the value of loss L in the preceding equations.

L 19.1

Table 19.1 F the Easy Way: Loss per Octave Based on Filter Type and Units in
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Tandem

B Mumber of filters _'m t_tndem -
Filter | 2 3 4 5 4] 7
L 12 24 3 48 60 72 &4
™ I8 W 42 54 H6 TR W
T I8 3 42 54 66 TR 9

e filter type and

Once 10 times the power line frequency, or more, is reached,

the lowest problem frequency. Be care
preceding example, so all listed proble
assume that it is only the lowest frequenc
frequency.

give the proper cutoff

dB
L
12.98kHz
Table 19. to Evalui the Required Filter (Single L and Double L)

Test house trouble frequencies F, F, Fs
Frequencies 36 kHz 80 kHz 120 kHz
Measured needed loss 30 4B 52 dB 71dB
Add 6 dB for head room 36 dB 58 dB 77 dB
F; for 60 Hz - okay single L 45kHr 28 kHz 1.4 kHz

F; - double L required for 400 Hz 17.2kHz 1498 kHz 12.98 kHz

4. Equate the component values from steps 2 and 3 using the following

equations. R4 is the design impedance. This is the proper equation for all filters,
i, T, and L. The difference is that the value of the inductor is divided, or split,
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for the T, and the value of C is divided or split for the 1t :

4 2 3 Ry
m T L T
T C
= Rd C :#
2pF, 20F R,

In a multiple T filter, the first and last inductors are half this value, but the
values of the central inductors are the full value. Remember also that the value
of the capacitor above, is also divided for the 1t . Again, the central values for
the capacitors for a multiple 1t will be the whole value and the first and last
capacitors will be split. The T and the 1t filter are exactly osite each other.
Choose the filter layout based on Chapter 6 and on s information also in
Chapter 3. Balance the filter if possible.

T

Tt T

5. Find the size of the components. Use M in Chapters 16 and 17,

or design the components ( 19.1

5 17 M man
19.1 | ‘
- ~
Dy
4
VY = DxDy Aw

pressed This shows the volume lost
capacitor

Figure 19.1 Volume of components to calculate total filter volume.
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For connectors, round capacitors, or any round components, the  is the
square times the length. For a pressed capacitor, the volume is Dy Dy A,,. Total
all the components, and divide by 0.6. The aspect ration should be a minimum
of 2 to a maximum of 5 for the length to end diagonal, but this is also a function
of component size. For example, a 9x 3x 2 may give the calculated needed
volume and a good aspect ratio, but the wound inductors may be 3 inches in
diameter. Either all the inductors will be aligned along the 9x 3 inch direction or
the height must change. This example may work, but quadtature is violated and
cross talk may be a problem.

Oq

D, Dy A,

9x 3

volume just determined, and make su o solder or weld voids,
which can allow radiation or destroy t ing environmental
tests, such as for humidity and salt spray. silver plated for better
surface conduction. Also, al d for better conduction, giving
lower radiation. This is plat duction for lower radiation and
for ease of solderin silver plated by a military

6

7. Install , and test the filter in the open container. Tack the lid
ration or adjustment.

8. Adjust the filter for the desired loss, if needed, by the following steps:

Add lossey components (Section 4.4).

Add small line-to-line capacitors (X capacitors) in parallel to the existing
capacitors. Keep the lead length as short as possible.

Add ferrite beads if the current is low enough (typically 5A limit).

Add several turns on the inductors (watch for saturation). If this filter is a T,
whatever turns added to the central inductors of the multiple T, increase
the turns by half on the two outer inductors. They are half the value of the
inner inductors.
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Add an RCSHU (a resistor and capacitor in series across the line; see Section
5.7). Adjustments move the designer from either the ballpark property or the

playing field to home plate with lossey components or line-to-line capacitors.
8

1 4.4

° X
° 5A
°

o RCSHU 5.7

9. Make sure that the end product is buildable and rep le for production.

819.2 Filter in Tandem
819.2

This next section discusses a filter expanding fro wo sections
to three sections, and so on. This book (as when going from a
single to a double L in Table 19.2) tha i ow, the size of the

components falls. The test problem is as
2
19.2 L

Line frequency, 400Hz

en the T and followed by the 1t filter, only to prove
for all three type (Tables 19.3, 19.4, and 19.5).
T s
19.3 19.4 195

L

Table 19.3 L filter Change as Sections Are Added
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F, L C L C

| 405 7.860 19.6 T.860 19.6

2 220 1130 282 2260 5.64

3 5170 0615 1.54 |.85 4.62

4 &T60 0470 1.18  |.8% 4,72

5 7160 0410 1.02 2.05 5.10 }

6 E400 0378 095 2.26 5.7

Table 19.4 T filter Change as Sections Are AddeA

Extension
_ F, L C L C g
| %40 1700 B46 340 B.46
2 313 0508 254 2032 508
3 3075 0314 1.56 |.884  4.68
4 6460 0246 1.23 1968 492
5 7500 0215 H.'I?I 2.15 533
6 8035 0.9 1.37 5.94
Table :li Fllm SRUOI’]S Are Added
E.ﬂ:nu'un
F, L c L ¢
1 555 5735 706 5T 42
2 2300 1263 |57TR 1526 6.312
3 4730 0672 0B41 2016 3.046
4 630 0500 0626 2.000 3.008
5 7450 0427 053 2135 5340
6 BIS5S 0390 0488 2340 5.850

The program is the one used in Chapters 13 and 14. This is a low current, and
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the maximum should be four sections but six are given. The value of L is in uH
and C in uF. The first L and C are the individual component values, but the final
value for L and C are the total component values for the filter. Note how the total
L and C drop in value from one to three sections in Table 19.3, but little is gained
past three sections. Little self-resonant frequency (SRF) is gained in moving the
capacitor value from 1.54 (1.6uF) to 1.181 (1.2uF). The circuit can be balanced,
with better SRF, moving the 620uH to 310uH. The T filter in Table 19.4 is the
same as the L in Table 19.3. It is ridiculous to go beyond three sections. The
314uH inductance is the value in each arm, or the total inductance for this one
T is 628uH. The central inductors are twice this initial value, or 628uH each.
Round these to even values, and the three-section T circuit i
19.2. The balanced circuit is shown in Figure 19.3.

shown in Figure

13 14
4 1 6
19.3
3 5 . .2UF)
SRF
SRF 620uH . 19.3
L
314uH T
628uH 19.2
19.3

Figure 19. e multi T.

YW YA
160 u1 320 un 3201 160 wH

1.6 oF 1.6 oF 'I.ii1l=
o T T T o

Figure 19.3 The balanced multiple T.

Note how the 1t filter values of the cutoff frequency F, is so much lower for the
various sections in Table 19.5 compared with the T. Both the T and the 1 are
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said to have 18dB loss per octave, but the T has this loss but is missing in the 1t .
This is because of the low line impedance at 20kHz, estimated at 4Q . If this had
been equated with 220A specifications, the cutoff frequencies would have been
similar to those for the T. Under these conditions, three sections may be too low,
requiring a fourth section. This is caused by the value of Fy. Fy is cutting into
the band pass, which is decided by the &nth harmonic of the power line
frequency. The value listed for C is the value of the outside capacitors, and all
inboard capacitors are twice this value. The four-section 1t is shown in Figure
19.4. In any of these applications, using 6dB headroom, the values are not
critical. Round them to reasonable values. For the two end capacitors in the
balanced 1, | would use 0.6uF rather than 0.63uF.

19.5 T T
T ™ 18dB/
20kHz
220A L
T
Fo 10
1

500wt | 500w | 500ut | 500w

j'.fa.r :I‘I_'.zf I.zur 2uF :im

(m)

buF 2uF .2 1.2uF M

250 uH 250 uH 250 uH 250 wH

{v)

Figure 19.4 (a) Multiple m and the (b) balanced Tt .

Comparing the L, T and 1t sections, the total inductance and capacitance drop
greatly from one section to two. A reasonable drop repeats going from two
sections to three sections. A small drop occurs from three to four sections. This
is followed by a modest increase from four to five sections and again from five
sections to six. If the problem is being caused by a low SRF, adding a section
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may help. Going to a balanced arrangement will almost double the inductor SRF,
and this should help. Note here how the concern is for the SRF mainly for the
inductor. This is because, unless the discussion is very high current filters, the
typical value of inductor required compared with the capacitor has an order of
magnitude of SRF lower than the capacitor. Looking again at the three types
discussed, the 1t is the least reasonable and should be used only when a 220A
test specification is called for. The reason this happens is that the front-end
capacitor is out of the circuit at the low frequencies because of the low line
impedance. This capacitor aids filtering when the line impedance rises to a
reasonable value. An easy way to calculate this improvement in lower total
inductance and capacitance is through the equations listed garlier. These are
repeated here: they cannot be differentiated because the e not continuous

functions.
L T 1

2 3
5 6

SRF
SRF
220A

Loss required
Loss per octave for filt

As the value of L doubles and triples because of a higher number of filters in
tandem, the denominator is reduced and the cutoff frequency rises. The loss L
can be calculated from

L=loss for 1 or T= (2N+1)6
L=loss for an L= 12N

The lower value of (loss) L is for the 1 and T filter; the upper value of (loss) L
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is for the L filter (Table 19.6).
L 1 T L L 19.6

Table 19.6 Loss per Octave as Tandem Number Increases

Number of filters in tandem
Filter | 2 3 4 5 (4]

1
L 12 24 36 48 60 72 B4
™ 18 30 42 54 66 78 %
T 18 30 4@ 54 66 T8 9O

819.30Q

819.3Q

The value of the circuit Q of the filter must be | plaining
the reason) often in this book. If the Q is low eno of resonant
rises is 1 less than the filter sections. T vel is also a function of
Q. The input voltage level of the reson times the Q of the
circuit at that frequency equals the voO at this frequency. If

high-quality capacitors are circuit will fall to the inductors

because capacitors normall er Q rating, typically 10 times,
than the inductors. For, a si ation for Q is

Q

This value of Q is for one inductor. The value of the Q will be much lower than K
because the design impedance Ry is lower than the operating impedance of the
load. These simple equations do not figure in the dc resistance of the inductor,
the line impedance, or the equivalent series resistance of the capacitors.This is
another reason the design criterion sets the cutoff at least 10 times the line
frequency and the headroom of 6dB. The line harmonic content should be low
enough by the time the circuit Q is high enough to cause ringing or a resonant
rise. In multiple circuits, the Q is a function of the total inductance. The value of
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Q must be multiplied by the number of inductors, but as the cascaded sections
increase, the value of Fy rises, lowering the individual inductance, and also the
total inductance (up to four) decreases. For T and 1t filters, the equation for the
value of L in the loss equation is 6(2N+1)dB. For the L, the loss per octave is
12N dB. Either of these two values replaces the value of L in the previous section.
The first equation is for either T or t and the last is for L. N is the number in

tandem.
Q Q K Rq
6dB
Q
Fo
4 T ]
12NdB/ T
T L N
F,
Fy=—
2 [ELERT]
I
I_: Eﬂ =Rﬁ2lﬂrln »
InF, 2nF,
i _N
XY 2w FRAB/2N=1%  FR o=
||  e——
i
2nF, F,
=
0 NX, FN2o=w
B e
R, F,
The terms a st here. The needed loss at the problem frequency (dB);
the tandem nu N, the problem frequency F,, and the Q needed are known.

Substitute 1 for Q, and solve for F. This is the approximate frequency, where Q
is 1 (because of losses not accounted for, the actual value of F will be higher).
Does this frequency fall near any power line harmonic, especially the odd
harmonics, or near any known problem frequency? If yes, or just to be safe, add
an RC shunt to this filter, where X, will equal Rq4 at this frequency F. If another RC
shunt is required for other reasons, only one is needed. Opt for the lower
frequency RC shunt. If there are higher frequency Q problems, opt for a higher
quality capacitor that will have a higher Q and higher SRF. Also, in this case,

make sure that the resistor use in the RC shunt is noninductive in this case.
dB N
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FFQ 1 Q F F Q 1
F Xe
Rs RC RC
RC Q Q SRF
RC
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