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Why Call EMI Filter Black Magic

EMI Black Magic

Most engineers, both designers of electromagnetic interference (EMI) devices
and others, call EMI black magic. There are three main r ns for this. First,
there has not been a well-defined design method. Seco i and output

specification, requiring 50-O source and load es the filter
engineer design the filter for 50 O o
design passes the 50-0 tests, what will | i real world? Is it the

designer 3 responsibility to meet the spg
emissions?
EMI EMI

o0 stop the real-world

Black magic

220A
500

The arious publications are generally very complex.
Most r that are difficult to determine and time-consuming.
Often, e i itional equipment is required to obtain the necessary
parameters.

8l.1 A Standard Filter Company Contrasted with an EMI
Company

8.1 EMI

Most energy in the stopband is reflected to its source, a fact often overlooked in
both standard filter and EMI technology. The remaining energy is expended in
the inductors through the dc resistance of the coil, through the core losses
(eddy currents and hysteresis), and as equivalent series resistance in the
capacitors. All designers learn this at some point but often forget it somewhere
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along the way. The dissipative filter (discussed in Section 5.5) dissipates the
energy in the stopband. The designer has these programs in the computer and
knows the input and output impedances needed together with the other
information required to run the computer program. When the computer design
is complete, the designer should be very close to the result required. | am not
saying that this is easy to or that the filters never have to be redesigned. The
filter may have to altered by adding stages, or through the use of a different

technique, to achieve the goals desired.
EMI

55

Most EMI filter manufactures design and build on jiters needed
for EMI attenuation. Rarely do they bui er conventional filters.
The technology used in conventional fil t from that used in
the EMI filter, whose design is very lo to that used by the
conventional filter manufa i I designer uses the
techniques mentioned in th i
most of the standard

. These techniques would upset

EMI
EMI
EMI

EMI

Often, the languages spoken by the two groups are also different. True filter
houses speak of poles, zeros, group delay, predistortion, attenuation, and the
order of the filter. The EMI filter designer thinks in terms of attenuation,
insertion loss, voltage drop, and the number of filter sections required to meet
the insertion loss. Although the power source may have harmonics, the actual
power supplied to the device through the filter is restricted to the fundamental
frequency. Such a harmonic content is especially true for power supplied locally
such as by shipboard generators. So flat frequency response, low phase
distortion, and low peak-to-peak ripple across the filter bandpass are not issues
here. These power-line harmonics furnish little power to the load, so the EMI
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filter designer is not concerned with them. As a result, terms such as group
delay, ripple, and phase distortion are not often heard.

EMI

EMI

EMI

8l1.2 Power Density Spectrum or Envelope
8.2

The EMI designer is not blessed with a density spectru ibed above.
be passed on to the load. Most are aware that s little
power to the load, but neither should the

filter. The filters must pass high power i juency and also the
power of some of the odd harmonics of . This demands larger
load, together with the larger
This dictates that the filter will

EMI
EMI

subject is not on the much larger electromagnetic pulses (EMPs; discussed in
Chapter 8). These conditions must also be treated or attenuated. This typical
noise could be any, or all, of the following: (1) the switcher frequency plus the
odd harmonics, (2) the initial power supply and/or switcher diode noise, and (3)
the parasitic oscillations of the switcher inductor or transformer. This noise
energy is at a much lower level than the power supplied to the load. To move
this power to the load, larger filter components are needed.
EMPs 8
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The transfer of power creates (1) larger filters with more weight and cost, and
(2) much lower self-resonant frequency (SRF) values. The weight, size, and cost
of the inductors and capacitors is directly proportional to the power. The SRF
value of these filter components is indirectly proportional to the power
demanded by the load. This limits the filter 3 usefulness at high frequencies. The
condition will normally dictate that other components be added to filter to
compensate for this lack at higher frequencies. This increases the weight, size,
and cost of the filter. The assumption here is that the SRF value of the inductors
and capacitors is well below the specified upper frequency limit that must be
filtered. These additions to the filter could be handled by ng small ceramic
or extended foil Mylar capacitors in parallel with the citors. The
second capacitor will raise the SRF value. Capcon and fer ould also be
used (see Section 4.4 for a discussion).

1

2
SRF
SRF

Section
4.4

specifications
that they

pecifications are stated in such a way
20A specification calls for losses within the

e to 500 and work into a source of rarely 500.
er do: match the 500 or meet the real-world

may follow. This test measures the noise out of the
system through filter. The line impedance simulation network ration (LISN)
is often used as the source impedance for these tests and is closer to real-world
requirements.
EMI “black magic”~
EMI 220A 500
500 EMI 500

1 ” 1 ”

LISN

Some specifications call for an LISN value that gives an output impedance of
500 starting well above 100kHz. If the only concern of the designer is to match
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this 500, the filter will be matched to this source impedance of 500. There are
two concerns here. The first is What is the lower frequency of loss required? Is

it below 100kHz? The LISN output impedance drops rapidly from 500 and the
filter is then mismatched. The second is :What happens in the real world when
neither the source nor load impedances are close to 500.

LISN 100kHz 500
500 500
100kHz 100kHz LISN
500 500
500
lr'%rvv\
Line 1 1 Load
:‘[:C1 56uH :T:CZ
22.5uF 22.5uF
50 Ohm term
R1 R2
10hm 1k Ohm

L 4

Figure 1.1 Typical LISN. h

L1
° YY) °
Line Load
C1 50uH —C2
2uF .25uF
50 Ohm term
R1 R2
50hm 1k Ohm

Figure 1.2 PrMSl LISN.

Shown in Figure 1.1 is a typical LISN where the line impedance, whatever it is,
is shunted by the input network at frequencies above the point where the
22.5-.F capacitor 3 impedance is equal to 10. This is at 7000Hz, so at
frequencies above 10,000Hz the line impedance is reduced to the 1-O value,
while following the same logic, the load side of the LISN looks like 500, also
above 10,000Hz. The impedance of the inductor is low at 10,000Hz (3.50). At
10 times these frequencies, the inductive reactance is only 35.20 and reaches
500 at 142,000Hz. The entire network at 142kHz generates a source
impedance for the filter of 350 at 44°. It obvious that the LISN will not look like
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500 until well above 140kHz.

11 LISN 22.5uF 10
7000Hz 10,000Hz
10 LISN 10,000Hz
500 10,000Hz 3.50
10 35.20 142,000Hz 500 142kHz
350 44° 140kHz
LISN 500

The real intent of the filter is to attenuate conducted emission of differential and
common-mode origins from both the device and line. The test specifications

system or real-world specification. The filter often insertion loss
victoriously and fail when tested along with the system. a filter that

passed the full test as a target or bogie gives di the
filter in question appears to pass, the bogie ha y the
system tester. The 461 specification (Figure 1.6 e 220A,

and Robert Hassett, the vice president of engine€ ., has given
several presentations to the IEEE and show the advantage of
moving away from the 220A test meth pjection probe (CIP)

method. Hassett has run many filters methods to show the

difference insertion loss cur

" 500
LISN
1.2
Robert Hassett
CIP 220A Hassett

Either filter will look good under 220A tests. This is due to the 50-0O source
impedance. The CIP utilizes a 10-uF capacitor, and this will reduce the filter loss
by 6dB, especially at the lower-frequency end.

1.3 CIP L clip L
1.4 p CIP
220A 500
cIP 10uF 6dB
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100
CIF INDU
90 INPUT
80
70 CIP CAPACITOR
INFUT
60
50
40
30
20
10

0o
0 01 i | 1 10 100 1000

Figure 1.3 L filter with capacitor facing low-impedance s e.

— M

INPUT =
INDUCTOR

ow normally from the spectrum
pedance of 500 and feeds a
ance is the receiver 3 input
coaxial switch. A calibration path is
his test method makes the pi filter
B per octave, 60dB per decade. The
equency end would shunt out the input filter

In the case of Figure 1.5, th
analyzer tracking generat
coaxial switch (not shown
impedance (also 500
provided between the

is test method makes this flaw of the pi filter or
r facing the low impedance.

1.5 500
500
T ?? 18dB
10 60dB “ " 500 LISN
100kHz
12dB )
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+ DC =
BufTers
RI LI R1
LYY Y\
Signal 50 Ohms Filter under test 30 Ohms
=:.c|_ —_ =C|

|
.||=

_— Y

Signal 50 Ohms Filer under test 50 Ohms

L I N
N\

Figure 1.5 220A test setup.
Figure 1.6 shows the method used by Ha
1.6 RFI Hassett

In the 461 specificati fegd the measuring equipment to
unts the input pi-filter capacitor
where the 10-uF capacitor 3 SRF
-filter loss 12dB per octave, 40dB per
60dB per decade.

compare the two cu
copying the real worl
takes effect.

decade instead

461 n

SRF
s

18dB/ 60dB/
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Current Prabe Cuirent Prabe

I Li
POWER Filter under test AD
—— e ] | —2 RES
10 uH
|
Curmrent [mjection Probe
Reduces 10
Current Probe Current Probe
Ll
Filter under test AD
==Cl =1 RES

. 4

Figure 1.6 CIP test setup. \

Other test methods have been suggested. ick, previously with Axel
Corp. and a member of the B Bunch, recommends that the
load side of the filter face properly loaded. This is much
better for those that will fee ich is about 95% of the time.
oise. The diode noise is the leading
noise competing with i ese are primarily the odd-order
. This works well in three-phase systems
as well, bu | inductive reactance of the filter inductors is
much | inductance is much lower than the primary

indu This is especially true when multiphase
transf These transformers are primarily autotransformers
and the p ces are much lower than for the isolation transformer
type. These ances can form a voltage divider reducing the voltage
feeding the loa Is is another reason to avoid commercial filters, where one
filter fits all. These may work fine in some applications and fail in others.

Axel Mitchell Popick SAE EMI

dB ? ? SAE
95
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LSN | pTER 3
UNDER - -
TEST
| TRaNS)

o=l "8

SFECTRUM ANALYIER

Figure 1.7 Diode test method.

condition while the CIP and at a single frequency from the
tracking generator. Of cour IP pass the full power from the
line, but so does the test m

1.7

CIP  220A
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Source Impedance of Various Power Lines

One of the leading questions asked by people who have an EMI problem or are
joining the EMI field relates to source impedances. Several senior scientists and

work very well if they were assured tha
diameter of the conductor would not
installation. These paramet
require expensive rental eq
this filter device, were to be
cable dimensions wo the samgs This technique would fail to work if
the unit were installed
Also, they wo
the peak lg
shift.

time to determine and could
work well if their system, using

all the possible load conditions, not just
into a standby mode, the instabilities could

EMI

The harmonic content of the power-line frequency varies from line to line. In the
past, most commercial lines had little harmonic content because of the very low
line impedance at these frequencies. This was discussed with a large power
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company in 1985, at which time 85% of the power was used for “power and
lights,”that is, motors and lamps. With the proliferation of computers, copiers,
fax machines, and similar equipment now tied to these lines-and very few with
power factor correction circuits-the voltage waveform is less sinusoidal. This is
due to the voltage drop caused by the high current spikes that these machines
demand. The power factor correction capacitors placed across the line by the
power company do help to reduce the current gulp, but the voltage is still less
sinusoidal. The harmonic content of generators at remote sites and shipboard
installations is much greater because of the higher resistance of the generator
and lines. The voltage supplied to the end users in these applications is less
sinusoidal.

85% “

.1 Skin Effect
2.1

The skin effect can take it
lines. This helps dissipate el
on the power line in

eristic impedance of the line may be
ength increases with frequency. For copper
depth in centimeters is

EMP? ? EMP

EMP

1500

D = depth (cm) =

6.61

— (2.1)

\/ F

The cross section of the conducting area (CA) of the wire for frequencies above

the skin depth is
CA

CA=pR?- (R- D)?p = D[2R- D?} 2.2)
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where the radius of the wire in centimeters is R and D is the skin depth from
above, also in centimeters. As the frequency increases, D decreases such that
the D term is much smaller than 2R. Then equation (at these upper frequencies)
is reduced to
R D
D D 2R

CA = 2pRD (2.3)

The original cross section, pR?, compared to the value of CA,
dc resistance, will give an approximate value of the ac resi

frequencies due to the skin effect.
pR? CA

imes the original
ce at these upper

Ra — pRszC - RRdC
" 2pRD 2D

The lowest frequency would be well abo

(2.5)

the full radius of the wire. The
d be several times this low frequency.

(2.6)

If Rqc is the resistance in ohms for a small distance along the line, R, will be the
approximate ac resistance for this short section. Ry, along with L, C, and G, the
conductance across the line, will form a short segment of this line, say a meter.
Then the characteristic impedance of the line is

Rc Rac
Re L C G

7 = /Rm:+vw_
0 G+WC (2.7)
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Substituting (2.6) into (2.7) gives
2.6 2.7

. 0.07564RR _+F + 2pFL
° G +2pFC (2.8)

Simplifying yields

0.07564RR . v/F + 2pFL

Z, =
G+ 2pFC
deleting G because it is much smaller than
G 2pFC
G << 20FC

at the frequencies discussed in this section. The s removed in

the first term in the numerator:

JE

0.07564RR,. + ZpL\F

(2.9)

), differentiate the numerator and

of the numerator and denominator cancel.
F

Z,= C (2.10)

Therefore, the skin effect term has little or no effect on the characteristic
impedance. The dominant terms are the values of L and C. This is the
fundamental equation of the characteristic impedance of cables. This all shows
that the normal characteristic impedance equation still dominates at the higher
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frequencies and that this characteristic impedance does not change with the
skin effect, although the loss per unit length does.
L C

The behavior described above is similar to that of coaxial cable except that coax
is designed to handle higher frequencies. There are many different coaxial
cables with the same characteristic impedance. These lines have different inside
and outside diameters. Some coax has very small diameters and others have
larger diameters. The dB loss per 100 ft varies from coax coax, and also
varies with frequency. Think of it like a pad. The impedan the pad may be
500, but loss in the pad varies from pad value to pad v . The main difference
here is that the power-line impedance also varies with f
impedance that dissipates the unwanted energj
characteristic impedance.

8.2 Applying Tr i I oNBepts and Impedances

Transmission-line conc i y sound like a strange subject to
introduce wh i ut the filter designer needs to have a
basic und veral reasons.

One is to a high impedance is needed at the filter input end for
EMP allocati second is to understand that the power-line energy loss
is not because he characteristic impedance of the line but due to the
resistance elements along the line. These losses are due to elements such as
skin effect, the dc resistance of the line, and the conductance across the line.
The third reason is that especially in multiple-element filters, the filter has

characteristic similar to those of transmission lines.
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900, for the same reason
wires and the conduit, In a
sections will be in tan

dded capacitance between the
es, several different power-line

r end at the lower velocity of propagation of
these tal frequency is around 50kHz and soon assumes

impedance to t Ise, the voltage soars (could double), aiding the arrester to
function more quickly. If the filter impedance is low or a short to this pulse, the
voltage drops to zero and the line aurrent doubles. This slows or keeps the
varistor from functioning. This is discussed in Chapter 8.

90 1800
50 900
95
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8

50kHz
3770

I have seen graphs from the IEEE showing some line impedance spikes of
almost 5000 at one frequency in the megahertz range. Figure 2.2 shows the
typical impedance range that the various types of power lines fall between for
various twisted-pair cables. The graph is like an average of impedances, and the
variations fall primarily between the two curves sh A very minor

percentage of impedances were above and below the .
IEEE 2.2

100

a0

20

o A
0 _r/f""

1] oA I.II-*Il: 10 100 1000

Figure 2.2 ImM range of a short line: twisted pair

The major part of these losses is due in part to the skin effect and dc resistance,
especially at the lower frequencies, for both the long and short lines appear to
form link coupling. The point here is that at frequencies below 10kHz, both the
longer and shorter lines look resistive and close to the dc resistance value. This
value is near 00 for the better commercial power companies, but for most
remote power systems, this resistance can be much higher. As the frequency
rises, these lines have an impedance near 40 around 10kHz. The impedance
then ripples its way to 500 near 100kHz for the longer lines and 250kHz for the
shorter lines. It should be obvious that the losses required for MIL STD 461
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specification is that the filter must be designed to have the proper losses with
the line impedance in the very low or 0-O region. This should make it clear why
the pi filter has trouble meeting the loss for the “feal world””and 461
requirements. The same is true using a 10-uF capacitor across the power line.
The losses that the filter must meet are at frequencies in the region 10 to 14kHz
in the 461 specification and may be as much as 100dB for power-line filters. This
is the type of filter used in secure room applications.

10kHz
00
10kHz 40 100kHz
250kHz 50 IL STD 461
00 I
“ 77 500 LISN 46
10uF
10 14kHz
100dB
8.3 Applying Transmission-Lin anc&@to Differential
and Common Modes
2.3

The transmission-line loss mode (Figure 2.3) are all the
resistive elements of iprocal of G, the conductance
across the line. Thes effect and some very minor losses
due to the equivalent s i of the capacitor. The dc resistance
(DCR) of the d cause the DCR is included in the wire
already-it j i tial mode pulse, motor, or inductive load
i ward the line filter will be attenuated by the
line in each section.

G

ESR
DCR

The difference in the requirement for common-mode (Figure 2.4) and
differential-mode attenuation is that G and ESR value of the capacitor have no
effect. A pulse traveling down the line, lightning, or EMP, toward the filter is
consumed by the resistance of the line and the line 3 skin effect. Again, the DCR
of the inductor(s) is included with the wire losses (this is the wire). The
characteristic impedance also changes because the two lines are in parallel, so
the capacitor across the line is out and so is G. The inductances are in parallel,
about 1.5uH per meter on each line, or 0.75uH, and the capacitance to ground
determines the characteristic impedance. This makes the characteristic
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impedance quite high.
2.4 G ESR

DCR
1.5uH/m 0.75uH/m

‘“- C
T /

Figure 2.3 Equivalent differential-mode transmissi

24

Many groups have measured the line there has been little
agreement when comparing their result at the types of lines
being compared vary so much. The veloc ion is quite slow in all

these lines, making the line
lines the ratio is almost eig
transformers terminate the

ey really are. In some
Devices such as generators or
capacity across these devices,

carry 50-, 60-, or 400- ese higher frequencies.

0 60

8.5 Sim
2.5 A C

Power-line impedance can be measured, with caution, if the designer wishes to.
There should be no need to do this, especially when using the techniques used
in this book. This measurement can be accomplished with inexpensive test
equipment on both ac and dc lines but would be much faster and more accurate
using a network analyzer. Either line, ac or dc, should be resistive loaded, and
several runs will be needed. The first reading will be maximum loading, followed
by medium loading and then by low loading.

ds of Measuring AC and DC Power Lines

AC DC
AC DC
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To measure the ac line, start well above the line frequency by at least a factor of
10 to keep of as much of the ac harmonic power from the readings as possible.
This is done to assure accurate readings and to protect the measuring
equipment. The frequencies required will be over a wider frequency range, well
into the megahertz area. A frequency-selective level meter (FSLM) should be
used along with a signal generator and a blocking capacitor. The capacitor
should be a high impedance to the line frequency and low to the frequencies to
be measured. If the line frequency is 400Hz, the lowest intended frequency to
be measured should be well above 4000Hz. If the impeda f the capacitor is

generator frequency should still not be tuned to
harmonics, of the line frequency until 20 time

signal generator is tuned to the
desired frequency, the FSL d to the neutral, and two points
of measurement are NEi e reading is taken between the
capacitor and resist tuned to peak to the generator3
frequency. The secon i the high line without retuning the

FSLM
4000Hz 400Hz
1000 FSLM

20
400Hz 4000

FSLM FSLM
FSLM
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COMMON MODE TRANSMISSION LINE

|
H

L

i&n line.

stand this ac line voltage without

Figure 2.4 Equivalent

ed at the test lead to protect the FSLM 3 input
uency of this filter must be at least half the lowest

low end AC
FSLM

FSLM 2.5
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|
I i
Cl cl
HIGH - PASS 1 1 | FSLM
FILTER

in the equation at the same frequency. As a €
reading should be 4000Hz. The reason for the i o0 avoid the
potential high-level harmonic content
should have a cutoff frequency of 2000 ions for the value of
the inductors and capacitors in the high-

Butterworth
10
2000Hz
L=
C= = 1.50240°
2pl:cutoff 2p x2000 60 (2.11)

This assumes that the input impedance of the frequency-selective level meter is
500. Record both of the readings and move on to the next frequency to be

measured. The formula is
FSLM 500

VR,
V

Z,@F =

a
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W + *
; . -E+ & e
el it ) o P oo ol i I bk rak ol Ol Tl 2y
e 1 = P =i == it e d = o -— +
i n - R = . — i —— &
\ o " £ e g .
1 ] o] e g ] L} i h
1000w ! ' ¥ .fl'*‘r : . !
L T B -
a r el -

v
Figure 2.6 Impedance-frequency chart.

The voltage level, V,, is recorded at F, between the capacitor and resistor and Vy
is the high line voltage reading, also at Fy, R is the value of the series resistor
between the high side and the capacitor. F is the high-pass filter installed ahead
of the FSLM to protect the input pads. The impedances at these various
frequencies can be plotted for the various loads and compared (Figure 2.6). It is
often better to use a battery-operated FSLM and signal generator to avoid

ground loops.
Va Fo Vp Fo R
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F FSLM
2.6 FSLM

The dc measurements are almost the same, except that lower frequencies can
be read and the highest frequency needed will be in the lower kilohertz range
(Figure 2.7). Obviously, a high-pass filter is not required. These resistive
readings can again be plotted on the graph. The readings will level out (resistive)
at a low frequency in the kilohertz range. Here you could replace the FSLM with
a ac voltmeter. This setup does not require as much caution as in the ac readings.
Make sure, again, that your choice of FSLM or ac voltmeter gan handle the dc
output or line voltage. If they can not, simply use a capaci (this replaces the
high-pass filter) in series with the meter probe to take i . Figure 2.8

negative resistance reading. These plot
best straight line, but the best straight 45 awn and the inductance
read directly off the frequen

DC AC
kHz ( 2.7)
AC F
FSLM
FS D
0 /

Vb
vd | ;
LOAD
AC c E;l

- P Filter]

FSLM

AC

2.8

10Hz

2.9

Signal GemaluJ

Figure 2.7 ac line impedance measuring set up with equation.

Page 26



EMI Filter Design

_$ EMCARE

LINE

Signal Generator

-_—

LOAD

1

FSLM

Figure 2.8 dc line

impedance measuring setup with equation'
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Figure 2.9 Impedance-frequency chart with plots.
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The dc power supply readings will be a smoother line, making the reading much
easier to read directly off the graph and flatten out at a much lower frequency.

These points will then level out flat at the upper frequencies. The upper flat area,
in ohms, is then the line output impedance of these upper frequencies. The

operating frequencies of the switchers, clocks, or oscillators, which this power

supply feeds, will fall well into this upper frequency range. This could starve

some circuits being powered by this supply. A line simulation network (Figure

2.10) can be developed using the value of the low ohms in series with the

inductor read from the graph. Then these two series elements will be in parallel

with the higher upper-frequency ohms.

DC

LINESIM MNetwork

graph used above. Read the frequency where the two
is the 2-0 line and the second is the inductive line from
the graph and s at this cross point is 1800Hz. Divide this by 2.5, here giving
720Hz. Then calculate the capacitor needed to equal 20 at this frequency. The
answer for this problem is 110uF in series with the 2-0 resistor tied across the
line. If the curve were plotted again using the same setup as above, the curve
would start the same way and head up the 45° line inductively to above 720Hz,
then head 45° downward capacitively and fatten out one the 2-O line. A good
source for this is the book Power Conversion Design Guide and Catalog, Calex
Manufacturing Co. Inc., Pleasant Hill, CA 9452.

20 2-0
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1800Hz 2.5 720Hz
20 110uF
20 110uF 20
45° 720Hz
45° 2-0 Power
Conversion Design Guide and Catalog”’ Calex , Pleasant Hill ,

CA9452

The output impedance of these supplies is important to EMI design because the
wrong simulation impedance network could be used. Without the decoupling
capacitor and resistor, the line simulation network looks like,a small milliohm
resistor in series with a small inductor. These two compo s are arranged in
parallel with resistor value of the upper fattened-o . With the
decoupling network used, the output could be replaced b i sistor, as in
our case above using 20. The best way to meas i
with a network analyzer if you have access to
EMI
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3

Various AC Load Impedances

AC

Load impedance varies with different types of loads. Few loads are
resistive-some are capacitive or inductive. Some loads generate high-current
pulses at twice the line frequency, others require high-fr ncy currents. All
these statements assume that none of these loads ha filtering or
any other circuitry to offset the conditions mentioned he

83.1 Resistive Load
8.1

Resistive load is the easiest for the electr erference (EMI) filter to
handle. This assumes that t Or is missing, as in the circuit in
Figure 3.1. The diodes are ing in Fi 2, although they can be included

with or without the transfor

e at the peak current. If the load uses
e problems to the already severe switcher
ectrum must be attenuated by the EMI filter.

(
3.2)
RMS

EMI

Page 30



EMI Filter Design

ERCARE

—p—

RESI

B

Figure 3.1 Resistive load with diodes.

83.2 Off-li

8.2

The m

outp large storage capacitor that in turn feeds
switch edance also varies from nearly short to open

turned on if the wave voltage, plus the diode voltage drop, is greater than
the capacitor 3 stored voltage at that instant. High-current pulses on the
capacitor side of the diodes are often called sine wave pulses.

3.3

0.7v
0.3V
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DIODES

Figure 3.3 Off-line regulator with capacitive load.

The Fourier equation for this is

2 4T 4

S E 7

PT P n=z46s T
or

2 4T &

2 (3.1b)
pT p N:2,4,6,8T
where t/2 is the pulse he full wave (two pulses), and
N is the harmonic nu i re normalized for a peak of 1A. This
is all even harmonics alue in the first term. The second,
sixth, tenth, ase: the fourth, eighth, twelfth, and so
on, are in
t/2 N
1A 2 6 10

One the line diodes (Figures 3.5), the equation becomes

3.5
AT g 1 pNt . PN . 20Nt
P neasy T - N7 2T 2 T (3.2)

COS
and the first sine term can be replaced by

Sln% — (_ 1)(N-1)/2
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N1

Figure 3.4 Capacitor pulse charging current through the diodes.

The first, fifth, ninth, and so on, har e: the third, seventh,
eleventh, and so on, harmonics are out he trouble with this

wltage, giving rise to a unity
e power factor is still the cosine
ne wave and the start of the

places the fundamental in
power factor. This would be
of the angle between the s

truly a sine , as most people describe it. All those | have examined
are a somewha ighted toward the back half of the pulse. These equations
were developed for several reasons. Then main reason was so that the switcher
noise would show the relationship between the total size and weight of the filter
with and without an inductor of critical value (Figures 3.6 and 3.7). This is

discussed further in Chapterl1.
[ 3.1 3.2 ]

3.6 3.7
11
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L1
Ew

O R D et

Figure 3.6 Off-line regulator with the added critical inductance.

| + — YN

LI
i Sw
Hue T ?x.um
TORAGE TORAGE
T 1 CAP CAP
- |
DIODES
Figure 3.7 Off-line regulator without the c ce.

The total size and weight critical inductor for all serious
specifications and may, not Communications Commission
specifications. The s i ed in Chapter 15, which discusses
the tree-phase filter. ns were developed so that the full

third, ninth, f nic current could be demonstrated for
the neutr , for capacitor design (Chapter 6).
15
Y 3 9 15

Stored energy the switcher(s). The RMS value of the current is usually
what the filter designer is given to design the filter inductors. Designers are not
given this high peak current needed to design the inductors. The question is,
what will these high current pulses do to the filter inductors? Most inductor
designers design the inductor somewhere around half-flux density at the RMS
value of the current. This is the wrong approach to the design of this AC EMI
filter inductor because the inductor will saturate. The equation is
RMS

RMS
AC EMI
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0.4pNI .
Mg R

where N is the number of turns, L is the peak current feeding the charging
capacitor, and M, is the magnetic path length. H is the magnetizing force. The
maximum flux density B, is a constant for the core type and material. The
relationship between B and H is the permeability |4 Thus, as H increases
because of the large current pulse |,, the permeability drops. The permeability
s a key player in determining the inductance L. The core material is spoken of
as “Soft” because of the BH curve. These are S shaped, or oid, as in Figure
3.8, and are not made using square loop material. The ire a strong

H =

N I

U1

L= (3.4

where the is the cross-sectional core area, A. square centimeters.
Thus, as the drops, the value of L drops and so does the inductive
reactance.

Ae 81 L

Page 35



= EMI Filter Design

= ERCARE

Figure 3.8 BH curve of a “Soft:”*(sigmoid) core.
What happens if the inductor saturates during

answer is that some switcher, diode, and o

high-current pulses saturate the induc i design specification was
underspecified. The only possible rede

d be if high-quality
o this noise compared
clyman, at the Jet Propulsion
llowing equations in his book,
uctors (Marcel Dekker, 1982).

Laboratory in Pasadena, C
Magnetic Core Selection for

Pasadena
"Marcel Dekker 1982

oy 028871,

DV = or rms — FC (3.5)

rms

2

where |y is the dc load current, F is the ripple frequency (twice the line frequency
in single phase), and C is the capacitor in farad. Continuing with the discussion
in C.W.T. Mclyman 3 book on page 40 and substituting in Equation (3.5).

lob, DC F 2 C
Mclyman 40 (3.5)
|« =2pFCDV, =1.814l, (3.6)
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Ae

Figure 3.9 Toroid showing the terms A, and W, (shaded)

undersized and to saturate on the peak

Irms IO

EMI RMS
Another equati i acitance to the peak-to-peak ripple is

(3.7)
where P- -peak voltage and F is the line frequency. This subject
is continued 11. Another may to avoid this problem is to design an

inductor using & pped core (Figure 3.10). This tilts the BH curves, requiring a
much higher magnetizing force to drive the inductor into saturation. It also
makes the permeability much lower, but more constant. This technique keeps
the inductance more constant for low, medium, and high current demands

throughout the conduction cycle.
P-P F 11

3.10 BH

The point is that the EMI filter will be larger, it will weigh more, and it will cost

Page 37



= EMI Filter Design

, EHCARE

more when using the off-line regulator because of the high current pulses.
EMI

83.3 Off-line Regulator with Inductor Ahead of the Capacitor
83.3

Adding an inductor ahead of the power supply filter capacitor widens the current
pulse width and lowers the peak current pulse.(Figure 3.11). If the value of the
inductor is equal to or greater than the critical inductance, the current flows all
the time and the current through the inductor is the average current. The usual
inductance design method will work, again, in this applicatio

3.11

Bm =
B
GAPPED
’ v

Figure 3.10 Gapped C(“B i ore linear and less sigmoid.

] :EH" T.ﬂ,

CapF
=

[HODES

Figure 3.11 Off-line regulator with critical inductance and capacitive load.
The critical inductance is

RO
6pF

where Rq is the load resistance calculated using the lowest, worst case current
and the highest line voltage. F is the line frequency. This disadvantage is that

Lc (3.8)
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the stored voltage across the storage capacitor drops from the peak value of the
ac voltage to the average voltage. This also adds to the weight of the power
supply but reduces the EMI filter weight because the filters need not handle this
high peak pulse current.
Ro F
AC
EMI

A company is involved with power supply designers who are proud of a light and
compact power supply they have designed. The power supply designers ask the
company to design a filter for this small power supply, Jbut they cannot
understand why the filter is larger than their supply and
their power supply this small and light, they have eli ated all,the normal
internal EMI protection. Therefore, the output noise is hi EMI filter is
large! This problem is covered more fully in Cha

EMI

Today in Europe (Canada an re following their lead), power
factor correction circ i .12). I have seen power factors as
low as 0.43 resulting r of the power supply and the EMI

er supplies that use off-line regulators
have pow y themselves, and improper filtering only

initially storing the energy in a larger filter
current is in phase with, or follows, the line voltage.

power factor correction circuit switcher frequency. The inductor conducts
current in the same direction while the switch is open and closed so that the
current through the diodes is a sine wave with a small triangular wave
superimposed on top of it at the switcher frequency. It is the job of the EMI filter
to attenuate this switcher frequency without starving the switcher. This is
another reason a filter designed for very similar specifications may work well for
one group and fail for the next. The first group might be using an off-line
regulator and the last group a power factor correction circuit, and the output
impedance of the filter may be inductive (maybe a T). The inductive reactance
would be low to the harmonics to the off-line regulator but high to the power
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factor correction circuit. This would starve the power factor correction circuit.
3.12
EMI
0.43 0.7

AC 1 EMI

EMI

ns to demand power factor correction circuits is
to all i ged into wall sockets. These users did not count

and circuit brea
100

There is also the power factor correction coil (Figure 3.13). In most designs, the
EMI filter looks very capacitive at the power line frequency, and some
specifications demand a near unity power factor for the filter for two reasons:
obviously, for power factor correction, and also for leakage current problems.
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This technology is archaic, at best, and is mainly seen on 400Hz power lines.
3.13 EMI

400Hz

YYY L /YYYL

L1 Ll
ower factor coil — —
Cl Cl

Figure 3.13 Power factor correction coil.

Ml filter is very low

igure 3.13, of 2C. The
n coil must be equal to the total
eturns the power factor to near

At the line frequency, the impedance of t
so that the capacitors add in parallel to
inductive reactance of the p
capacitive reactance at the
unity, and the leakage_curr

3.13
L= —=0.026 3.9)
Where nce (farads) of the filter to ground. This is a rather
large ind rrent through it is the same as the leakage current of
the total ca (but 180° out of phase). This technique converts the

leakage current e capacitors to circulating current in this newly formed tank
circuit. There are two conflicting factors to consider when dealing with the Q of
this tank circuit. To reduce the leakage current as much as possible, the highest
value of Q is required. One the other hand, because of aging of the filter and
working stresses on the filter over time, a lower Q is required. This is also true
in installations in which the power line frequency drifts over a wide range, such
as remote power generators. This frequency drift causes the network to be
off-tuned from the center frequency and to be operating on the s ide skirts of the
impedance curve of the parallel tank circuit. Whatever the Q, high or low, the
equation is
C
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180°

Icirc = QI line (3.10)

where |l is the circulating current in this tank, the same as the leakage current
before adding the power factor correction coil, and Il isghe new leakage
current. The reason for the concern about leakage curr Is the danger to
anyone touching the filter, or the unit in which the filter j if the safety
ground has been removed or broken off. This can be leth
shock when this ground is cut. Equation (3.10) s
has been reduced by a factor of Q.

Icirc

3.10 Q

r factor correction coil for each
to ship these units as matched
Id be limited to about 10. RFI
on the load side; others mount
know of no functional electrical

The RFI Corp., on Long Isla
filter before shipping. This t
pairs with higher Q values.
attaches these powe
them at the front en
difference.

R

The specific leaning toward measuring the actual ground current
rather than spe g the capacitance to ground. Using this trick would allow for
larger capacitors to ground and enhance the common mode action. Using a Q
value above, say, 10, the 0.02uF (for 400Hz) could be changed to 0.2uF. This
would reduce the value, and size, of the common mode inductor, here called Z
(Zorro). This would enhance the common mode attenuation so that the filter
easily passes the insertion loss requirement while reducing the value of the
Zorro inductor. The only concern here is that the components and the line
frequency must be stable to assure that the units are not detuned or the leakage
current will rise. This also returns the power factor to near unity. The power
factor correction coil becomes monstrous in size for 50 and 60Hz and is rarely
used.
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Q 10 0.02uF  400Hz
0.2uF Z? ? Zorro
Zorro

1 50 60Hz
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A

The DC Circuit-Load and Source

DC

There is a difference between ac and dc circuit designsfor filters. It is
understood that many off-the-shelf electromagnetic int ence (EMI) filter
manufacturers sell filters specified to work for both i and direct

these filters is to build sizable in-house o stock. These filters are
lues with similar specifications.
The same parts are used fo i ent values, when possible, and
all this drives down compon . the parts less expensive and
for the customer to cut costs is to
have more than one a i iri e same filter. This increase in the

EMI

400Hz
AC DC

The loads are also different. Some are resistive, as in heaters that maintain the
mountaintop repeaters above a certain temperature. Some equipment may use
this supply voltage directly; others may be switchers, for which the inductors
should be gapped for pot cores or C cores, but MPPs and powder cores are
already gapped as a result of the manufacturing process. Gaps are distributed
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all around the core of these powder cores.

C MPP

This chapter discusses recommendations for elements within the circuit that
reduce the EMI so that the insertion loss requirement for the filter is reduced,
reducing the size, weight, and cost of the filter. Other techniques are also
discussed.

EMI

&.1 Various Source Impedances
#.1

megahertz range. Often is uses a nor
circuit impossible. This is where tubula

are Ls and ps and the rest er is the type found in aircraft,
shipboard, telephone com repeater sites. This power &
furnished by various_arra as battery racks, standby

called deep cy i e entire system from several hours to
m. These are designed this way when the

ore standby batteries, generator fuels, and the
ions can be caused by any outside power failures,

a cloudy day, downed power lines, and fuel supply
outages.
DC MHz
C L
p T DC
DC

The plates of the battery rack act as a capacitor and shunt the middle
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frequencies of the unwanted conducted emission noises to ground, but the high
frequencies are not attenuated because of the inductance of the cable feed and
the battery plates. The radio frequency (RF) current on the power lead is
radiated as an H field, and this is what should be avoided by filtering. The dc
output normally feeds switchers and these create most of the RF noise, along
with the diodes following the switcher and parasitic oscillations of the switcher
transformer(s).

The other type of dc system is from an ac power supply, the feed is

is shunted with the higher resistor value
DC AC

2.4

Without bein iS\Si i es the switcher because the inductive
switcher frequency, and especially the

signers have been made aware of the load
rovide by the customer before design. The power
supply pe this output impedance low at the switcher frequencies.

Does the filt i need to know this output impedance for the dc supply
feeding the filte ore designing the new filter for the remote switcher?
Rh¢ 4.1 “ K DC
DC
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LINESIM Network

hif

Figure 4.1 Line simulation circuit.

What happens if the output impedance of the dc supply i

less about the output impedance of the p
is treated in the next section.

DC
“ ” H
DC
H

.

#$.2

Most loa itcher type. The output impedance of the filter at the
load or switc st be low so as not to starve the load. This assumes that
the switcher do have a capacitor at the switch to lower this impedance. |

lump these capacitors as part of the filter. If the capacitor is in the circuit without
the filter designer 3 knowledge, this could detune the output network, lowering
the cutoff frequency of this filter. The two capacitor values add because they are
in parallel. This assumes that the connecting wire is not a long lead length. This
appears as an inductance, tending to split the capacitors.

“ ”
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Y

L1
LINE LOAD

==Cl

——
—
—
-

Figure 4.2 Single unbalanced L filter.

This dc application would require a single L, so that the ca
is as high as possible (Figure 4.2). This reduces the dro

or facing the load
the dc xoltage while

the switcher is turned on. If double Ls are used, the valu al capacitor
is smaller than half the original. This may allow th d to
drop more than that of the single L filter. This even
though the ripple voltage on the feed wire is the ). If the
return is through the chassis, the capacitor fa hould be a
feedthrough type. Otherwise, it shoul capacitor in which the
system has a return power lead. The i the filter is high

impedance and reduces the H field no ma urce impedance of the
design, and the method is as
follows. The switcher frequengy is 60kHz, the d¢,voltage is 60V, and the peak on

current is 1.2A. Divide the er on current to find the on
impedance of the swi ivi i impedance by 10 to minimize the
voltage drop. Determin by making the capacitive reactance

ntal switcher frequency, 60kHz. For the

inductor, i ce by 10, and then solve for the inductor
reactan i nce'at , as before, 60kHz.
4.2
L
L
H 60kHz
DC 60V 1.2A
1/10 60kHz
10 60kHz
60V01Igs/1.2 _ 5W= 0.531F
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610—;/ =500W=1.326nH

This is rather a large inductor, but if the circuit is to be balanced then two
inductors of 670uH each are needed. The small capacitor of 0.6uF is wired
between the two inductors and faces the load. The 1.4uH would have to only
carry about 0.5A, making this possible even unbalanced. This can be made into
a simple formula:

670uH
0.6uUF 1.4uH 0.5A
101 10" 1.2 o
C = O P - O _ — 5.305 10 7 . (4 1)
20F;, Ve 2p60,000° 60 .
_1ov, _ 10" 60

MH )

.3 DC Circuit EMI S
.3 DC EMI

This is included here bgcau
or are part of the po

mmendations

ions deal with dc power feeds
se may conflict, use what works.
DC

n of the idea, choosing a method or concept, the
lutions, combining the various circuits or circuit
d system corrections, and then the final, the power

wonder why the filter is so big and bulky and why it cannot fit in that little
leftover volume next to the input transformer. The plan for EMI should begin
almost at the inception of the idea and should be required on each board or
circuit that is applicable. If this is done correctly, the EMI filter might fit the little
leftover volume and the cost, along with the weight of the filter, is also greatly
reduced.

EMI 2.25%1.6>=<0.75
EMI
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&1.3.1 Some ldeas for the Initial Power Supply

#.3.1

Include an inductor of critical value in front of the storage capacitor to remove
the high current peaks. The lack of this inductor increases the size of the EMI
filter, it weighs more, and it costs more, especially for the military, for which the
specifications are harder to meet.

EMI

spikes, and stop reverse current thro
diode noise. Keep the various supplies i : isted pairs to power
remote units rather than a ground retur : isolated leads, or closely
spaced traces on the PC boa i . This way, the primary current
in the traces or twisted pai ther than pulse at the switcher
frequency. Lay out t er, input, or switcher(s) for

es the magnetic field radiating from of
around th i in one direction than in the other: the lines

a fly! t use switches known to be noisy, such as SCRs
ce sections known to be noisy within a container or

device. These iners are often silver plated inside and out to enhance
surface conduction. The better the conduction, the better the H field is
attenuated: the lower the current on the outer skin. This may require a mu
metal can or foil than would be thinner and lighter for the same attenuation of
the H field but cost much more.

20kHz

PC
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SCR

Moves to increase the self-resonant frequency of the inductor or transformer of
the switcher also reduce the parasitic or at least raise the frequency of the
parasitic. This parasitic frequency often feeds all the way b o the filter where
it is attenuated. It can be attenuated with a smaller va i
interface of the power supply and switcher.

&.3.2 Other Parts of the Syst
#.3.2

Clocks and other sources generate more
the noise does not start or
power supply or other circu
the supply is filtered. Filter
device as possible.

ck but is created either in the
feeds. Make sure each feed of
clock, or DAC, as close to the

digital and analog. Separate grounds for the
noisier noise current on the ground lead does not induce

H

Keep the noise within the EMI filter inductors and other inductors in nearby
areas, even though the cores are toroids (which are quieter and radiate less), by
mounting these inductors in quadrature to reduce their coupling (Figure 4.3).
This is especially helpful if the cores are not toroids.
EMI
4.3
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17l

BALANCED "L" IN QUADTRATURE

Figure 4.3 Toroids in quadrature.

Figure 4.3 shows a balanced double “E”7in which the fir
capacitor using the vee technique (see Chapter 6).
guadrature are also using the vee technique.
radiate to the upper right inductor, but the inc
between them reduces this.

4.3 L

&1.4 Lossey Compon
#$!.4
Another technique is ents. One such technique is from

are absorbed within the dielectric.

Coaxial cable researches to find dielectrics with lower
and lower this phenomenon to inhance losses to make
lossey , in New York, is Capcon, Inc. (Figure 4.4).

an be threaded with a filter hookup wire; it
bove 10MHz and well into the gigahertz region. This

diameters ar i , allowing easy treading for capacitor, inductor, and other
hookup leads. nctions better than most ferrite beads because most ferrite
beads saturate at around 5A. These beads have a self-resonant frequency of
around 50MHz. The lossey components just mentioned do not fail either of these
requirements. Only | foot of this lossey line material gives as much as 100dB at
10GHz; the ferrite bead gives 20dB loss at the peak of 50MHz, and the loss falls
to zero by 100MHz. This material is available in sheets of various thicknesses for
enclosures and is also very dissipative. Radiated energy can be reduced by
covering the filter enclosure, or a noisy device, with this material.

Capon
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4.4 10MHz
GHz

5A
50MHz
10GHz 100dB 50MHz
20dB 100MHz

110
IEE 1 fool LST —}-f:’f : -'m:;lﬂs

/40 4

:" y/ Vi ' 4
:E ?Zlih LST

10

1 lsat LSTS

10 Mhz 100 Mhz 1 Ghz 10 Ghz 100 Ghz
LST = LOSSEY SUPPRESSANT TUBING AND LSTS IS THE SAME SHIELDED

Figure 4.4 loss of shielded lossey suppressant tubing

and the ing measured per Military Standard 220A.
4.

&.5 Ra

.5

The subject of ook is the design of the filter for conducted emissions. The
known generality of radiated emissions is that if the conducted emissions are
reduced, the radiated emissions are often reduced also. Therefore, if the
conducted emissions are nearly eliminated, there is often little left to radiate.
The opposite condition is even more true: if the conducted emissions are not
eliminated, the device radiates. A condition that makes this statement
erroneous is when the outer skin of the device is not a good conductor-plastic in
the case discussed. Although the conducted emissions were greatly reduced,
the radiated emission was still almost as offensive. If the case is to be plastic,
there are conductive sprays with which the enclosure can be coated that help to
reduce emissions.
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S

Typical EMI Filters: Pros and Cons

Let us discuss the typical electromagnetic interference (EMI) filters used today.
These are primarily the p, T and L with the Cauer, resistance-capacitance (R-C)
shunt, and dissipative sometimes included. They include double and triple filters
and sometimes even quadruple uses of the mentioned typ filters. Each EMI
filter has some positive and negative attributes. Each ot in which
it functions very well and other spots in which it will fail

EMI

L R-C
4 EMI

.1 The p Filter
S.1p
We start with a discussion e 5.1 and 5.2). This filter looks
very good under the Militar O-test specification (5.3). The
low frequencies still work in impedances. If this is the only
test requirement spe hen the p tests well using this test
technique. The p filter i ng colors by the source inspector (if
any). Thisis ially tr -phase type, for which the specification
the other two phases tied to ground.””The
p section are then doubled in value. This
ner to meet the specified loss within a given
ans that the filter can easily pass the attenuation
values, and package size and weight.

51 5.2 220A/500 5.3

500
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L1
LINE LOAD

Figure 5.1 The p filter.

Figure 5.2 The multiple p.

M
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+ DC -
I
Buffers '
Rl
Signal 50 Ohms
Reduces to: V
Rl L1
R1 K
Signal iﬂﬂ-hmi: Filter under test 50 Ohms b
_-.m __EI

These are large es of inductance to keep the EMI test signal out of the dc
power supply. This is done to ensure that the filter inductors do not saturate at
the full peak current. There are two sets of 500matching pads, from 6 to 10dB
each, that are omitted from these figures.

EMI DC

500 6 10dB

On the other hand, this type of filter looks bad under the Military Standard 461
or 461 naval tests (Figure 5.4). This is where a 10uF capacitor shunted from line
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to line or to ground is required. The reason is that a filter capacitor facing the
10uF is out of the circuit unless the cap is an order of magnitude greater than
the 10uF. This value would be much too high for good filter design. Large
capacitors have a very low self-resonant frequency SRF; and would have to be
shunted with smaller capacitors of good quality to make up for this low SRF. The
receiver or spectrum analyzer is switched back and forth between the two
current probes to determine the filter loss.

461 461 54
10uF 10uF
10uF 10uF
SRF
SRF
A
Current Probe Current Probe
-
YYY\,
Ll
POWER Filter under test AD
— =—Cl ==X RES
10 uF —

Current Injection Probe
Reduces o

Current Probe Current Probe

L1
Filter under test 0AD
e s 7 I EES

Cument Injection Probe

Figure 5.4 The current injection probe test setup.

The three-element p looks like a two-element L filter at the lower frequencies in
the 461 and naval tests. The loss is about 6dB per octave for each element, so
that the 18dB p filter is now a 12dB loss per octave filter; 18dB is for the single
p, and the double p is 30dB, for example.
461 p
L 6dB/ 461
p 18dB/ 12dB/ p 18dB/
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p 30dB/

The p might also function well in some dc systems if the switcher frequency is
high enough so that the capacitor impedance facing the load does not s tarve the
switchers or cause excessive voltage drop. This assumes that the switcher
circuit has not handled this problem. The p filter is easily balanced by placing
only half of the inductor needed in the high line and the other half in the neutral
line (Figure 5.5). This changes the shape from the pto a square or box shape. It
does happen that the system must pass a specification after several prototypes
are finished. A qual. test may have to be passed (Figure 5.6). Now the earlier p
that passed all those tests may not perform properly. This isbecause the filter
loses the front, or line-side, capacitor at the lower fre cies. Some will
wonder why the filter is not doing the job when it pro passedythe tests at
the EMI test laboratory! The real world is not reflecte OA or 461
specifications, but the 461 specification is closer
p DC

p
55
p
EMI
220A
461 461
HOT
' SL1 SLI '
LINE ==.5CI =—=ClI SCl == LOAD
SL1 SL1
NEUT
GRND

Figure 5.5 The multiple balanced p.
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: LOAD
RES|
1

TRANSI

Figure 5.6 The system or diode test method.

.2 T Filter
S2T

impedance to work into. These are als
design method does not call for values f

a light load requirement. This
a very low frequency as a result

115V ac 60Hz lines as hig
happened because the reso
of higher inductive values.
T 30dB/

461

115V AC 60Hz
132v
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the switchers. The switcher designer
lowering the impedance with a capacitor
the filter into a maladjusted
facing the load. Note in Fig
either of the two end i
of the end inductors.

T

e capacitor shunts the inductor
ral inductor is twice the size of

5.7

The T filter c
placing this hal

nced by removing one-half of the inductor 3 values and
e neutral leg, forming an H pad (Figure 5.8).

H T 5.8

25L1 AL1 2511

LINE ——=Cl ==cI LOAD

25L

25L1 L1
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Figure 5.8 The multiple balanced T filter.

&.3 L Filter

S.3L

The L type is the most often used filter. Both the p and the T are three element,
or more if multiples are used, and should give 18dB loss per octave. The L,
because it is only two elements, provides 12dB loss per octave. All these loss
figures refer to the loss starting above the cutoff frequency. A single L often
works best in the dc mode if the load has switchers, because a large L would face
the dc supply and the large capacitor (of high quality) would provide a low
impedance for the switcher frequency (Figure 5.9). Why not a double L? The two
inductors required for the same amount of loss would tot s than the single

inductor; the same is true for the capacitor values ( ectiongl16.3.). This
smaller output capacitor, smaller than 0.5 of the origin furnish the
needed energy storage, creating a larger peak-to-fea ’ img the
switcher. This peak-to-peak voltage would be or at
twice the switcher frequency if this feeds the ce plifier or
Royer (the higher the switcher frequenc double L can
be used as long as the drop is not exc cher frequency is high
enough. This is true even though the ri or better, to the dc

source of supply wltage. The L and mdltiplg well in higher power
applications (Figure 5.10). split the inductors and place the
other half in the neutral | . The double L has 24dB loss per

octave.

L 5.9

L
L
16.3
L B
Royer 2
L DC L
L 5.10
511 L
24dB/
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I
5

Figure 5.9 Single L filter.

—YYY _YYwy

L1 L1
LINE LOAD

I
5
|

Figure 5.10 Multiple L filter.

— YY" Y

SL1 L1
R2
LINE e i | RC SHUNT ——=Cl LOAD
T e
._er er—l—_
sLA sL1

Balan ‘ th R-C shunt filter.

SH.4 omm ial Filter
.4
This is the in test equipment, computers, and other commercial

electronic equi t. The manufacturer must pass tests for VDE, CSA, and the
U.S. Federal Communications Commission (FCC), and the tests are conducted
by EMI test houses that help the manufacturer with all the documentation.
These filters are the balanced p type often purchased from outside suppliers and
are often built offshore. These filter are mainly common mode in appearance,
with a capacitor across the input and output from hot to neutral and two other
capacitors to ground that must meet leakage current specifications (Figures
5.12 and 5.13). The leakage inductance is often made high by adding washers
to the center of the pot cores separating the two windings. This is also
accomplished by winding the two windings as far apart as possible on a toroid
core. The feedthrough capacitors (CF) are case grounded (Figure 5.12). Some
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of these techniques add a differential mode to this common mode filter. This
then makes a balanced p type of differential mode. This all works because the
losses specified by the FCC start at 450kHz. The inductors and capacitors can be
quite small to accomplish these tasks. Another point to remember is that the
current through the leakage inductance can saturate this inductor. This is
because the common mode inductor is wound on ferrite core with high A, values.
Some of these filters do not use the feedthrough type of capacitor, that the
circuit changes to that show in Figure 5.13. These capacitors are less expensive,
but the self resonant frequency is lowered by the added lead length.

VDE CSA FCC E

5.12
CF
p
5.13
ZORRO
—L_.02uF
CF
LINE LOAD
CF
v
Figure 5. ommerciakfilter with Z and feedthrough.

Figure 5.13 Commercial filter with capacitors to ground.
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&.5 Dissipative Filter
.5
This filter is rarely seen in the EMI area today. It consists of one inductor and one
capacitor along with two resistors (Figure 5.14). The two resistor are tied in
series across the inductor terminals, and the capacitor is tied to the center of the
resistor and then to either the other line or to ground. These filters are similar to
the line impedance stability net works (LISN). This filter can be balanced using
half the inductor and resistor values to be split on both legs and the capacitor
tied between the center points of the four resistors (Figure 5.15).
EMI
5.14

LI

4]
Cl Rz

T

Figure 5.14 Dissipative V

L1

SR1 SR2

Figure 5.15 Balanced dissipative filter.

The main disadvantages are that this filter appears to give 12dB per octave but
really gives only 6dB. Another is that this adds cost and volume to the entire
filter for only 6dB loss for this section. The resistors should be noninductive, and
the resistor(s) facing the line should be at least 2W for electromagnetic pulse

purposes.
12dB/ 6dB/
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6dB
2W

The advantages are as follows:

1. This filter can be used to match impedance by using two of these at each end
(Figure 5.16). Any filter can be used between these two end units and designed
to match the impedance of the inbound resistor values. This can work well to
meet the 220A specification using four 500 resistors and designing the middle
unit for 12dB less loss.

1. 5.16

4 500 dB

220A ,

LI L2

FYYY) ANY FILTER FYYYL

Figure 5.16 D i ativgllters for both ends.

and energy. If a higher frequency comes down
the lin is dissipated by the line-side resistor. The load-side
of the energy of the switcher or any other noise from
the load. If t pe just described, the energy not dissipated is reflected
by the center fi nd the opposite resistor of the same dissipative filter, and
most of this energy, would be dissipated.

2.

3. A filter very similar to an inexpensive LISN would be included within the filter,
and two if the unit is the type described by Figure 5.16.
3. LISN 5.16 2
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&.6 Cauer Filter

.6

The Cauer, or elliptical, filter is best used in very low impedance circuits (Figure
5.17), usually with multiple Ls and Ts, in any case, normally a capacitor &
shunted across the center inductor. This is used to fix a problem frequency, such
as 14kHz. This network is tuned to slightly above the problem frequency.
Granted, the trouble may be fixed, but this center section will not be in the
circuit much above this problem frequency. The network will pass all the upper
frequencies. A resistor is often placed in series with this capacitor so that the
amount of bypass is limited by the resistor. The value of the resistors is typically

design impedance is the lowest RMS line voltage divide i st RMS line
current. If this filter is to be balanced, use half th
inductance on the two lines, and parallel eac
resistor networks. The value of the two cap;
capacitance and half the resistor values, and t
the two inductors.

Figure 5.17 Cauer and balanced Cauer.
&.7 The R-C Shunt

&.7R-C
Another technique is preferred to the Cauer but is better when used in
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high-impedance, low current circuits. This filter, called the RC shunt, uses
fewer components and is automatically balanced across the line to start with, if
required (Figure 5.18). This is formed by a capacitor and a series resistor.
Normally, the filter has a resonant rise lower in frequency than the trouble
frequency. This is especially true if the filter is a multiple filter, such as a double
or triple L, p, or T. Usually the number of resonant rises is 1 less than the
multiple number meaning that the single L, p, or T would not have resonant rise
but the quadruple would have 1 less, equaling 3. This holds true if the Q of the
circuit is low enough. The higher Q has a resonant rise for each network. Find
the frequency of the lowest resonant rise, and choose the capacitor value at this
frequency that equals the design impedance of the filter. Thisattenuates all the
resonant rises and also the trouble frequency if any. e resonant rise

power line
the design

frequencies are of no concern (well above the fifth har,
frequency and well below 10kHz); choose the capacito
impedance at the trouble frequency.

R-C 5.18
R-C
L
Q
R-C
RC SHUNT

R=Rd?

v
Figure 5.18 Balanced and unbalanced R-C shunt.

For example, the design impedance is calculated by dividing the highest current
required by the load into the lowest anticipated line voltage. In this case, say,
100V is the lowest line voltage at 10A. This is the highest current at this lowest
line voltage. The resonant rise frequency is 4kHz. Then,

10A 100V
4kHz

Page 68



= EMI Filter Design

, EHCARE

R, = 0 v c= 1 .
10 2p 4000° 10
The capacitor is 3.979uF, or 4uF, in series, with the 100 resistor tied across the
line. This should remove the bump at 4kHz and attenuate a problem frequency
at 14kHZ. If the resonant rise is in an area of little concern, change the
frequency to the problem frequency of 14kHz. Then, recalculate the value of
capacitor needed at that frequency.
3.979uF 4uF 100 R-C
4kHz 14kHz

14kHz

o 1
20" 14000" 10

The 100 resistor is in series with a 1.2uF cap
lends itself to multiple L filters in which the nety
of the capacitors. The closer the R-C shunt is to t € e it tends to
minimize or reduce the impedance swi is is because the load
impedance is the highest impedance an orks better at higher
impedance.

100 1.2uF

L

=1.137nF

but the i nd output impedances to work properly,

espe losses required by the military. The line and
load i ust do not provide this condition at these low
frequenci ilters would work very well between the two dissipative

give the proper h needed by these filters, especially if the cutoff frequency
of the dissipative filter is about half that of the regular filter.

5.5 5.19
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Figure 5.19 Conventional filter used with DIN and DOUT.

5.9 Filter Matrix for Line and Load Conditi
.9

This section covers the filter matrix to use for both
This is mainly empirical, that these should be

61, and the full system
specification. The next part e load side (Figure 5.21). This
is for 60 and 400Hz. The o ine regulator, with inductor, the
power factor correction cir line filter. These are general
recommendations on

5.20 FCC
VDE 220A 5.21
{ o
DCTODC | SINGLE PHASE| THREE PHASE
SINGLE L
Fm H ? L H. T‘ l H] Tp L
VDE SINGLE L A, T,L P, T.L
M7 L
330 A SWGLEL | A T. L AT
7L
4671 E"ELEL L. T L. T
SYSTEM i SINGLE L L. T L. T

Figure 5.20 Line-side matrix.
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OFF LINE INDUCTOR MUST BE SAME AS LEFT. DONT
REG DESIGNED TO HANDLE USE POWDERED IRON.
Ipesk CORE GAPPED ? | w< 125
OFF LINE INDUCTOR TD HANDE SAME AS ABOVE AND
WITH irms. CORE GAPPED ? LEFT. CAP MARGINS
INDUCTOR GREATER. WATCH AMPS
PFCC Zo OF FILTER << lpk SAME AS ABOVE
INPUT ON LOAD IMPEDANCE. SAME AS LEFT
MUST BE CAP OUTPUT.
POWER SHOULD BE DESIGNED SAME AS ABOVE
LINE FOR lpk NOT AMS SAME AS LEFT
FILTER

Figure 5.21 Load-side matrix.
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6

Differential Mode Components

The differential mode components must be of the high-Q type. The individual
component Q must be high, and the circuit Q must be lo d to the point at
which the filter does not oscillate.

Q Q

5.1 Capacitor Construction and Sel

.1
Figures 6.1 and 6.2 show the self-reso - RF) for polyester (Mylar)

eded for the extended foil type.
The design is covered in and 6.2 provided by Robert
Hassett of RFI Corp., Bay S

6.1 6.2

6.1 6.2
11706

—— 100 to 200 volt rating

400 to 600 volt rating—
10

Lool 1 1 T T)
MFD

Figure 6.1 Mylar self-resonant frequency chart.
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1000
100
MHZ
10
1 Capaciter MFD
N [1)] n A ] 10 100

Figure 6.2 Ceramic self-resonant frequency char

The advantage of the feedthrough type is th uivalent
series resistance and inductance) as a result of t ths. This in
turn means a much higher SRF. Figure SRFs to 1GHz for the
smaller ceramic caps. The problem r the power line
root-mean-square (RMS) voltage, the needed to eliminate
creepage and corona. This n capacitor and increase the cost.
As the line frequency incre cy harmonic current increase.
This also increases th . If the margins are near the
increases, the initial margin may
need be increased. In rgin is not a function of frequency
itially skimpy. Many filter builders use
the large d filter capacitors. Some of these are oil
impreg
ESR ESL

6.1 6.2 1GHz SRF

dv/dt

These oil-filled and large-can type capacitors may be very good for power
supplies and other applications requiring nonpolarized capacitors, but watch out
for their self-resonant frequencies. Most of these types have very low SRFs of
the order of 20kHz. This is when old power supply trick may be handy ~Yeolde
paralleling capacitor trick”” which calls for paralleling the capacitor with another
capacitor 0.05 the value of the original. This smaller capacitor should have a
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much higher SRF and lower ESR and ESL. A recent article in the Institute of
Electrical and Electronics Engineers magnetic manuals showed that the gain of
only 6dB is realized by these two capacitors in parallel. This theory, though,
assumes that the lead length would be the same. This would almost make the
second capacitor have ESR and ESL the same as the original. A feed through
type for the second capacitor would guarantee a workable system because of
the very low ESR and ESL and much higher SRF of this high-quality type of
feedthrough capacitor. | believe that these large capacitors should not be used.
Most of the design techniques in this book should not call for this large a
capacitor value. Another trick to lower the ESL and raise the SRF of the capacitor
is as follows. In Figure 6.3, there are four inductors that are often deemed
insignificant. The two that make up the capacitor leads ad he ESL and ESR,

technique has been around a long time, the g ue is
“Veeing the capacitor®” the old “Reep the Ie

especially for the capacitor. The leads on the indu@ all amount
of inductance to the inductor.

20kHz

0.05
IEE agnetic

SRF
ESR ESL

ESL ESR
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Veeing the capacitor
Wiring inductance

L L

Cl

Now, in Figure 6.3, all the inductance in eithe to the
inductors on both sides (Figure 6.4). The capa R decrease,
increasing the SRF. The same can be gttom half if the circuit is
balanced (Figure 6.5).
6.3 6.4

6.4

Figure 6.4 VeMcapacitor.
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L1 L L Li
i |
L /N,

LI LI

Figure 6.5 The balanced vee.

5.2 Capacitor Design
.2

&.2.1 Wrap and Fill Type
F.2.1

winding the capacitor. These capacitors
chicklets because of the current flow thro
entire length of the capacit

harge or discharge the
eries resistance and equivalent
series inductance are ver icklets, so the self-resonant
frequency is quite lo used for an electromagnetic
interference (EMI) filt i ce-capacitance R-C shunt or Cauer
types for low-frequenc r also has high-frequency problem
ality of the capacitor dictates the higher
e two subgroups are metallized of foil. The
thin spray of metallized aluminum that
tor; the foil is similar to aluminum foil. The foil

metallized film wo advantages: this capacitor can be much smaller for the
same capacitor value, and it is self-healing. All dielectrics have small pinholes
throughout their length. Thus, when the film sprayed on the dielectric is
stressed by the applied voltage, the film often shorts out, causing the film to
melt. The aluminum re-forms, making the capacitor self-healing. Another
advantage of this subgroup is that the metallized aluminum can be sprayed on
both sides of the dielectric. This adds to the smaller size, promotes self-healing,
and is better for pulse if the total capacitor current is low enough.

ESL ESR SFR
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R-C EMI
R-C R-C

The type used mostly in the EMI filter is the extended f pe. The foil extends

giving even lower ESL and ESR. The SRF is is the type required
by filter designers.
EMI

ESR

ESL ESL ESR SRF

The la the extended foil type but is used for high capacitor
current a i : tab type. The size and number of tabs depend on the
current. The e thin strips of copper that are solder dipped. As the

capacitor is wo ese tabs are inserted one for each plate every so many
turns, and so many degrees are added to each tab so that the tabs are uniformly
spaced around the sides of the capacitor. These tabs, extending from each side

of the capacitor, are folded over and soldered together to form the contact.

Most new people in the EMI design arena are knowledgable about power supply
design in which the main concerns about capacitors are their working voltage
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and capacitor value. Others are familiar with the derating of the capacitors, and
this is quite helpful. The point is that ac capacitors must be designed to handle
ac currents at the line frequency and odd harmonics. If this is a single L or T, the
capacitor should be of the foil type, not metallized film. In p and multiple filters,
at least the last capacitor, the capacitor closest to the load side, should be of the
foil type (see the next section).

EMI

AC

AC L T

This raises the ESR losses so that the ca
ahead. Many factories take apart the d replace the blown
capacitors with the same ca ¥e always used this capacitor in
these units.””They are not itor is the wrong rating for this
application. Commonl

of the off-lin pulse type of harmonic current. (See

Figures 6.
DC

DC AC

6.6 6.7 6.8
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Rs { 1)

L1

—_—t ———

— . —
— —
- -

Il

h—
p—

Cl

Figure 6.6 Line voltage source Es, source impedance Rs, a si;le filter, and I(t)

< I(t)

L1

Figure 6.7 Normalized harm source resistance Rs.

YN -

Ll

Cl

Figure 6.8 N(Mharmonic current without the source voltage.

If the line harmonic current is neglected, the line voltage is approximately
sinusoidal and the normalized load current equation is , per Equation (3.2) from

Fourier,
3.2

4T 4 1 PNt . pN . 20Nt
=— a = - COS™—Sin——sin
P N=zs7 T - N 2T 2 T

Ly

or
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_atr g (' pNt . 2Nt

I
(t) D N:1,3,5,7T2 D N% 2 oT T (6.1)

The source resistance is low over the range of harmonics of interest and can be
eliminated. The inductors and capacitors making up the filter can be lumped or
added because the frequency of interest is below the cutoff frequency, for the
most part. If this is a double L, the two inductors can be added (2L) and so can
the capacitors (2C, if they are the same and they should be). This places the

inductor and capacitor in parallel for I,.

The voltage across the reactive pair, E. is
Ec

- XX,

° J(XL - Xe)

(6.2)

The current through the cap

2
4p ’NFACI
C-T?

Separate inside the summation and outside:

(6.3)

and substitu
I

(» equation (6.1) for the normalized harmonic current,
6.1

X N’ (™2 pNt . 20Nt
a 2N 2 2 12 ZCOS Sn (6.4)
o357 4P NPLC- T T?- N4 2T T ©

where t/2 is the width of one pulse with time in seconds, T is the time of the full
wave (two pulses), also in seconds, C is the capacitance, farads, L is the
inductance, henries and N is the harmonic number. These equations are
normalized for a peak of 1A. The multiplier M, is found in Section 11.1 and
Equation (11.22) is

T /2 T C

16ptLCT
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1A 11.1 11.22

- . P .
M= cos!|[2V,FC- 1)/ v, FCl+sin?|l,/p(2V,FC- 1,)| ©

p

where V, is the power line voltage peak, C is the value of the storage capacitor,
farads, lo is the dc load current, and F is the line frequency. The denominator is
the value of T needed in Equation (6.4).
Vp C lhb, DC F
6.4 T

T 0.0025 L 640uH C 2uF
1

Table 6.1 was calculated for, i urrent of all the odd harmonics
from I. If these are squar he square root then taken, the
total normalized odd  har

is for a normali i because Fqis 4448.5Hz, which is close
to the 11™ ency. The 400Hz current through the 2uF is
.58 shows that the current through the
ater in this example. This all shows that the
lowed for in the design of the filter and filter cutoff
Il near any of the odd harmonics of the line frequency.
foil, not metallized film.

19 2.713A 6.1
1A 4448 .5Hz
11 400Hz 2uF
0.58A 2.713 0.58 4.67
4.67

Table 6.1 Harmonic Current Content
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1 0.00059 0.00059
3 0.00558 0.00566
5 0.01757 0.01844
7 0.04388 0.04763
9 0.12084 0.12987
] 2.69788 27010
13 0.20669 2.7080
15 0.11234 27110
17 0.0794] 27120
19 0.06095 27130

itor with the tab
.3, 6.4 and 6.5).
i s wide, and

The solution here may be to replace this extended foil cap
type if the total capacitor current is excessive (See Tables
For 1/32 inch and above, use 1/8 if possible. For paper
1/16 inch to all readings.>™

6.2 6.3 6.4
1/32
1/16 *
Note that there are two foils and tw ctrics hickness in the three

columns in Table 6.2. Also, some extra
included in Table 6.5.
6.2

ds, for example, is

As the line frequenc i st be increased if the margins are
one the ragged edge o sult of dv/dt increase. The margins
sted by the data in Tables 6.2 through
reepage. In the design, the first step is to

dv/dt

*All information is section was provided by RFI Corp. RFI has been very helpful for many

years, especially all the people in engineering. Without their help, this book, and much of the
seminar material, would not have been available.

Table 6.2 Voltage Ratings
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Maximum ac rating

Maximum dc rating

Minimum margin (inch)

220
440

660

399

600
1,000
1,500
2,000
2,500
4,000
6.000
10,000
15,000

3732
178
316
316
1/4
1/4
mMe
12
34
1

Table 6.3 RFI Dielectric Rating

V 4

DC volts AC volis Mylar Paper
100 X 0,00025 2X 0.00025
400 120 ZX (00025 IX 0L00025
600 250 2X 0.00035 31X 0.0003

Source: From Robert Hassett. VP Engineering.

Table 6.4 RFI Corp. Oil-Impregnated CNec

\'

Paper to 125°C

Test Test

Ply thickness X DC volts flash 1 min. AC volts flash 1 man.
2Y 0.0002 65 160 130 i5 o0 70
2X 0.00025 100 250 2040 55 1400 110
2Y 0.0003 16 400 320 BS 215 170
1Y 0.0002 200 500 400 95 240 180
2X 0.00035 200 500 400 120 300 240

X (0.00035 + D000 215 540 430 130 I35 260
LY 0.0004 240 600 480 175 440 350
3X 0.00025 400 1000 R00 200 S0 400
20V (00003 + 0.00025) S00 1250 1000 240 600 480
X 0.0003 600 1500 1200 300 750 600
2X (0.0003 + 0.0004) 750 1875 1500 330 825 650
2X (0.0004 + 0.0003) 00 2000 1600 140 SO GB0
4X 0.00025 850 2125 1700 360 900 720
X 000035 850 2125 1700 160 B75 o0
34 00004 1000 L300 2000 400 1000 BOO
4.5 0.0003 1200 3000 2400 i) 1100 RROD
AX 0.0005 1300 3250 200 SO 1250 1000
X (0.00035 + 0.0004) 1500 3750 J000 350 1375 1100
4.1 0, OO | 6 4000 1200 600 1500 1 30
X 000045 1800 4500 3600 6D 1650 1320
4X 0.0005 2000 3000 4000 720 1800 1440
5X 0.0004 2200 5500 4400 BRBOD 2000 160
5X 0.0005 2500 6250 5000 1 00D 3500 20040
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Source: From Robert Hassett.

Polycarbonate is good without derating from -55 to 125°C and has a good
dissipation factor or a higher Q. This type of dielectric is easily contaminated by
impurities either in storage or during winding.

-55 125°C

Q

Polyester (Mylar) is good in the same range if the voltage is derated by 50%b.

Polyester is also rated from -55 to +85°C without derating.,This has a much

worse dissipation factor or lowest Q.
50

Q

Polypropylene is also rated from -55 to 85
derating. The Q is higher than that for Mylar (P
105°C 25

Q

Paper in oil-filled caps is also good to 125
similar to that of mylar.
125°C

ality of the capacitor is

The required thickne i nds on the voltage. This holds true
with or without deratin i aterial is most often doubly, triply,
or quadruply- st to find the proper thickness for the
voltage. Each e of K, the dielectric constant, needed to

If 200V is needed at 105°C the thickness must be good for 266V because of the

derating based on polypropylene and foil.
105°C 200V

266V
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Table 6.5 RFI Corp. Mylar with Aluminum Foil Thickness of 0.00025-t in
Equations

Mylar thickness Plate pressed Flat Round
0.00040 0.00134 0.0014 0.00142
0.00045 0.00144 0.00150 0.00153
0.00050 0.00154 0.00161 0.00164
0.00055 0.00164 0.00172 0.00175
0.00060 0.00174 0.00182 0.00188
0.00063 0.00184 0.00193 0.00197
0.00070 0.0019%4 0.00204 0.00208
0.00075 0.00204 0.00215 0.00219
0.00080 0.00214 0.00225 0.00230
0.00085 0.00224 0.00236 0.00241
), (00 0.00234 0.00247 0.00252
0.00095 0.00244 0.00258 0.00261
0.00100 0.00259 0.00268 0.00274
0.00105 0.00264 0.00279 0.00285
0.00110 0.00274 0.00289 0.00296
0.00120 0.00294 0.00311 0.00318
0.00130 0.00314 0001312 0.00340
0.00140 0.00334 0.00354 0.00360
0.001350 0.00354 0.00375 0.00364
0.00160 0.00374 0.00396 0 00406
0.00180 0.00414 0.00429 0.00450
0.00200 0.00454 0.00482 0.00494
0.00210 0.00474 0.00503 0.00516
0,00220 0.00494 0.00523 0.00538
0.00230 0.00514 0.00546 0.00560
0.00240 0.00534 0.00568 0.00582
0.00250 0.00554 0.00589 0.00604
0.00280 0.00614 0.00653 0.00670
0.00300 0.00654 0.00696 0.00714
0.00350 0.00754 0.00803 0.00824
0.00400 0.00854 0.00910 0.00934
0.00450 0.00954 0.01017 0.01044
0.00500 0.01054 0.01124 001154
0.00550 0.01154 0.01231 0.01264
0.00600 0.01254 0.01338 0.01374

§.2.2 Round Capacitor: Extended Foil

§.2.2 :
Solve for the number of turns, N (see Figures 6.9 and 6.10):
N 6.9 6.10
N =D D
- 6.6
X% (6.6)
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where t is the total thickness of the two dielectrics and the two foils, as in Figure
6.10. The value of t is in inches. T is the value of the thickness, mils, for one
dielectric only.
t 6.10 t T
mil

I

Bowi
=

Il

T mmn _ H.

* % =
¥ EXTENDED FOIL —T

w

Figure 6.9 Extended foil capacitors.

D

margin| | —T_
PLATE? | dielctric | ]
| [ margin T
Kl | dielctric | |
-

Figure 6.10 Close-up il plates with dielectric. T is the
dielectric thic in mi i ickness of two dielectrics and two foil
plate thic

6.10 T mil t

D =—s a
m 6.7

2 (6.7)
Solve for the mean length of turn L,:

Lm

L., =pD,, (6.8)
Solve for the active length L,:

L
L, =NL, (6.9)
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Substituting Equations (6.6), (6.7), and (6.8) into (6.9),
6.6 6.7 6.8 6.9

DZ- D?
L, :p% (6.10)

To continue, we need to know the K value of the chosen material, find the
dielectric thickness in mils (also listed in the charts), and move the decimal over
three places. The value of K is also a function of shape, and the dielectric is often
chosen based on the dissipation factor and size. Mylar has the smallest within its
normal temperature range.

K mil K

Typical K value are polyester (Mylar), 900; po
(resin or PBT), 580 (wet).

K 900 580

Solve for the active width (A,):
Aw

_ CKT

w =
LI’

where T is the thickn and the value of the material is in

mils. C is the capacita s the dielectric constant.
uF K

A (6.11)

(6.12)

If the space allotted for this capacitor is known, this equation can help to figure
out the width needed to fit the capacitor. The final width will be slightly larger
than A,+2M, where M is the margin for the corona.

An+2M M

&.2.3 Pressed Capacitor

&§.2.3

The arbor is removed after winding, and the capacitor is then pressed flat. If the
height (D) and the pressed, or flattened, width (D) are known, the required
diameter D, of the arbor on which to wind the capacitor can be determined:

Page 87



= EMI Filter Design

= ERCARE

Dy
D, Da
—_ 2(Dy - Dx)
a— (6.13)
P
Solve for the number of turns:
N = Pa
2t (6.14)

where t is again in inches, along with D, and D,.
t Dx Dy

The mean diameter is

2(D, - 0.215D, )
p

The mean length is

m

L, =pD,,=2(D, - 0.2

The active length is

(6.16)

L =L N

Substituting i roug .16) into (6.17),
6.13

(6.17)

(6.18)

(6.19)

The K values are slightly different from those listed earlier: polyester (Mylar),
800; polycarbonate, 750; and paper (resin or PBT), 515 (wet).
K 800 750
PBT 515

Again, with the active width and knowing the needed margins, the full length
can be determined for the space needed to fit the capacitor. Remember, the
value of T is the thickness in mils of one dielectric; the value of t is in inches and

is the total thickness of both foils and dielectrics.
T
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mil t

Other equations needed for the winding for either flat or round capacitors are as
follows

Dielectric width= A,+2M
Foil width= A,+M+P
Gage= A,+2M+2P
= A,+2M
= A,+M+P
= Ay+2M+2P Gage Guage

where P is the foil overhang that is sputtered over to ma el connections

on each end or to form the end area for the fee

For the feedthrough type (Figure 6.11
maximum filter current, not the capacit
bolt, probably not copper because cop

is left in place and the
know. A conductive
strength necessary to
lated by a military specification
plating company (assumin . This bolt is designed to carry
the full filter current and m ter of the arbor. The diameter
needed for this mate nt with low heat rise is often the
factor determining the i r. This bolt is often plated to help
handle the rms the outside stud for electrical
connectio

-

——
m—

1 1] #--
]
————
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Figure 6.11 Feedthrough capacitor construction showing the case.

The construction is as follows. A plated conductive bolt is threaded through the
contact washer or terminal, the plated conductive washer and the body of the
capacitor through the arbor hole. The washer presses against the inside
sputtered end for good contact. The diameter of the conductive washer is the
full diameter of the capacitor, so that the silver-plated washer covers the entire
extended foil area. This entire arrangement is followed by another conductive
washer, which is placed through the larger container hole. An insulator washer,
usually made of ceramic, is slipped on the end bolt sticking through the can,
followed by a nut tightened to a specific torque. This presses the last washer and
the end of the capacitor to ground, forming one terminal. T, ot side is formed
by both the bolt on the outside of the can and the conne on thejinside of the
can. Some use a plate, called a ground cup, that has bee i
the extended foil area to replace the two silver-pl
indentations or stipples help to maintain prolQ

The EM termed as soft cores. This means that the core
rather than abruptly as required for pulse
transf mplifiers. A hard core can be made soft by gapping

into saturati
EMI

BH 6.12
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Figure 6.12 BH curve for “Soft”*core material

The core types used for EMI filters are ofte

sometimes the high flux type. Powdered iron used
but often cause problems at 400Hz because the e same
reason, the permeability of MPP or HF types shoul@ 5 and below
at 400Hz line frequency. This is deve using MPP cores from

Magnetics, Inc. through Colonel W. T. ppulsion Laboratory,
NASA, in Pasadena, California.
EMI

400Hz
Colonel W. T. Mcly
The core ma nt information about its cores, such as
outer dia dow area (W,), cross-sectional area (A.),
weight th (Mp)). If the window area is given in circular

the designer can choose as many circular mils

maximum number of turns that will fit in the core

window ¢ d. As the current required increases, the turns drop,

and as the n ent falls, the number of turns increases.

Wa Ac
Mo (dcircular mils =

0.0005067062573155716 square millimeters )

. / :

For any circular mils per ampere that is chosen, NI is a constant, making H a
constant for the core. From H, B can be found utilizing the information provided
by the manufacturer and using the winding or fill factor of 0.4 for the window of
the toroid. This is not the way to design the inductor. This is done only to ensure
that all the cores in the series are equally wound with the same fill factors.

Page 91



= EMI Filter Design

, EHCARE

/ NI H H

N2 oW, oA, 04pNI,, _ 0.160W,
C.l,. m™C M, M ,C.,

m
where W, is the window area in circular mils, C,, is the circular mils per ampere
needed for proper wire sizing and low DCR, M, is the magnetic path length,
centimeters, and 0.4 is the typical window fill factor for toroids.

Wa Cm
Mo 0.4

The Magnetics, Inc. core for 125 permeability is 5543 i ndow area,
842,700 circular mils; magnetic path length (M

pounds.
Magnetic 125 5543
10.74cm 0.4

Using the circular mils per ampere as 6
/ 600 H

0.16" 842,700" p _
10.74° 600

imated from the BH curve. With this
of the actual permeability of the core was

ble 6.7). From these equations W/pound was
in Table 6.7) followed by multiplying the W/pound
by the manufacturer, here 0.4.
B 6.6
B BH
MPP ‘

‘ / 0.4

Table 6.6 Permeability and Flux of a Core
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Criven Actual 400 Hz
W u B (W./Pound) Total loss
14 13.69 00 0.0377 00151
26 25.86 1700 0,1827 0.0731
60 45.64 3000 0.3091 0.1236
125 81.67 5500 1.0576 0.4230
147 86.71 5700 1.3471 0.5388
160 05.84 6300 |.6806 0.6722
173 99,64 6550 1.8315 0.7326
200 103.45 6200 |.B448 0.7379
300 109.53 T200 2.3278 0.9379
550 117.14 TT00 3.9327 1.5730
Table 6.7 Watts per Pound for MPP Cores A\ l
14 0312 X 10-" X [iu X g
26 0360 X 10" X i x g2
&0 0828 X 10" X 8 X g2 p
125 0489 X 10-" X FA® x "
140, 160, 173 0425 X 0" X |8 & g=a
200 0788 X |0 " x 0 x gios
300 08B0 X J0-" X F1a X gin
The watts/pound an in YI'able 6.7 indicate a hefty jump

from 60 to 125 perm i hefty increase upward. Using a
permeability e same thing happens with powdered
iron at eve educing the frequency back to 60Hz make a

can be overlooked if the inductor design is very
conservati i ing factor is low, with turns well below the maximum.

things that h
6.6.
6.7 / 50 125
125
60Hz

ned at several EMI filter companies. Refer again to Table

EMI
6.6

Note that the flux density is too high at 125 and above, anyway.
125
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Another way of showing the same idea is to require the same inductance at the
same current. The following equations of A, values for Table 6.8 were developed
using the same core asbefore at 5 A RMS at 380 uH. See the next section for a

discussion of A values.

6.8
A 5A RMS 380uH
A
| =4/2l N =1000 L2I
p rms rms
A
0.4pNl
— H =_ " b
B=nH M .

The wire size is constant using the 600 circula at No.16

(AWG) would do. I, is 7.07A to determine H.
600 /
7.07A H

I

| permeability, and the error
Id have been read from the BH
ted in Table 6.8. Regardless of

The B term was determin
increases with increased pe
curve, and the values would

so that a permeability ay, but 147 and above should be
avoided.

B 6.8 B
125 147

Table 6.8 Co nt

rent at 5A for a MPP Core Showing A, Values

Permeability A, N H B

14 12 109 %0 1260

26 59 81 67 1742

60 135 33 44 2640
125 281 K} 1 3875
147 330 34 28 4116
160 360 12 26 4160
173 390 k)| 26 4498
200 450 29 24 4800
300 674 24 20 6000
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C cores are used especially at the higher current lines, mainly the power line
filter used for shelters, EMI test houses, screen rooms, and secure
communications applications. The thickness of the magnet core tape to wind
these C cores should be able to handle the fifth harmonic of the power line
frequency and the potential harmonic current from off-line regulators to avoid
heating of the core. This is because of the harmonics on the line and from these
off-line regulators. If the filter is used in areas where the power feed is more
resistive with less harmonic content, this principle can be violated. When the
high-current spikes can flatten the voltage, creating high levels of harmonic
current and also some harmonic current from the load, thi rinciple, or the
following option, cannot be ignored. The other option is t sign the inductor
using a very low flux density and allow the line harmonij e core. The
costs of the core and the filter are increased by either m . first allows

higher switcher frequencies and parasiti de should be allowed
to dissipate their energy within this c ia eddy currents and
hysteresis whatever the thic dditional losses for these higher

frequencies can be gained f the wire. Both methods can
dissipate this high-frequen known many engineers who
wanted to use Litz wi i res, which would increase the cost

by an order of magnit
EMI

15

The C core is easy to gap using shims of half the gap value in each leg, showing
that this would be good for dc operations and would make the core “Softer””
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They are easy and quick to wind on a bobbin: toroids much more slowly. If many
of these inductors are needed, several C cores may be wound at the same time,
depending on the wire size, but toroids must be wound one at a time. Therefore,
C cores are quicker to manufacture.
C
DC

C

The SRF of the inductor is a function of the size and the number of turns. There
are several ways to raise the SRF for the toroid. The first is touse a progressive

winding technique, such as six winds forward around the followed by five

turns back over the previously wound turns, then anot rd over the
previously counterwound turns, followed by another fi gure 6.13)

Continue until all the turns are on the core and be
placed around the core without making the
circumference of the core window. Place a barr point of
start to the point of finish. This barrier is used so cannot slide
together, and can be of any material, echnique decreases the
turn-to-turn capacitance in series acro i his method works

because the capacitance varies with the ence between the turns
urns using this technique. The
disadvantage is that it loo hild wound it. People normally
cover it with tape to help hi i i formed customers see it, they
may question the abi

SRF SRF

5 6.13
320°
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Figure 6.13 Progressive wind: a better SRF.

Side-by-side windings in which there is less thg

action. The second method j
with several thicknesses to
(Figure 6.14). Toroides can
of tape is also neede ais
is from turn to core an

er from this core. This capacitance
llel so add and are more so directly

in parallel wit i .14 shows tape with a single layer of turns.
If many la rogressive technique, just discussed, along
with thij i i er is adequate, try to separate the turns

urn-to-turn capacitance. Do not allow the two
ther. Try to keep them at least 20° apart.
360°

SRF
6.14

6.14
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TAPE

CORE
CORE /[ |

TAPE

CORE

showin e start to finish spacing.

spacing from t turn and helps raise the copper farther from the core and
decrease the turn-to-turn capacity (Figure 6.15).
SFR

6.15

&5.2.3 Inductor Design

§.2.3

The design of inductor was covered for the most part in Chapter 3. Another
common method is to design with A, values. This is normally listed as
millihenries per 1000 turns and sometimes as microhenries per 100 turns.
Nanohenries per turn is rarely used for the type of filters discussed in this book.
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This technique can be used for all inductances, including common mode, as long
as the A, Value is listed by manufacturer or known by some other means. This
was developed from the following:

A
A /1000 /100 /
Al A
_ 04pnN?A, " 10°®
L= M (6.20)
pl

A = 04 10°8
! M

pl

All these A terms are either constants or arg
where A is the iron cross-sectional area, [Lis
number of turns, the variable. The A, value is ided by the
manufacturer.

A Ac
L N

— 2
L=AN (6.22)
The inductance is known, a he numb f tirhs must be found. The A, value
is given, so

A

N2 (6.23)
where i mber of turns, N is the known number of turns
(1000), L inductance in the same units as A, (millihenries), again,
A, is the kno ries associated with the turns given (1000).

N2 N1 1000 L]_ AI

A 1000

For example, the Magnetics, Inc. 55351 MPP core is listed as having a A of
51mH per 1000 turns. We need 0.8mH (800uH). L; is equal to 0.8, and A is
equal to 51. Then, 0.8 divided by 51 is equal to 0.01569 and the square root of
this is 0.1252. This value times 1000 equals 125 turns.

Magnetics 55351 MPP A 51mH/1000
0.8mH 800uH L, 0.8 A 51 0.8 51 0.01569
0.1252 1000 125
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N, =1000, |- = 125,245
51

This is followed by the current multiplied by circular mils to determine the
window area to determine whether the turns fit. This is a small core, but we
need 1A. Using 600 circular mils per ampere would lead to 23 AWG at 650
circular mils; 650 multiplied by 125, the number of turns just calculated, equals
81,250 circular mils, but the winding factor for this toroid core is only 0.4. The
81,250 diveded by 0.4 yields 203,125 circualr mils. Magnetics, Inc. lists the
window area as 298,800 circular mils, so the windings will fit. The wire size
could be changed to 22 AWG, giving 253,125, and still fit. would reduce the
copper losses and lower the temperature rise.

23 AWG 650 650 1
0.4 81,2
Magnetics

298,800
253,125

22 AWG

I recommend McLyman 3 pr
turns. The heat rise is a co
rather conservative: MclLym

McLman

g the proper inductor core and
and the filter design should be
hese requirement.

to Unbalanced or the Reverse

nbalanced circuits, or the reverse, is required
all based on unbalanced circuits. It is better to

omer who specified a complete filter design. We tried to
tell them that ottom half of the filter was not working, but it was never

changed because it went through equal testing that way. The change would
have cost them almost $100,000.

100,000

To balance the filter, as in the 800uH discussed in the last section, use a double
L with some value of capacitor, say 1uF with a limit of 0.1uF to ground. The
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picture would be 800uH series, 1uF Y capacitor shunt, followed by two just like
the first two, and then finish with the two feedthroughs on both lines. Simply
divide both 800uH inductors in half so that the circuit ends us with 400uH on
both the hot and neutral, with the X capacitors of the same values across the
lines. The inductors are smaller, and the SRF should be higher. Mount the four
inductors in duadrature (the two inductors that would be the farthest apart
would have to be mounted in the same way in the hope that the extra distance
would reduce the coupling), and keep the capacitor leads as short as possible.
Figure 6.16 illustrates before and after.

800uH L 1uF 0.1uF
800uH 1uF
X
SRF
»
L1 L1l
LINE LOAD

{b) 5LI SL1
Figure 6.16 The rr:ultiple L network converting from unbalanced (a) to balanced

(b).
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v

Common Mode Components

The causes of spikes or electromagnetic pulses on the line include lightning,
shutting off of large inductive equipment, and magnetic pulses created by
nuclear activity. Lightning and nuclear activity create commmon mode pulses

eakage current. This
the capacitor between the line

ground. The problem is another specifica
is the capacitive reactance
and ground, another misno

&7.1 Capa r round

g7.1

For 400Hz, the limit of the capacitor to ground is 0.92uF for Military Standard
461. The medical leakage current specification is even harder to meet. If the
device touches a patient, the total system leakage is limited to 100uA. This
means that most power supply people want the filter restricted to 20-40uA. It is
difficult to have common mode losses that meet common mode loss
specifications with capacitors to ground this small. There are two schools of
thought on this problem because the specifications governing it, as usual, are
not clearly written. The first group thinks that this is the total capacitor to
ground. In three-phase four-wire circuits, the capacitor limit value for 400Hz is
0.02uF. This capacitor value is then shared, or
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400Hz 461 0.92uF
100uA
20 40uA
400Hz 0.02uF
0.02
T = 0.005nF

that is , 0.005uF for each of the four legs to ground. The second group thinks
that this is the maximum per line whatever the number of lines. If the system is
well balanced, the currents nearly cancel through these ¢ itors. | hold with
the latter group because it makes my job as a filter d i
ground fault equipment does not allow capacitance to g
current above the current threshold of the groun
to be installed in the circuit after the filter.
0.005uF

87.2 Z for Zorro
87.2 Zorro

Ferrites are often use uctors because they have the very
high A values require ode filters. In the common mode
i the differential inductors are in parallel
to-line capacitors are of no value for the

0.02" 4=0.08nF

To obtain the needed common mode loss, a common mode choke usually must
be added. The total inductance and the total capacitance to ground normally do
not give the required loss. This problem is often solved by placing a
well-grounded barrier or shield across the filter center (Figure 7.1). Split the
value of the feedthrough capacitor limit to ground by 2. Two of these smaller
feedthrough capacitors are then installed in this shield. For best results using
this method, place the Zorro inductor at the low-impedance end, or the line side,
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and the feedthrough capacitors on the high-impedance end, or load side. Here,
where they are being split, the first Zorro is placed at the line and the first
feedthroughs are the last in the section-mounted in the shield. The next section
starts with the Zorro and ends with the feedthroughs at the end. Try to use an
even number of differential mode filters so they can be split evenly in the two
cavities. Say two L filters are required, so that the first cavity would start with
the Zorro, followed by the first L, and then followed by the feedthrough
capacitors. The second section would be the same.

=
v .
common mode filter

Figure 7.

Place a second on mode inductor in the filter, one in the front half and one
in the second half. This forms a double L in the common mode, greatly reducing
the size of the common mode inductor, and now the specification can be reached
most of the time. Remember that the inductor3 magnetic fields buck or cancel
for the differential mode and have a high magnetic gain for the common mode.
Figure 7.2 shows a three-phase delta with spacing between the windings.

7.2
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Notes
1. 3 windings on one core wound as shown _

2. Wire to be tightly wound and evenly
distributed over segment.

Wind each segment

mon mode inductor.

For the Y, another set of wi i manding a larger core for the
same form. These a e, but the leakage inductance is
greater, giving a di These separate windings create

0.5-1% leak inductance. Figure 7.3 shows them wound
together, ductance, but this arrangement may be
subject

Y
0.5~1
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1 - Quadfilar winding on one core as shown.
2 - Wire to be tightly wound and evenly distributed.
3 - Lead lenght to be £ minimum.

xnode inductor.

core windings to the quadfilar
d the stray capacitance in the

Some designers have gon
type to eliminate ringi

&7.3 ode to a Differential Mode Filter
g7.
The co i has one value assigned to it. The inductance value

Zorro, 10mH, for example Either winding should read

the indicate ce if the measurement employed a good inductance
bridge. The rea s from the inductance formula
Zorro Z 10mH

_ 0.4pnN’A " 10°8

7.1
M " (7.2)

L

If an inductance bridge is used to read each winding in this example, the reading
of both windings is 10 mH. If the inductance bridge is used to measure the two
windings, what is the aiding inductance? From Equation (7.1), the turns are
squared, so that twice the number of turns gives four times the inductance, or
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40mH. However, the windings are split, half on each line, so each half is 20mH.
These two windings are now measured in parallel, so we Te back to 10mH! In
other words, either winding would measure X and both measured in
parallel-aiding-would measure X. If this were measured with the windings
opposing, this would read as the leakage inductance.
10mH
7.1
40mH
20mH 10mH
X X

A toroid ferrite common mode inductor can be designed usj
core. This would only be used, though, for bifilar ty,
leakage inductance. The only difference between des
mode and common mode is that the winding or wi
but now is reduced to 0.2 to fit the two windi

Al

e A,value of the
iri very low
differential
0.4

0.2

The single-layer ferrite toroid winding ca
the wire size (American wir
known. Obtain the wire dia
total number of turns

when the core |y and
ded to handle the current are
units as the l4 of the core. The

Nt
Nt (7.2)
If th i aller than the core diameter (and it always is
sed in Chapter 16), this approaches
16
N = I_d
t (7.3)
W,

Divide the turns by 2, and use the integer to solve for the inductance when the
A, the A turns, and the turns that the core can support in a single layer wound
only less than halfway around are known. If this is no greater than the
inductance needed, choose another core with a larger ;.

2

lg

Once a core is found in which the inductance is greater than needed, resolve the
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number of turns required using the A equation. Find the number of turns
necessary, and use the higher integer.

A

For example, 8mH is needed; current = 2A peak; AWG = 18 picked for the
current. The diameter is 0.0429 inches. Choose the core: 42915-TC from
Magnetics, Inc. The Iy in inches (same units)=1.142:
8mH 2A AWG 18 AWG 18
0.0429 Magnetics 42915-TC lg 1.142

1.142
L =p === =83.629
0.0429
divide this by 2 = 41.81, and use the integer. Th turns. ghe A
value is 3868 mH per 1000 turns using F mate ] ar mula
for A is used for 41 turns:
2 41.81 41 868mH/1000
41
2
_A4)
2
(1000)

The diameter 4
Inc. The lyd

se the core: 43615-TC from Magnetics,
1.417.

43615-TC
ly

The integer is 51 turns. The A, value is 4040 using F material as before.

51 F A 4040
4040" (51)*
L = 4040 (52 )\ _10508mH
(1000)
This is 10.5 mH 2.5mH more than our goal of 8 mH. Solve for

the turns needed with the normal A, formula:
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10.5mH 8mH A

N, =1000,|—>— = 44.499
4040

Use the upper integer, or 45 turns.
45

Use the 45 turns for each half-winding. Keep the end gaps between the two
halves as far apart as possible. This creates a visible winding,gap on the core:
make this gap as large as possible. The difference betwee .88 and 45 gives
this gap spacing between both ends of the two winding . iplied by the
wire diameter of 0.0429 inches approximates this spacin is i an arc: the

45

45

6.88 0.0429

0.295

Figure 7.4 Single-layer common mode inductor showing the spacing between
windings.

The problem is now that the method of sizing the proper core size is known, how
was the value of 10 mH determined for the Zorro? Two issues must first be
resolved. The first is how to convert from the common mode to the differential
mode-really, from balanced (as the common mode is) to unbalanced, often
called the normal mode. If the common mode inductor is followed by several
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balanced normal mode networks, this must be converted back to unbalanced

differential to ease the calculations.
Zorro

10mH

In figure 7.5, the Z is first followed by two L filters in turn, followed by
feedthroughs. The common mode has been discussed and converts to a single
inductor of 10 mH value. The following two inductors are in parallel with a value
of 0.5L each, giving an effective value of 0.25L. The following gapacitor C1 is not
in the circuit of the common mode, that is , equals zer e following two
inductors give the same result as the last, 0.25L. C1 a equals zero, leaving

the final component of C2, which is doubled in value. Th re shown in
Figure 7.6. The two differential mode coil total i rt of
the overall headroom for the common mode pg s that
the total value of these two coils may be aro order of
magnitude lower than the Zorro inductor. C2 m size by the

specification, as in Military Standard 4 aximum for 400Hz is

0.02uF but now totals 0.04uF.

7.5 z L
OmH 0.5L
0.25L c2 CF
2 7.6
0.5L
400uH Zorr CF
461 mHz 0.04uF
Zaorro -
v 1
INE E — — LOAD
C1 Cl

Figure 7.5 The common mode and differential mode filter.
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10 MH 25L1 23L1

2C2
-
Figure 7.7 e Ne common mode to the unbalanced filter of
Figure 7,
The se i t setup normally used to test the common mode

e two inputs and outputs are shorted together. The
rator with an output impedance of 50Q , the two outputs,
also shorted to r, feeding the load. The load impedance is also 50Q . This
was another reason to convert from the balanced to the unbalanced filter as
before.

7.8

50Q 50Q
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10MH 5L1 ﬁ! J_ |

5L1

next section.

7.9
10 MH
Rz = 50 Ohms” 2C2
Kl = 50 Ohms™
Generator
- Filter Case Ground

Figure 7.9 ThMrted test method to calculate common mode values.

87.4 Equation for the Common Mode via the Differential Mode
of Section 7.3

87.4 7.3
The method used to arrive at Figure 7.9 can be converted to the circuit here,

where C is equal to two times C2, L is the common mode inductor needed for the
proper insertion loss, Rs is the source impedance, and R, is the load impedance.
Because the equation includes R, L, and C, equations based on Q (charge)
rather than | (current) of the two networks are the easiest to work with,
generating the matrix in Figure 7.10. This is from impedance matrix equations.

Page 112



z EMI Filter Design

7.9 C c2 L
Re R RL C 7.10
Q [
2 1 1w
wo £5URSTS ¢
15 T s S
e C Cu
YYL
Rs = 50 Ohms? 2C2 T
Rl = 50 Ohms?
CGenerator
— Filter Case Ground

Figure 7.10 The converted t method alculate the common mode values.

The determinant of

(7.5)

|—
@)

Py

ol e

u
u
& U e
e .1 04 |
e C 9]
and
V. V.
QZS —_ins — ins

CD LCRS/S?+(RRC+L)S/LCR +(R +R)/LCR| 7

but @ is not the goal, V, is . In reality, the goal is the ration V/Vi.s, where
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Q258=|25 and IZSR|=VOS:

Q2 Vo Vos/Vins Q2sS=lxs
IZSRI:VOS

V, 1
V.

. Lol +[RRC+ US/LCR +(R +R)ILCR] ¢

This equation has been published in many articles, but most often the authors
do not include Rs, the source impedance, and often do not allow for the two
feedthrough capacitors, in parallel, which are now double

common mode application than the las
the new last rm, for w?, negative. plution a hyperbolic
function and very lossey, as su
making the value of a red
reduces the last term of th

up. Most omit the R,
e dampening factor. This also
LC)- w?.

1/(LC)-w?
(7.9
__ |sRRC+L§ R+R
2LCR 5 LCR (7:19)

r 1 .
LC|(S+a) - w?]

giving the following answer, where a is the dampening factor:
a
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%(e‘ “snh (Wt)) (7.11)

This may now look easy, but there is another way to know that the common
mode will always be lossey: forget the sin or sin h solution, and set the main
denominator Equation (7.8) to
sin  sinh
7.8

(S+a)(S+b) (7.12)

So that a+b is equal to the middle term and ab is equal to the end term of the
main denominator Equation (7.8), repeated here:

a+b 7.8 ab
Vs = 1
V,, LC[S?+(RRC+L)S/LCR +(
This is a simple solution, and both a and b e same

LCR(R +R)

(7.14)
The term b-a reduces to
b-a
J(RRC+L) - 4LCR (R +R)
LCR (7.15)
This cancels LC, so the final answer is

LC
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R(e- at e—bt)
JRRC+LJ - 4L.CR (R +R)

In the normal test arrangement, Ry and R, are both 50Q , and C, because of

leakage current, is whatever the specification requires. Remember that the
value of the capacitor is doubled here because the two feedthroughs are in
parallel and, therefore, add. Now that the common mode is reduced to a simple
single L filter, the required value of the common mode inductor can be easily
solved. See Chapters 15 and 16.

Rs R 50Q C

15
16

7.5 Common Mode Inductor Used fg
g7.5

creating this leakage induct his is accomplished is with pot
cores (Figure 7.11). These hat some flux in one half of the
bobbin fails to cut the oth . i en expanded to finding two
separate bobbins th in dditional room to place a washer
or split to avoid the washer acting

7.11
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The gapped cores The assemb

- with cenler pu:l-gl-r.lp-!d

The twa habhins

The washer
— —
N 4

Figure 7.11 The gapped pot

with an inductance bridge. Shunt
nd read the inductance of the other

se all the turns cannot be this tightly
ge inductance measured by the inductance

&7.6 Other Wave Shapes

&7.6

Some engineers to whom | have spoken think that common mode inductors
require a well-balanced sine wave for the common mode to work properly. In
the single-phase common mode inductor, the sum of the magnetic fields caused
by the currents will still cancel no matter what the wave shape. Because the
current is equal and opposite, these two flux fields cancel. If the currents are
not equal, for example a current difference created by the capacitors to ground,
the two fields almost cancel and give some differential mode inductance. This is
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the problem in speaking to purists: most of them claim that feedthrough
capacitors unbalance the common mode because they are not an exact match.
All this is true, but to what degree? It is also true of any arresters from line to
ground because they have different values of capacitance across them and
leakage currents through them.

balanced, the difference current is carrie
still cancel because of the fourth neutral
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8

Electromagnetic Pulse and Voltage Transients

The circuit discussed here consists of a battery, a transmissiongine, and a switch.
The end piece differs: either a short or an open. The b has an output
impedance of Z and equals the impedance of the tran i ine. When the

line to full voltage. At the time the wav
current drops to zero and the full bat
transmission line (Figure 8.1).
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OPEN

Figure 8.1 The open-endedtransmission line\@pplied to the transorb.

If the far end is sho i t doubles when the wave reaches
the initial stored voltage, segment
low through the line to the battery Z.

by segment;
i atios. When the pulse reaches the battery

This main

ed across the internal source impedance Z. If
not equal, the pulses iterate back and forth until

the filter end of the line, a shorted condition or a nearly open impedance
condition. If the initial condition is a high impedance for the load, the full strike
voltage is impressed across the suppressor, aiding turn-on or firing. The device
then drops to a low impedance, and a high current passes through the
suppressor. The suppressor and the line impedance dissipate the energy-we
hope. If the energy is too great for the suppressor, the suppressor normally first
shorts and then blows open.

z
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Zs

The power in the pulse is dissipated in the MOV, line, and source impedance. If
the condition is near short, the voltage divides, according to the ratio, and
delays the firing of the protector (Figure 8.2).

MOV
8.2 (
y
—%- SHORT
Grenerator step function

condition similar to the shorted condition just discussed. Transorbs and MOVs
are much faster on turn on, these days, but the capacitor must first charge to
well past the turn-on voltage before the arrester can act. Another point is that
the current through the capacitor is of the order of twice the initial line current,
or several 100A. All this action slows, or delays, the turn-on of the transorb.
This can also blow the capacitor, especially if the capacitor is the metallized film
type, if is was not rated for this amount of current, and again if the capacitor
voltage rating was exceeded. All this can stress not only the capacitor but also
all the remaining filter components. Some engineers argue that all they are
trying to do is to protect the arrester, but when a high-energy pulse occurs, both
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the capacitor and arrester can be blown. If the filter is designed to withstand
this stress, it may well hold up, but this also adds cost to the filter. If the far end
(filter input end) is open-transorb is directly across the line followed by an input
series inductor-the voltage will rise. The voltage will not necessarily double; the
impedance ratio is not known. The voltage will help the arrester to fire,
speeding turn-on. The transorb may blow, but the filter and the following
equipment will be protected. Most of these arresters conduct in less than a
microsecond under these conditions, so the peak current through the inductor
and the voltage stored across the following filter capacitor are reduced.
transorb MOV
transorb MOV

——transorb

transorb

The first theo . say that the arrester is not necessary,
i e these pulses of energy. This might be true

full pulse voltage and pulse duration without

arcing. itor must withstand twice the pulse voltage without
blowing. st be wound with spacings between the turns or with

Maximum spike = 10,000V = Vax turns = 50 = N (8.1)
The volts per turn is
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Ve _ 10,000

max

N 50

Most wire insulation will withstand 500V and should not require special

insulation; the turns, here, could touch each other. This is easy to measure.

Take the length required for the inductor, and strip one end. Bury this length of

wire, with both ends exposed, in a basket of shot pellets (the container is

conductive). Apply the test potential to the wire end that was stripped and the

other lead to the shot container. What happens if there are only 10 turns?
500V

=200

10

The volts per turn is

10,000 _ 1000

an extra margin of
ould withstand 1000V
isky. This spike inductor should
d the core and raised from the
re. Many inductors are wound

This is marginal, so special insulation sh
safety, the turns should not touch. Grant
from wire to wire, or turn to
also have only one layer or

1000V

8.3
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the equipment still operate?””These
question: “Ff the transorb blows, can th

“

they th rrester is then open, the equipment can still

2. 1 like placing rresters on the outside of the filter at the input. With proper
access to the filter, these blown units, shorted or open, can be cut out and the

equipment can operate until the new arresters can be installed.
2.

The third group locates the arresters at the front end of the filter to protect the
entire equipment. The opening comments also pertain to this solution. | like the
MOV at the front end with an inductive input to follow as part of the filter (Figure
8.4).
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MOV
8.4

OPEN

impedance of
current coqti
and the i . e that the filter sees is the MOV clamping
citor should withstand at least twice the MOV or

MOV
MOV MOV
MOV  transorb

There is a fourth group, a combination of groups 1 and 3. They want the input
inductor split, with the arrester tied to the junction of the inductors (Figure 8.5).
The first half helps to limit the arrester current but must be able to withstand
the pulse. This first inductor is often wound on a bobbin without a core to
eliminate the potential of any arcing to the core.
1 3
8.5
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Figure 8.5 The split input inductor to limit the transorb ¢

8.2 Location of the Arrester
2.2

From the preceding section, it should be clear t fer | he head
end of the filter, the filter having a series inductor a i Figure 8.6).
| also prefer MOVs to be mounted o vhere there should be

access to change them if the need ever
MOV

8.6

Y YN

Figure 8.6 The Single phase with arresters.

In the single-phase balanced circuit, three transorbs are required: one from hot
to ground, one from neutral to ground, and one from line to line. The first two
protect the equipment from common mode pulses-pulses from both lines to
ground. The last is any pulse between the lines. In the three-phase filter, in
which all three lines are treated within the one-filter enclosure, six transorbs are
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required. Three are wired from the three lines to ground, and three are wired
from line to line. If the units are internal, the entire filter must be replaced after
an electromagnetic pulse or other pulse that blows the transorbs. This can
create an inventory problem requiring expensive filters in stock. The other
method, in which the arresters are located outside, the blown arresters can be
cut out. The equipment can be operated without protection in an emergency
until the transorbs can be replaced.

transorb

6 transorb 3 3
transorb

transorb

transorb

.3 How to Calculate the Arrester

|.3

The specification of the shape and size of the stri shed by the
end user of the device. The job of the to calculate the joules
needed. The style of transorb is selecte oltage for the peak
current is found from the transorb specific m this and the various

shapes, the joules are calc les are known, check that the
transorb initially selected c t of joules. The method follows.
The peak current is 50A, an ircuit i ase, with 208V line to line and
d, with three from line to line and
tter three can be changed to fit the
eeping all the same because production
he radial lead is selected because of ease of

the next lowest. With the 230V transorb, the
g is 700V at 50A. Next is the shape of the wave,
need the shape factor K (Figure 8.7).

transorb
50A
208V 120V 6 transorb 3
3 3 120V 150V
230
250 230V transorb 50A 700V
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)
]
|
ip
I Tou I I Tau |
Ip
|
| To I
Figure 8.7 The k factor Mfull time of the pulse.
The K fact e 8.8 are as follows: ramp = 0.5, a constant

.637. The K factors based on the pulses in
mpened sine wave = 0.86, and a dampened
awing or specification has a ramp followed by the
dampene i ith the time of 5us for the full ramp time and a total of

50us to the t point of the exponential (Figure 8.9), the calculation is
as follows:
8.8 K 0.5 1.00 0.637 8.8
K 0.86 1.4
5uS 50 50uS 8.9

Energy of the damp=
KV I 1 =0.5" 700" 50" 5" 10°® 0.087

Energy of the dampened wave=
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kV 1t =1.4" 700" 50" (50- 9)° 10° 2.205

where the time is the difference. This gives a total of 2.292. Multiply this by 1.2
for a safety factor:

2.292 1.2

J=22925" 1.2 2.751

and round this to 2.75 joules. The joules are listed as 20 W -s or J, giving good
headroom. This was calculated using a Harris V230LA4.

2.75 20W-s J

Harris V230LA4
A

I Tauw 1| U | Tau |
Figure?We time to 50% of peak current.
Ip

|_Tau | Tau |

Figure 8.9 A typical pulse calculation.
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What Compromises the Filter?

The filter may test well using the specified test method and still fail to work as
designed for all too many reasons, and the most prevalent are discussed here.
As mentioned in an earlier chapter, some filters are compromised by ground

faults. The case we discussed was a balanced filter with th tom half shunted
around. This reduced the loss by 50% and was cause the obwious lack of
communication between two different engineering group the weight,

size, and cost while halving performance. Mot
discussed here.

8.1 Two or More Filtéls in Cascad
2.1
This happens when i follows another (Figure 9.1). For
example, in a secure
and neutral has an insert rated to carry
turn are enclosed in a larger cabinet. This

the individual equipment mounted in the race
is also is si n places three filters in tandem-in cascade. If the

achieve the pro ttenuation or insertion loss for any reasonable cost, size,
and weight. The filter in the bottom of the rack may be a single p filter and may
be chased by another p filter. These filters detune each other, especially if any,
or all, have higher circuit Q of 2 or better. The higher circuit Q increases the
potential of these filters to oscillate, and this moves the cutoff frequency farther
into the normal band pass. This problem has been known to reduce line voltage
to the point that the rack equipment fails to work.

9.1

100A
19
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10kHz  100dB

p
p
Q Q
pPOWEr
line
l  — =1
3
B—{phase |
filter | Rack Equipment
C 5 £ Vi L
wire
filler filier
Neut ‘ |
5 th wire - ground - nol shown
Figure 9.1 Three filter m‘
If any of the filters iti i incorrectly, this accentuates the
problem, eve tiple double feeds with other filters in
cascade fr filter. The cascaded capacitors total and
cause hi i rents that add heat to the filters. This also

rises within the filter chain, along with added
e problems, as mentioned earlier, this situation can

8.2 Poor Filter Grounding

2.2

A properly designed filter may check out fine in the electromagnetic
interference (EMI) test laboratory or at the EMI filter design house. You may
have been in these laboratories and have seen all the grounding techniques
necessary to test the filter (Figure 9.2). The test bench is covered with a sheet
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of copper that is well grounded. The equipment, of filter, under test is often C
clamped tightly to the copper sheet. Most filters are designed to be mounted
directly to ground through input feedthrough studs or through the connectors.
The filter is mounted through chassis holes with EMI gaskets used on both sides
of the chassis. The filter is tightened to ground with the proper nuts and
washers. The gaskets give thousands of grounds by this technique. This also
carries the chassis ground plane through the cutout holes in the chassis. If this
ground is not provided, the filter fails to live up to its decibel rating. Some
people scream that the filter is no good even though they were at the laboratory
when the filter was checked. Without a good ground, the filter 3 feedthrough
capacitors and other components to ground cannot work (Figure 9.3). The
transorbs and MOVSs tied to ground cannot function.
EMI EMI

9.3
tansorb MOV

Filter

EMI

Installing filter with gaskels

T

Installed filler

Figure 9.2 Filter with feedthroughs showing the grounding through the
mounting.

It is easy to see how the filter in Figure 9.3 does not function properly if the filter
case is not grounded or is poorly grounded. The two load-side feedthroughs
would be out of the circuit, along with the two transorbs to ground. The two
similar capacitors on the input are noncapacitive input terminals or connectors.
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9.3
transorb
é FYYY\ — — —*'—
C2
LIME EEST OF FILTER AND LOAD
H ¥ T
L 2884 I
cl
. 4
Figure 9.3 The pfilter showing the lac
8.3 The “Floating”“Filter
@_3 [13 ”
This follows from the prece ic. i was designed according to the

ot function. Sure enough, the filter
nger. A 6 inch green wire (normal
on the filter through a cable harness to
ied most of the upper frequencies). Common
radiate an H field to the surrounding wires
never able to induce these users to make the

was mounted or hung i
hookup wire, itz) ra
a ground (L

not find time
from the EMI s

hese changes. | think they must have gotten a release
cation from the customer.

EMI

The green wire just mentioned has the following properties (Figure 9.4):
9.4
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JLINE REST OF FILTER AMLYLOAD

vy L M .

L YYY L

&

Figure 9.4 The little green wire.

1.

4.

N\

A skin effect adds to th nce, making the ground more

resistive.

the apparent length about eight
times lon e lead and further impedes the RF

8

From ies RL circuit is formed.
RL

Whatever the RF current in the lead, this would radiate to the surrounding

areas and wires.
RF

The green wire3 inductance would be close to 1.5uH because of the slow
velocity of propagation. This would make the 6 inches almost eight times the
length, or close to 48 inches. The full length would equate to at least a meter,
and the typical inductance is 1.5uH/m.

1.5uH 6 8
48 1 1.5uH/m
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8.4 Unknown Capacitor in the Following Equipment

D4

This is similar to Section 9.1 discussing filters in tandem and applies only to dc
filters. This is also another reason a filter may be praised by one group and
cursed by another. Granted, this double capacitor may not compromise every
situation in dc filtering, but the additional component adds cost, volume, and
weight (Figure 9.5). The added capacitor detunes the filter.

9.1 DC
DC
> /
DOUBLE “L" FILTER
e [YYY) YYY) _
L1 Ll
LINE LOAD
_L_Cl — =
ADDED CAP
Figure 9.5 The added unkn itor.
8.5 The Input & t Too Cl@se Together
2.5
I have seen f n-house people in which the input and output
studs of a filter me front face. Try not to do this: the inputs
and out her?One in question was a face that measured 2
x 3i filter components that make up the input and
output re too closely spaced. This makes a filter designed
for 40dB ter because it is easier for the RF to radiate from input
to output, or . | have seen designs in which the input and output are

in the same co or and the input and output wires are in the same cable.

x 3 40dB
RF 26dB

The best design is a long filter body with the terminals on the opposite smaller
faces. This way the unwanted energy is cleaned up as the signals travel through
the filter section toward the opposite end. Figure 9.6 shows an input connector
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with threads so that EMI gaskets can be used on both sides of the enclosure
material. The internal gasket should be the full width and height, and the
outside gasket should be the same diameter as the mounting washer. This is
followed by the mounting nut. The output terminals and feedthrough capacitors
are on the far end.

9.6 EMI

- = e —,

2x 3 inch section just mentioned,
placed a shield betwee ot allow the harnesses feeding the
ways to divide the 2x 3 area, and the
ent size. First, divide the 3 inch width by 2,
and ins i the other end of the filter. This makes the
i 7). The input or output section is now 2x 1.5
components should be installed on one side of the

than the comp nts formed by the shield, the second method of using the

shield to split the 2 inch height can be used. Continue with the same technique.
2% 3

2x 3

2x 1.5

If the components still do not fit, it is best to change the layout so that the filter

Page 136



= EMI Filter Design

= ERCARE

can run from end to end without doubling back as in Figure 9.6.

9.6

. TR o e e — B — = =

Figure 9.7 Input and output on same filter face.

.6 Gaskets
.6

EMI filters are normally mounted thro the case, and gaskets
are required to give a very good grou (Figure 9.8). The
gasket is often omitted, and the filte ground return. Any
feedthrough capacitors and case within the filter are thus
compromised. Some times, for various reasons or replaced,

and the same gaskets are r . Thi i uces the effectiveness of the
ground, and the com of the filter are less effective. On
the other hand, it is be ket than to do without a gasket.

EMI
9.8

Filter

_F_%__

— == Gasket
washers —i=_ == =, Nuts
Installing filter with gaskets
Installed filer
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Figure 9.8 EMI gasket used to install a feedthrough input filter.

Another reason to use gaskets is to complete the missing ground path through
the holes through which the filter is inserted. The proper way to mount the filter
requires two gaskets: a gasket between the case and filter and the second set
between the outside case and washer(s).

There is a proper torque for an EMI gasket, supplied by the gasket manufacturer,
that ensures excellent grounding without collapsing the gagket. This torque
gives approximately the minimum dc and ac resistance b en the filter and

ground.
EMI
DC
When two objects are tightened as earlier witf K i , reused
gaskets, few points touch, creating a resistive pat ets are used,
thousands of points touch, creating path. Glitsch Special
Products in Dallas, Texas is a good sourc all kinds, including

the type used to keep out humidity and sa

Special Products
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10

Waves as Noise Source

The waves we discuss here are the more commonly encountered within

its differential.

Fourier

810.1 The Spike Wav
8l10.1

Spikes are a comm

other is turni . add, and as far as the switchers are
es. Other elements, such as diodes, etc. add

rs twice per cycle of the switcher frequency, so
ike is double the switcher frequency. Without some

returned to th ctromagnetic interference (EMI) filter. With an off-line
regulator, the storage capacitor is often very large, in the 500-2000uF range. If
the spike frequency is 60kHz, twice the 30kHz switcher frequency, this large
storage capacitor may be well above its self-resonant frequency (SRF) and be
either open or inductive. If this section is not isolated at this point, a
good-quality feedthrough capacitor should be tied in parallel here. If this
section is isolated, a good line-to-line capacitor (X capacitor) should be tied
across the storage capacitor. Another well-placed capacitor should be sued at
the junction of the power feed and the switcher transformer. This should be a
good-quality feedthrough, if the switcher is not isolated, or a good-quality line
to line capacitor if it is isolated.
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Royer 10.1

DC

DC
EMI
500 2000uF 60kHz 2 30kHz
SRF

6QkHz
SRF

-~

Figure 10.1 The spike wave.

This spike is pulse, and it requires the ability to handle higher pulse currents.
Therefore foil, not metallized film, should work with the proper derating.
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Ceramic capacitors work very well here. The leads must be short because recent
articles published by the Institute of Electrical and Electronics Engineers state
that a capacitor with the same lead length will not give the higher SRF required.

IEEE SRF

The equation for the spike is as follows:

—+_—_— :
T T N=2,4,6,8€ X @

Ea Ea & asnXo  2pNt
a ¢ ' P

where a is the pulse width and

directio 1072). This is similar to the Royer, in which the
ot on for the full half-period. Therefore, this
twice per period, once for each half, and is again at
twice the ncy. The design and considerations are the same as for
the spike.
10.2
Royer
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Figure 10.2 The pulse wave.

The equation for the pulse is

T P n=2468 N

where a is the pulse width.

(10.4)

because they h step function or a zero rise and fall time. The trapezoid has
a rise and fall time like that in the real world (Figure 10.3). Also, the energy in
the EMI spectrum is less with the trapezoid. The disadvantage of the trapezoid
is that the efficiency of the power supply is reduced. More power is dissipated in
the switch during the rise and fall time.

10.3
EMI

A capacitor chosen using the spike method can be paralleled with the main
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storage capacitor. Follow the same method: T, is the pulse width, and T, is the

rise and fall time.
To T,

Tr Tr

Figure 10.3 The trapezoi ‘

+T SiInpNT, /T CoCZpNt

/T pNT/T T @09

+T.)sinpNT, /T ._2pNt
Sin
T ONT T (10.6)

r

N=1,2,3,4

810.4 The Quasi-square Wave

8l10.4

The quasi-square is the wave applied to the gate, or control, of the switch, and
the reciprocal is applied to the opposite control (Figure 10.4). The pulse width is
a, and the dwell angle is one-half the angle between the pulses. The dwell angle
occurs before and after each pulse, or four dwell angles per period. This turns
on the opposite device every half-cycle, and each is turned on for less than a
half-cycle. The output is the current pulse, and the pulse is twice the
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quasi-square frequency. The pulse is filtered by the same technique described
in Section 10.1.
10.4

10.1

THETA

Figure 10.4 The quasisqu

put wave, the pulse, are not real
world. Both lack the ri i ny wave. This is a result of small
capacitors an . devices, such as circuit boards, the
natural capaci i the input capacitance of the switch have
i charge, discharge, or change. This produces
ging the so-called square, quasisquare, and

pulse | ow the rise and fall time. The quasisquare wave
should lo ure 10.5.
/
/ 10.5
The equation for the quasisquare wave is
4E & 1 .
— a —sinNwtcosNf
(10.7)
P N=1,357

The differential is as follows:
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8E g
— a cosNwt cosNf (10.8)
T Navss7 '

Figure 10.5 The quasisquare with rise

810.5 Why Differenti
810.5

Each pulse just listed
waves represents cur

only a small change i
a steady-state H field. This H field cuts

the surro i ing turn-on and turn-off. These waves are

often p itude of many amperes. They generate strong
vary iated energy (Figure 10.6). The formula is as
follow
DC
10.6
o = 04PN,
(10.9)
M,

where N is the number of turns, |, is the peak current, and M, is the magnetic
path length. If this is a wire carrying this I, current, the turns are then equal to
1 and M, is the circumference. The radius is from the wire to the surface in
question (usually to the closest outer metal cover or another wire). If the length
between the wire and cover, or the part to which this is radiating, is R,, then this
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equation is:
N I Mo I
1 My
Re
_04pNI, _02NI, _02l,
N conducting wire
|
|
Magnetic field |
Figur. .6 The ad\fie“
What is n i ifferential of H with respect to t, and the only variable
that depend e right-hand equation is I,.
t I
dH _o0.2dl,
dt - R dt (10.11)

So, 0.2 divided by R;, N=1, multiplied by the differential from the proper wave
in question should give the approximate magnetic field intensity in amperes per
meter if is in R, meters.

R, 0.2 R,
N=1
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810.6 The Power Spectrum
810.6

How much power is in the various waves discussed in the earlier sections?
These form envelopes that provide the peak power, which varies with the
amplitude of the current I. If the current pulse width is a and T is the period, the

equation is as follows (Figure 10.7):

a T 10.7
2Ea” 10°
Pulse power :ZOIOQ%O dB/MHz (10.12)
S

¢« 20 dB break point
0 dB pat decade Eans o

“f) dB pat decado elaic o

= lH:
™1

HE‘E&

‘Whate lau o the ree lima.

T
] —
0 log Sy

WithF i Hr and T3 = seconds

E is the amplitude. This gives a flat line across
the fre e 20 dB per decade, or 6 dB per octave, breakpoint.

This poin
20dB/
1
—Hz
pa (10.13)

where a is the pulse width in seconds and the decibel level after the breakpoint
is
a dB

1
20Iogﬁd8 (10.14)

There is also a 40dB per decade breakpoint, 12dB per octave, which depends on
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the rise time. The larger the rise time, the sooner the breakpoint occurs. The
point here is that EMI energy can be greatly reduced using this principle. The
efficiency of the power supply decreases, but the EMI energy is less. This is
usually a better trade-off for smaller and lighter units and should reduce the
total cost. If the rise time is 10% or better, this becomes, in essence, an L filter
added to the existing EMI filter at frequencies above the 40 dB breakpoint.

40dB/ 12dB/
40dB/
10 L
1
—Hz
10.15
The added loss after the 40 dB per decade breakpoint is
40dB/
10°
40log———
0.13
p°F% )
where F is in hertz and t is in seconds
F Hz t
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11

Study of the Off-Line Regulator

McLyman has worked out the approximate weight and volume relationships
using the area product, A,. These depend on the type of core and the winding
technique. The purpose here is to show that the overall weight and volume are
reduced if an inductor, of critical value, is included in the Jilear power supply.

especially for Military Standard 461 and
Ap Mclyman

461

me equations to show how the added harmonic
increases. This happens because most electronic
circuits. Ano n for the higher harmonic content is the lack of the
inductive input ology discussed in Section 11.1. This improves as the loads

meet the newer standards requiring power factor correction circuits, but the
equipment making up the load will take years to replace.

11.1

8l11.1 With or Without Critical Value of Inductance:
Size and Weight Differences of Filters
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811.1
In referring to this section, many have said that they know that the critical
inductor will make the EMI filter smaller, yet rarely is this application seen in
practice. In other words, the weight and volume of the EMI filter without the
inductor are much greater than those of the filter and inductor together using
the critical inductor (Figures 11.1 and 11.2). This is especially true if the EMI
filter must have some attenuation at very low frequencies, such as that required
by Military Standard 461 (Figure 11.3). This may not be a good trade-off if the
only goal is to meet U.S. Federal Communications Commission and similar
specifications. If the decibel losses of the filter must be tens of decibel at 10 kHz,
this should be looked into.

EMI

EMI
11.1 11.2 EMI
EMI

dB

The formula for the critical inductance,
Lc

Figure 11.1 The off-line regulator with capacitive load and without critical
inductance.
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