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PREFACE

This brochure looks at the causes of EMI (electro-
magnetic interference) in switched-mode power
supplies, outlines the precautions taken by manu-
facturers, and suggests those that can be taken by
users to prevent any spurious signals affecting the
functioning of other equipment in a system, howe-

ver sensitive.

1. EMI REVISITED

2. ELECTROMAGNETIC INTERFERENCE

While at the beginning of the cen-
tury men were striving hard to
transmit radio waves into free
space, the ease with which electri-
cal energy is generated today,
often requires careful measures to
control it or prevent unwanted
transmissions.

Electromagnetic interference -
unless deliberately produced for
jamming purposes — is by defini-
tion unwanted!

Where currents are rapidly swit-
ched on and off interference volta-
ges are produced. The faster the
switching, the wider will be the
interference spectrum, possibly
up into the MHz range.
Switched-mode power supplies
are inherently fast switching devi-
ces and in the past have been
unjustly labelled as “EMI genera-
tors”, not always due to poor
designs, but often because of
misuse and perhaps a lack of
understanding.

Nowadays, with excellent designs
conforming to internationally reco-
gnised norms, plus a little user
education, the proven quality and
reliability of switched-mode power
supplies means that they can be
safely applied even for the most
sensitive circuits.

Well-designed, well-constructed
and well-installed switched-mode
power supply systems already find
common use in such critical areas
as the medical field, sensitive
measuring instruments, computer
data-banks, machine control, ana-
lytical equipment, etc. without any
adverse EMI effects.

.1 Phantom Circuits

It is a well-known fact that radio
transmission from a circuit is
made possible because the basic
electrical elements of resistance,
inductance and capacitance are
present not only in the wiring, but
in the free space surrounding it.
Likewise, the unwanted EMI uses
these  “phantom” component
paths in wiring and free space,
which do not normally appear on
circuit diagrams.

These phantom elements are the
major causes of undesired signals
in equipment, sometimes through
common coupling, for example,
via a resistive common earth cir-
cuit, or by electromagnetic or
electrostatic coupling fields.

In practical terms, EMI generated
by an interference source inside
the equipment, can be transferred
to the outside world in many ways.

a. Interference signals can exist
as an output voltage or current on
connecting cables, e.g. the mains,
or the output terminals. It is then
called conducted interference.

b. Electric currents varying within
a conductor or circuit component
produce varying electro-magnetic
fields in the vicinity of the current-
carrying conductor. The propaga-
tion of those fields is called radia-
tion.
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FIG. 1. ELECTROMAGNETIC RADIATED WAVE



~.2. Electromagnetic
Radiation

Electromagnetic radiation is com-
posed of two inseparable parts: an
electric field (E) and a magnetic
field (H) at right-angles to each
other. These complementary fields
vary in intensity and polarity at the
frequency of the electric current
flow producing them. (FIG. 1)

Fortunately, when considering
EMI, the intensity decreases as
the electromagnetic field gets fur-
ther away from the source. (FIG. 2)

The intensity of the E electric field
is measured in volts/metre and is
high in proportion to the H magne-
tic field component for high-impe-
dance fields (open-line circuits,
rod aerial, etc.)

The intensity of the H magnetic
field is measured in amps/metre
and is high in proportion to the E
electric field component for low-
impedance fields (closed-loop cir-
cuits, loop aerial, etc.). (FIG. 3)

As seen, all electric fields gra-
dually lose some of their intensity
in generating a complementary
magnetic field, and vice versa.
Also, as the intensity decreases
with distance from the current
source, fields have a normal impe-
dance of 377 ohms beyond about
one wavelength.

Within a distance of one wave-
length, fields are called near fields.
Such fields may influence nearby
circuits by capacitive or inductive
coupling. One has to remember
that the expression “near field” is
not an absolute term but that it has
to be considered as a function of
the frequency. (FIG. 4)

Electromagnetic fields beyond
about 3 A are defined as far fields.
These are usually referred to as
plane waves because the spheri-
cal wave-front impinging on a
screen at this distance is relatively
flat. The far field waves are radia-
ted outwards and not re-absorbed
by the source producing them. It
will be realised that these distan-
ces are important for the interfe-
rence frequency when designing
electromagnetic shields.

FIG. 2. RADIATION FIELD DECREASING WITH DISTANCE
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FIG. 3. H-E FIELD RELATIONSHIP VS SOURCE IMPEDANCE
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FIG. 4. POLAR DIAGRAM REPRESENTATION OF THE EXTENT OF ONE WAVELENGTH NEAR FIELD OVER 150 kHz TO 30 MHz -

3. STANDARDS RELATING TO EMI

&.1 Defining the Norms

The value of EMI that can be tole-
rated and also the basis for mea-
surements are defined in a number
of international standards by IEC/
CISPR. National regulations such
as VDE (West Germany) and FCC
(U.S.A.) have been adopted from
these recommendations.

Briefly defined, these standards
are:

CISPR 11: describing the limits
and methods of measurement of
EMI characteristics of industrial,
scientific and medical radio fre-
quency equipment.

IEC 478-3: especially dedicated to
power supplies; gives also EMI
tests for d.c. output.
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VDE 0871: radio frequency sup-
pression of r.f. equipment for
industrial, scientific, medical and
similar purposes. Applicable to all
equipment using or producing fre-
quencies above 10 kHz, excluding
telecommunication equipment,
but including data processing ins-
tallations, computers and office
machines. This standard also
applies to SMPSs.

VDE 0875: for equipment produ-
cing high frequency created by
commutation at a frequency lower
than 10 kHz (e.g. thyristor con-
trols). Specifications for radio
interference suppression of elec-
trical appliances and systems.

More oriented to household
appliances and power tools.
CENELEC HD 344: the values are
fully covered by VDE standards.
FCC, part 15: two limits for
conducted noise, similar to that of
the VDE; an A level for industrial
equipment and a B level for
consumer devices.

The VDE 0871 standard has in fact
been adopted by Philips for com-
paring the level of interference
conducted to the mains by their
SMPS range, since it has the
widest frequency range, includes
all other standards and is there-
fore universally accepted by cus-
tomers.

The IEC 478-3 has been retained
for comparing the output line level.



Frequency range of these standards

Standard 10kHz 150kHz 450kHz 30MHz 300MHz 18GHz Restriction

CISPR 11 )9.9.9.9.0.0.0.99.9.9.9.9.9.000009909090.000000000000000066¢ mains
100-415V

IEC 478-3 ) 9.9.9.9.9090.90.0.0.90900.90.90990.000000004 conducted EMI
source 25 A

VDE 0871 19.9.9.90.9.9.9.9.09.00.9.09.000.09009.009000 0000000000000 000060004 some surgical
instruments

VDE 0875 ) 0.000.09.0909.009.090.000.090000000990964 if battery
powered, no
measurements
belowe 30 MHz

FCC part 15 PO00099.99.9.9090009.09.9.4 conducted EMI

“.2. Accepted Standards
for Conducted EMI

(the dotted lines indicate a part of VDE 0871 that is still under discussion)
CONDUCTED
EMI T
110
(dB)
100
90
S~
+VDE 871 (A, C) ol
| il
~ | vbE 871 B) T~ L IEC 478-3 (OUTPUT) | VDE 0875 (G)
70 % ELS FCC (LEVEL A)
N e e R e e
P 1 | CISPR 11, VDE 871 (A, C) VDE 875 (N),
L _1IEC 478-3 (INPUT)
60 — I B i e e
FCC (LEVEL B)
50 4t _____%___ e A LR
VDE B
. N 871I (B)
\..wé 875 (K)
\\
30
20
10
]
10 kHz 30kHz 60 kHz 200 kHz 600 kHz 2 MHz 6 MHz 20MHZ —» F
20 kHz 100 kHz 300 kHz 1 MHz 3 MHz 10 MHz 30 MHz

FIG. 5. COMPARISON OF CONDUCTED EMI STANDARDS




.3. EMI Legislation

In many countries, it is now illegal
to sell electronic equipment that
has not received approval by a
specifically certified laboratory.
Especially, the legislation in West
Germany, based on VDE stan-
dards, is well documented and
very strict.

It is worthwhile to have a closer
look at this legislation. For equip-
ment, defined under VDE 0871,
the “Deutsche Bundespost” (Post
office) delivers two kinds of appro-
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vals: a general approval (“Allge-
meines Genehmigung”) and an
individual approval (“Einzelge-
nehmigung”). To obtain a general
approval, the equipment shall
meet the VDE 0871 level B. It is
necessary to perform a type test,
under supervision of the VDE.
After approval, the equipment can
be used without further problems.
It may also bear the VDE 0871 EMI
bench-mark (Funkschutzzeichen).
Any equipment, not meeting the

level B (but still under the A-limit),
has to be sent to the VDE office for
type-testing. If compliance has
been achieved, it is a FTZ number
(Fernmelde-Technische  Zentra-
lamt), accorded. After installation,
the customer needs a licence from
the Post office to use the equip-
ment.

This severe legislation justifies the
efforts of Philips to meet the VDE
0871 level B.



. EMI IN SWITCHED-MODE SUPPLIES

2.. 1 The Cause

The fundamental cause of EMI in a
switched-mode power supply
stems from its fast-switching
mode of operation as it converts
the rectified mains into a rectan-
gular waveform. The switching fre-
quency itself may only be as low
as 25 kHz, but the rapid change of
voltage and current produces
interference over a broad fre-
quency range. The edges gene-
rate harmonics, which fall by 20dB
per decade, at the lower frequen-
cies. Because switching is not ins-
tantaneous however, the slope
suddenly becomes 40 dB per
decade at a higher frequency.

At shorter switching times, the
edges get steeper and this critical
frequency point is displaced even
higher in the frequency spectrum,
thus increasing the EMI amplitude.
(FIG. 6)

These fast switching currents
generated within the circuit, often
at high amplitudes, are potential
sources of electromagnetic inter-
ference through unwanted cou-
pling.

Moreover, because the power
supply is a source of electrical
energy, it is inevitably coupled to
other equipment. Often, a power
supply feeds sensitive data equip-
ment where the effects of EMI
could be serious if action is not
taken to eliminate it. (FIG. 7)
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FIG. 6. SPECTRUM OF HARMONIC AMPLITUDES IN SWITCHING WAVEFORM
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FIG. 7. POTENTIAL SOURCES OF ELECTROMAGNETIC INTERFERENCE




7.2 The Cures

Fortunately, various techniques
are available at the design and
manufacturing stages to suppress
interference in switched-mode
power supplies to below interna-
tionally recognised limits. Briefly,
these can be listed as follows:

* Electromagnetic shielding

* Electrostatic shielding

* Earthing

* Attention to component and
wiring layout.
Interference may either be produ-
ced by direct radiation or conduc-

ted via the input and/or output ter-
minals.

The solutions may be best consi-
dered by looking at a typical swit-
ched-mode power supply circuit
to evaluate the possible interfe-
rence paths it contains. (FIG. 8)

Input
filter —’l’—

Rectifier

Drive
circuit

FIG. 8. TYPICAL SMPS CIRCUIT SHOWING INTERFERENCE PATHS
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4..2.1. Direct radiation

Although this is more difficult to
detect than conducted interfe-
rence, it is easier to cure by ade-
quate screening. The power sup-
ply can be enclosed in a metal
box. Ideally, this should be solid
and continuous, but for practical
purposes, because a power sup-
ply must have an input and output
and be sufficiently ventilated, ope-
nings must be present.

Adequate shielding (80 dB) is pro-
vided by copper, aluminium and
steel 3 mm thick shields for fre-
quencies from 10 kHz.

Above 1 MHz, most leakage can
be attributed to openings in the
shields. For EMI above 100 MHz,
discontinuities of a few centime-
tres will make a shield ineffective.
The change in field strength obtai-
ned with the best shielding
designs can be in excess of 120
dB, measured only with specifi-
cally designed instruments.
Shield openings that are longer
than 0.01 wavelength provide a
radiation path for EMI. As shown,
in practical cases this situation
occurs at frequencies from about
100 MHz. (FIG. 9)

a) Reflection and absorption

Energy passing from one medium
to another is invariably partly
reflected and partly absorbed by
the new medium. Familiar exam-
ples are light passing from air to
water, and sound hitting a wall.
Similarly, when EMI strikes a
shield some energy is reflected,
some is absorbed due to power
losses from induced currents and
some passes on through the
shield after attenuation.

In order to contain or attenuate the
EMI, the shielding properties of a
material must be as effective as
possible. This asks for a material
that is a good reflector and yet has
good absorbing characteristics for
the portion of the energy that pas-
ses into it. Fortunately, the total
shielding for plane-wave and elec-
tric fields can be better than 120
dB for copper, aluminium and
steel.

However, it is useful to compare
their shielding properties separa-
tely in terms of absorption and
reflection.

Shield absorption: depends on its
conductivity, permeability and
thickness.

Absorption = 131.5eV  fGu (dB)
where e = thickness in mm
f = frequency in MHz
G = conductivity relative to
copper
w = relative magnetic per-
meability

) _
o o %
_

) 0.01 % /A 15,

WAVELENGTHS 7 TYPICAL AREA OF

GIVING INTEREST FOR EMI

< SHIELDING
s PROBLEMS /1
7/
1
0 :
1 10 100 kHz 1 10 100 MHz

SHIELD OPENINGS THAT ARE
LONGER THAN 0.01 OF A WAVE-
LENGTH PROVIDE A RADIATION
PATH FOR EMI. AS SHOWN, IN

PRACTICAL CASES THIS SITUATION
OCCURS AT FREQUENCIES FROM
ABOUT 100 MHz.

FIG. 9. SHIELD OPENINGS BELOW 0.01 WAVELENGTH REDUCE RADIATION
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FIG. 10. RELATIVE ABSORPTION PROPERTIES OF SHIELD MATERIALS

Experience has shown that shield
thickness is usually chosen
between 0.8 mm and 3 mm for
mechanical reasons and the
absorption effect of such shields 120 T

o = T = TN
in steel, copper and aluminium are e \}\ \\\\
shown in Fig. 10. Up to a few kHz, 100 S~ '%\‘ N
steel is ideal. Above a few MHz, N P, )
any mechanically suitable metal is 80 —— =
a good EMI absorber. . E|ane >/A//\,/<:

60 —

Shield reflection: depends on the
impedance of the field.
Reflection = 20 log Zw (dB)

" cﬂ)lwl\lumir]ﬂum /

40 T

L~
20 7/I/ _—"|Steel
@Zw>Zs) Y
101 102 10° 10* 10° 10° 10 10°

Frequency, Hz

Reflection, dB

where Zw = impedance of wave
at shield
‘Zs = impedance of shield
(generally much
smaller than Zw)

In the practical shields conside-

red, thickness does not affect
reflection and for practical purpo-
ses a plane-wave is assumed. As
shown in Fig. 11, high impedance
fields are reflected better than low
impedance fields, and low-fre-
quency E fields better than H
fields.

Copper and aluminium prove bet-
ter reflectors than steel for the pro-
blematic H fields.

FIG. 11. RELATIVE REFLECTION PROPERTIES OF SHIELD MATERIALS
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2..2.2. Conducted Interference

STRAYCAPA%ITEANCE

150 O

TOO LARG
&

L2 L1 H
=TT T\ﬂ: by -
:: ;—-—OfU'T—U‘T -F"'LFU'L:- c5

el e
150 Q
5nF 5nF
L T -I- S

THE TRAN:

ALTERNAJIVELV A SCREEN CAN BE INTERPOSED
CONNECTED TO THE D.C. SUPPLY.

ONE SOLUTION IS Tg Cé)NNECT TNE NEATSINK

R-TO-
HEATSINK CAPACITANCE TO THE PRIMARV CIRCUIT.

HEATSINK INSULATED
FROM EARTH

.||-

ISISTOR AND THE HEATSINK,

=

FIG. 12. REDUCING HEATSINK CAPACITIVE COUPLING PATHS FOR EMI

Conduction via input and output
terminals is easier to detect, but
more difficult to suppress. All
aspects of EMI must be taken into
account at every stage of design
and  construction;  otherwise,
unwanted signals can easily find
their way by devious paths to the
input and output lines via stray
capacitances or inductive and
resistive couplings. These paths
can be defined by considering the

essential elements of the swit-
ched-mode power supply shown
in Fig. 8:

— switching transistors

— mains filter

output transformer

— output filter

Each of these stages, together
with the wiring layout can contri-
bute to EMI unless carefully desi-
gned.

a) Switching transistors

With  switching waveforms of
about 500 V on the transistor col-
lector, it requires an attenuation of
at least one million to ensure that
any EMI reaching the mains is
within national specifications.

Using a practical mains filter
giving a mains-to-earth attenua-
tion of 100 and considering the
first relevant harmonic to be 10
per cent of the peak-to-peak col-
lector voltage, the attenuation

required between collector and
heatsink must be about 1000

times. This means that the maxi-
mum capacitance (C5) from col-
lector to earth must be one-thou-
sandth that of 10 nF, the total of
C2 and C3; i.e. it must not exceed
10 pF.

When a mica washer is used
between a TO-3 encapsulated
transistor and heatsink, the capa-
citance is typically 100 pF, which
would result in ten times the per-
mitted interference.

One solution is to connect the
heatsink to the emitter or positive
line, thus confining the current in
the collector-to-heatsink capaci-
tance to the primary circuit.
Alternatively, a screen can be
interposed between the transistor
and the heatsink, connected to the
d.c. supply. (FIG. 12)
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b) Mains Filter

An iron-cored choke L1 may be
used in series with the mains input
with a parallel capacitor C1 to
attenuate line-to-line interference
(Isymm), which is usually a maxi-
mum at the lower frequencies.
The VDE 0871 extends the fre-
quency range for EMI down to 10
kHz instead of 150 kHz as in VDE
0875. Therefore, the filtering
should be especially effective for
the switching frequencies 25, 33
or 50 kHz.

mode currents that exist between
one of the output leads and earth.

d) Output transformer

The inter-wiring capacitance is
also a source of earth coupling for
the harmonics of the switching
waveform. A solution is provided
by an electrostatic screen of non-
ferrous metal, such as a copper
sheet between primary and
secondary, which returns the
capacitive current to the supply
line. Care must be taken to ensure

this does not form a short-circuited
turn; a suitable gap must be left.
EMI currents can also be produ-
ced in the Ferrox-cube transfor-
mer core by capacitance between
the primary and the core if the lat-
ter is simply clamped to an ear-
thed mounting bracket.

If the primary is wound adjacent to
the core and capacitance between
a high-voltage secondary and
core can be ignored, then connec-
ting the core to the positive supply
line will reduce EMI. (FIG. 14)

Iasymm
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In the example, the high induc-
tance of the bifilar-wound choke
L2 and the two shunt capacitors
C2a and C2b limit mains-to-earth
interference currents (lasymm)
generated in the switching transis-
tor collector-to-heatsink capaci-
tance. (FIG. 13)

The filter network prevents EMI
currents flowing into the 150 ohm
artificial mains impedances. The
50 Hz currents in the bifilar win-
ding of L2 cancel out and prevent
saturation of the core.

c) Common-mode output
rents

cur-

The same theory for common-
mode input currents can be
applied for the output of the power
supply to explain the common-
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FIG. 13. TYPICAL MAINS FILTER

CORE CONNECTED
TO SUPPLY
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PRIMARY

< GAPIN
SCREEN

ELECTROSTATIC
SCREEN

FIG. 14. REDUCING EMI COUPLING IN OUTPUT TRANSFORMER



e) Wiring Layout

Every part of a circuit carrying
switching currents must be care-
fully designed to avoid unwanted
coupling by inductive wiring loops
and stray capacitances. At the

printed circuit board stage this
means paying special attention to
component layout and printed
wiring paths to reduce these
effects.

The use of twisted pairs for go and
return paths, particularly in the pri-

mary switching circuit assists in
cancelling out magnetic fields.

A good example of the printed
wiring and component layout of a
modern switched-mode power
supply is shown in figures 15 and
16.

FIG. 15. COMPONENT LAYOUT OF PCB
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FIG. 16. WIRING LAYOUT OF PCB
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5. PRACTICAL CONSIDERATIONS

Although good product designs
go a long way towards eliminating
radiated and conducted EMI in the
power supply, problems can
occur in practical situations where
the SMPS is only a part of the
whole system.

As with any other electronic instru-
ment, attention has to be paid to
equipment location and connec-
tion in order to get the best results.
High-quality enclosed switched-
mode power supplies easily meet
the highest international standards
regarding radiation. The same
exacting specifications hold good
for the cost-effective open ver-
sions intended for rack-mounting
when reasonable care is taken in
the system building to prevent EMI
leaks.

©.1 Direct Radiation

As discussed in Section 2, the
radiated electromagnetic field
from a power supply not only
decreases in intensity as the dis-
tance increases, but also changes
in character, from a highly magne-
tic field in the vicinity of the power
supply to a plane electro-magne-
tic wave at further distance. It is

therefore useful to consider the
radiation problems in relation to
these distances.

5.1.1. Near fields

Even the near induction field
(approx. 14 ) can often be difficult
to measure, and although this pre-
sented some problems when eva-
luating power supplies, the weak
field strengths present are in fact a
back-handed compliment to the
quality of the design.

If EMI was emitted at the fre-
quency of light, one would merely
have to install the system in a
darkened room to detect it! Howe-
ver, Philips Wavre has devised a
handy probe in order to detect and
plot EMI fields in the vicinity of
power supplies.

Looking for trouble!

The probe consists of a wire loop
5 cm x 6 cm connected via a
coaxial cable to the Y input of a
sensitive measuring oscilloscope,
or to a spectrum analyser if desi-
red.

Measurements were made with
the probe connected by a 75-ohm
coaxial cable of 95 cm to a Philips
PM 3240 oscilloscope (rise-time 7
ns, impedance 1 M-ohm, 15 pF).

It must be emphasised that the
large loop is in fact looking for
trouble, and in no way represents
the pick-up area of practical cir-
cuits. Consequently, the measu-
red values are only relative in prac-
tice, stray pick-up being very
much smaller than indicated.

Field strength evaluation

A large number of measurements
have been made on various types
of both open and closed power
supplies using the pick-up probe.
lllustrated examples are given of
several of these measurements
both in and around the mounting
racks, showing the points of maxi-
mum interest.

Although the results are shown
graphically in two-dimensional
form for convenience, it will be
realised that the radiation field is
omnidirectional, modified by the
presence of nearby metal conduc-
ting or reflecting surfaces.

2. 2.0 0.0

. ,
AN AN A

S A A g ik
v s ®

-

L5200 ¢ &Q\ﬁs«a«vvy

= ..." .Q’Q.Q.Q.OQOQG’QD.O'O’.’Q’O‘V - v*w,v ’v’Q
82 5

18

FIG. 17. LOOP PROBE CONNECTED TO A SENSITIVE OSCILLOSCOPE
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FIG. 19. MEASUREMENTS ON A RACK-MOUNTED PE 1112 (OPEN TYPE)
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FIG. 21. POLAR DIAGRAM IMPRESSION OF RADIATION FROM OPEN UNIT
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FIG. 20. MEASUREMENTS ON A RACK-MOUNTED PE 1112 (CLOSED TYPE)

The test methods are shown
together with details of the main
results inside and outside the rack
for the more cost-effective open-
version.

Remember that the 800 mV adja-
cent to the open supply is the
pick-up voltage induced in the
very sensitive loop. In practice the
interference pick-up would be
much smaller. As can be seen,
half-way along the rack the EMI
would be practically negligible
even for most sensitive circuits.
(FIG. 19)

Pick-up measurements on a clo-
sed type show a sixty-fold reduc-
tion over the open-version. (FIG.
20)

a) logical mounting of an open-
frame power unit in a rack

As expected, the polar diagram
impression shows that most of the
radiated interference is on the
unshielded printed-circuit side of
the unit. The front panel, and the
heatsink at the right-hand side and
rear of the power supply also act
as efficient screens for any interfe-
rence fields.



The logical place in the rack for a
PE 1126 supply is therefore at the
left-hand side where the heatsink
protects other sensitive units in
the rack, and the left wall of the
rack protects equipment in adja-
cent racks. (FIG. 22)

b) lllogical mounting position

Taking the extreme case, it is illo-
gical to position the PE 1126 at the
right-hand side of the rack unless
the other circuits in the rack are
insensitive to radiation. However,

in system building it sometimes
happens that such a position is
the only one available, or is dicta-
ted by other circuit conditions.
Such a position can give rise to
probe pick-up of 550 mV approx.
(FIG. 23)

mV

10 mV

FIG. 22. MEASUREMENTS ON A RACK-MOUNTED PE 1126 (OPEN TYPE)

FIG. 23. ILLOGICAL RACK-MOUNTING OF OPEN-FRAME POWER UNIT
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FIG. 24. EFFECT OF ADDING A SCREEN TO OPEN-FRAME VERSION

c) The remedy (FIG. 24)

When circuits of high gain and
bandwidth are used in the same
rack, shielding for the open-side of
the PE 1126 can be effected by a
1.5 mm aluminium plate slotted in
the rack adjacent to the power
unit. The level then drops to 25
mV, an attenuation of 26 dB.

The screen is connected to the
earth for safety reasons rather
than for screening efficiency.

Mounting Power Supply outside
the rack

If the radiated noise level inside
the rack is too high, the SMPS can
be installed in another rack, or

free-standing. For extremely sen-
sitive circuits, the power supply is
best located in another rack at
some distance from the rack
containing the circuit modules.
The common earth connection
should be made at a single-point.
Pick-up figures below 1 mV can be
achieved, satisfying most custo-
mer requirements. (FIG. 25)

SENSITIVE
EQUIPMENT

SMPS

POWER SUPPLY
RACK

=

FIG. 25. SINGLE-POINT EARTHING
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If it is necessary for the power
supply rack and the module rack
to be in the same framework, then
a perfect screen is necessary
between them to ensure that there
are no troublesome interference
fields.

Since it is virtually impossible to
have cover plates without some
resistance, and as ventilation
holes provide a fraction of radia-
tion, particularly at very high fre-
quencies, then perfect screening
between adjacent racks is difficult
to achieve.

Therefore it is better to completely
insulate the racks from each other
and provide a single-point earth
connection between them to pre-
vent earth loops. (FIG. 26)

Attention must also be paid to
cabling. Loops and long wires
should be avoided and twisted
wire used for go-and-return cur-
rents to cancel out electromagne-
tic fields.

RACKS

SENSITIVE
EQUIPMENT

INSULATED p
FROM EACH

OTHER

SMPS

-
TEE TS INES I ITE I TEE )4 EARTH COUPLING

POWER SUPPLY
RACK

FIG. 26. ADJACENT RACKS INSULATED AND SINGLE-POINT COUPLED

©.1.2. Far fields

As the graph shows, the far field
starts close to the source for the

very high frequencies, i.e. the
extremely high harmonic content
of the interference. (FIG. 27)

DISTANCE FROM SOURCE

EMI
FREQ.
10GHz 7/ 7 7 P~ 7 7 7 7 y — WAVELENGTH
1GHz A%%?%%?%%/ 1;3 %ﬂ} 3§ﬁ$ 9§§$
100MHz = /7 o 77
10MHz 33
1%
1 MHz
NEAR FIELD
100 kHz
10 20 30 40 50 60 70 80 90 100m

FIG. 27. FAR FIELD DISTANCES OVER THE EMI FREQUENCY RANGE
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The magnitude of the field
strength is dependent upon the
source of radiation. As prevention
is better than cure, attention must
be given to the efficiency of the
shielding and the balancing out of
currents by using twisted wiring
for the high-frequency current
paths. To reduce the chance of
multiple earth paths, good contact
should be maintained between
mating surfaces of the metalwork,
covers, etc., for instance, by kee-
ping them free of paint. When
checking the efficiency of additio-
nal shielding, the field strength in
the area to be protected should be
measured under shielded and
unshielded conditions.

©.2 Conducted EMI

As discussed in Section 4.2.2,
conducted EMI from a power sup-
ply can be transmitted via the
input terminals to the mains or via
the output terminals to the load.
The specifications mentioned in
Section 3 although more stringent
for conducted interference to the
mains, are more easily met by filte-
ring than those for the output rip-
ple, as seen in the EMI level graph
for the PE 1129, 1130, 1131 power
supplies.

2.2.1. Output ripple in the
forward converter

The equivalent of the LC filter cir-
cuit is represented as shown.
Although the resistive component
of the inductance L is of little inte-
rest, it is not so for the parasitic
components of the capacitor C,
namely, its series equivalent resis-
tance Rp and its equivalent series
inductance Lp.

The effect of the series resistance
Rp on the ripple is considerable.
The voltage developed across Rp:

AVR1 = Rp x Al

The voltage developed by Lp:

Vi Lp
AVRo = — X
n Lp+L
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AVR1 = Rp X AIL

where the term Vi expresses the
peak voltage excursion of
Vi
L( —-=Vo+ Vo)
n

The total ripple is
AVR = AVR1 + AVRo

Conducted interference from the
power supply to the load is nor-
mally attended to at the design
stage (see Section 4.2.2. for
details) by reducing stray capaci-
tances to earth from conducting
surfaces and by the use of bypass
capacitors and adequate output
filtering.

However, there are sensitive
loads, for example, 100pA measu-
rement systems and operational
amplifiers, where the output ripple
values are unacceptable.

In this case, an extra filter can be
fitted external to the power supply
to achieve the desired level. A
typical filter is shown. (FIG. 31)
With a different current rating, this
may also be used as an input filter.
* Ripple reduced by leakage
inductance

* Asymmetrical currents reduced
by two inductances

FIG. 30. COMPOSITION OF OUTPUT VOLTAGE

This filter should be mounted

close to the output of the SMPS.

The following precautions should

be observed to avoid any unwan-

ted pick-up:

— avoid placing the filter or its
connections in areas of high

electro-magnetic fields, as indi-
cated in the previous examples.
— avoid loops and extra long
connecting wires to the load
— mount highly-sensitive circuits
in a separate cabinet where
possible

ik I |

| |
| |
?—?\.Q_Q.Q.Qr—b

FIG. 31. TYPICAL COMMERCIAL FILTER
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— connecting wires should not be
at high r.f. potential with respect
to earth to ensure they do not
act as radiators.

Mount filter near to power supply
and connect to load avoiding elec-
tromagnetic fields.

Better still, re-arrange cabinet
location to avoid electromagnetic
fields (FIG. 32).

5.2.2. Filtering and Stability

In feedback amplifier design, a
voltage derived from the output is
superimposed upon the input in
such a way as to oppose the
applied signal.

From basic principles, it will be
recalled that the requirement for
stability is that the phase shift
around the loop should be less

than 180° when the feedback fac-
tor is greater than 1. This feedback
principle is applied in power sup-
plies for load voltage sensing. Any
variations in the load are sensed
and fed back to correct the swit-
ching output from the power sup-
ply. (FIG. 33)

SENSITIVE n
LOADS 1 SMPS FILTER
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SENSITIVE 4
SMPS FILTER I
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EM | »
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(o) N
» N
I
|
v
FIG. 32. RACK-MOUNTING ARRANGEMENTS FOR FILTER
SENSE
WIRE
+S
i IER|
POWER T E_- f'me
SUPPLY _ B -- o
—-S
COMMERCIAL
FILTER
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FIG. 33. FILTER WITHIN THE SENSING LOOP




When an additional filter is used,
this may be included within the
sensing feedback loop; i.e. the
sense wires will be across the

load.

Ensure that the addition of a filter 100

does not cause instability. Also 80

remember that voltage drops 28 e

occurring in the filter will reduce

the static stability at the load if not <0 \\
remotely sensed. 0 —
By careful design of the feedback ~al e
amplifier the stability can be con-

trolled over the required operating

conditions.

A.C. analysis tests on a PE 1145 120

(5V/10 A) switched-mode power - .. ™

supply with a commercial filter on \\

its output have been plotted as & \

shown, and prove that by atten- 30 —

tion to design, the stability can be 0

successfully controlled. (FIG.34) -30

PE1145/10 5V @ 10 A
+ OUTPUT FILTRE & 6800UF

FIG. 34. GAIN/PHASE PLOT OF PE 1145 + COMMERCIAL FILTER

FILTER

Cag
p

FIG. 35. OSCILLOGRAM OF EMI CURRENTS BEFORE AND AFTER FILTERING
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5.2.3. EMI conducted to
input

Unwanted interference from a
power supply to the mains input
source are easier to filter out at the
design stage compared with out-
put ripple, as the operating para-
meters are more readily determi-
ned in advance. These design fea-
tures are outlined in Section 4.2.2.
Conducted Interference.

In practice, precautions mainly
consist of ensuring that earth
loops and resistive earths are not
formed that could transfer com-
mon-mode interference to other
equipment using the same supply
lines.

For instance, a mains extension
lead supplying the SMPS and
other equipment could be the
source of common-mode interfe-
rence as any EMI developed in the
resistance of the cables is com-
mon to all circuits fed from the
extension lead. The effect of a
resistive earth lead is shown as an
example. (FIG. 36)

Ol

6. USER GUIDE-LINES

(

©

.1 Defining the Problem

Radio frequency interference has
been around a long time -
“sparked off” in 1896 when Mar-
coni connected a Ruhmkorff
inductor to a battery and by
means of a morse key established
a wireless connection over a dis-
tance of two miles, long before the
switched-mode power supply was
introduced - a point worth
remembering before blaming the
SMPS when tracking down noise
in a system.

Unshielded or badly placed trans-
formers, long unscreened leads,
multiple-earth loops, poor system
design all add their quota of noise
to small-signal circuits. And swit-
ching transients, generated in
other parts of the system or
mains-borne, occurring perhaps
only once every few minutes, can
play havoc with digital equipment,
yet may not be detected by the
measuring instruments.

Although radiated interference can
travel long distances, as indicated,
by effective shielding of the equip-
ment it is simple to control.
Conducted interference is more
easily measured, but harder to
suppress.

Interference can be very elusive,
but if treated with a healthy res-
pect at both the system design
stage and during construction, it
can be kept within acceptable
limits.

If the level of EMI is unacceptable,
it can nearly always be remedied
by the methods described in the
previous sections, using a logical,
systematic approach as sugges-
ted in the flow-chart.

Lo *
"~ No SMPS
/ R, IVVV
E¢g—Whv————1
- lJW- Iasymm
OTHER
EQUIPMENT
V-1 (%

FIG. 36. RESISTIVE EARTH LINE PRODUCING COMMON-MODE EMI
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.2 Trouble-shooting
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SMPS SPEC.
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NORM
2

YES

e AVOID STRAY FIELDS
e RE-LOCATE SMPS OR

SENSITIVE CIRCUITS
e ADD FILTER

GOOD
SYSTEM

LAYOUT
2

NO—»

e KEEP LEADS SHORT
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NO—» LEADS
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WIRING
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FIG. 37. TROUBLE-SHOOTING FLOW-CHART




7. MEASURING EMI

7.1 General Aspects

There are obviously two distinct
methods of measuring EMI
depending on whether it is radia-
ted or conducted interference.
Whatever measuring device is
used, the points at which the EMI
is picked-up will either be in the
space surrounding the instrument
under test, for radiated pick-up, or
in the connections to its input or
output circuit, for conducted pick-
up.

In either case, evaluating the emis-
sions from the instrument under
test (switched-mode power sup-
ply), requires a virtually EMI-free
environment if the results of the
test are to be meaningful.

Under the laboratory conditions
required for Quality Assurance
testing, this means a heauvily filte-
red mains and a screened room.
Mains filters must pass heavy cur-
rents at 50/60 Hz without any
appreciable attenuation, yet pro-
vide a high insertion loss over the
interference band of frequencies
with a low resistance earth path.
Furthermore, the filter must not
reduce the reliability or safety
aspects of the system it serves.

This demands careful design, but
on the plus side, a filter does pre-
vent transfer of noise between the
equipment and mains in either
direction.

When selecting a suitable filter,
the emphasis can be on elimina-
ting either common-mode or diffe-
rential interference components
depending on circuit require-
ments. These two noise compo-
nents can be measured using a
current-summing barbell transfor-
mer coupled to a spectrum analy-
ser. This adds or subtracts the
noise levels in the individual lines,
thereby measuring the two noise
modes.

Even when testing power supplies
on site it is advisable to check
their source of power and other
equipment in the vicinity before-
hand to make sure that they are
not worse EMI offenders.

As far as possible, the measuring
instruments themselves must be
noise-free below specified levels.
This is particularly difficult to
achieve at extreme frequencies
and at high sensitivities where the
small interference signals can
easily be swamped by the receiver
noise. At least, the noise contribu-
tion of the measuring instrument
should be known and taken into
account.

The level of signal measured is
also dependent on the bandwidth
of the measuring instrument. The
greater the bandwidth, the higher
the noise reading for broadband
signals. Conditions for measure-
ments are quoted in the various
standards. For example, the VDE
norms specify a 200 Hz bandwidth
up to 150 kHz, and a bandwidth of
9 kHz for the 150 kHz - 30 MHz
range.

7.2 Quick Checks

Several quick-check methods can
be used as an indication of the
EMI levels.

7.2.1. For h.f. spikes on
output

Measurement of the output ripple
is altered by two disturbance fac-
tors:

1) Electromagnetic fields near the
power supply (mainly H fields),
which will induce h.f. current in
the measuring loop of the oscil-
loscope probe.

2) Common-mode voltage be-
tween the output power leads
of the power supply and earth.

m/

|pasymm
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PROBE
LEADS

OSCILLOSCOPE

INPUT
AMPLIFIER

OSCILLOSCOPE EARTH

IA

DIRECT OR CAPACITIVE

FIG. 38. OUTPUT MEASUREMENT ERROR SOURCES
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Any h.f. current Ip flowing in the
probe impedance Z will produce a
voltage Zlp which is seen by the
oscilloscope input amplifier as an
h.f. ripple superimposed on the
voltage Eo. (FIG. 38)

A simple method of measuring h.f.
ripple at the output is shown in
Fig. 39.

A wire of 30 cm is sufficient dis-
tance from the h.f. magnetic field
source to reduce any measuring
error caused by h.f. current being
induced in the measuring loop.

Any h.f. current induced in the 30
cm length of wire is short-circuited
by capacitor C at the measuring
point. For most power supplies,
the Z of the earth loop can be
reduced sufficiently by soldering
the coaxial probe directly on the
load to avoid contact errors and
thus eliminating common-mode.
The impedance of the wire and the
capacitor at the measuring point
will also partly filter out any h.f.
spikes that might be present in the
power supply.

However, this coupling is a good

simulation of the power distribu-
tion leads and the decoupling
capacitor across the load, which
also filters out most h.f. spikes.

7.2.2. For magnetic field
induced faults

— connect the probe earth clip to
the probe tip leaving an area of
loop.

— hold the loop near to the mea-
suring point, but not in contact
with it.

A

30cm

COAXIAL PROBE

Ipasymm

FIG. 39. MEASURING HF RIPPLE ON OUTPUT

-~

—*

FIG. 40. H-FIELD QUICK TEST
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7.2.3. For common-mode
faults

— reduce the probe loop area and
make electrical contact with
one of the outputs at the mea-
suring point.

—

MEASURES
PARASITIC IMPEDANCE
IN COUPLING LEAD
Ep=2Zp X1psymm.

—> Ipsymm.

7.3 Measuring Radiated
Fields

As already indicated, the method
of detecting radiated interference
is by the use of a loop antenna and
some form of measuring instru-
ment such as an oscilloscope or a
sensitive receiver.

A practical field strength measure-
ment was performed with two
receivers, one for the low fre-
quency range and the other for the
higher frequencies:

a) up to 30 MHz:

Rohde and Schwartz ESH3 recei-
ver, with an antenna type HFH
2-Z2 for measuring the induc-
tion(near)field that is predominant
around the equipment at the low
frequencies.

b) 30 MHz-1 GHz:

Ailtech  Stoddart NM-37/57A
receiver, measuring the electro-
magnetic(far)field that is present
close to the equipment at these
high frequencies with:

— a broadband antenna for 30-
350 MHz

— a periodic log. antenna for 350
MHz-1 GHz
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FIG. 41. COMMON-MODE QUICK TEST
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7.4 Measuring Conducted EMI

To measure conducted emissions,
the pick-up leads of the measuring
instrument must naturally be
connected across the supply input
or output terminals.

Measurement methods have been
laid down by the various national
and international standards.

A test circuit given in IEC 478-3 for
measuring interference injected
into the mains is shown overleaf.
The test receiver has a closely

defined bandwidth and perfor-
mance and is connected to the
test circuit via resistor R2. The
interference currents from the
apparatus under test are diverted
via two line impedances L1 and L2
through capacitors C3 and C4 and
a polarity changeover switch to
the test receiver.

In combination with the 50 ohm
input impedance of the test recei-
ver, the resistors represent the

The ESH3 receiver automatically
corrected the results for the res-
ponse of the antenna.

For the tests above 30 MHz, the
results more or less follow the
curve of the antenna as shown in
Fig. 42.

The limits given in this practical
test were modified from the CISPR
11 and VDE 871 norms to elimi-
nate external interference by mea-
suring at 3 metres in a screened
room. In practice the norm limits
are:

10 kHz - 30 MHz: 50 uV/m (34 dB)
at 30 metres

30 MHz - 470 MHz: 50 uV/m (34
dB) at 10 metres

470 MHz - 1 GHz: 200 «V/m (46
dB) at 10 metres

Results of tests on a PE 1241
(which complies with level B of
VDE 871) show that the noise over
the range 30 MHz to 300 MHz was
less than 10 wV/metre.
Measurements on the PE 1241 at
an appropriate test site showed
that no radiation was detected at a
distance of 30 metres and there-
fore this test is no longer included
in the Philips Wavre Quality Assu-
rance programme.

FIG. 42. PRACTICAL FIELD STRENGTH
MEASUREMENTS ON A PE 1126/00

150 ohm typical impedance of the
mains supply over the frequency
range 150 kHz to 30 MHz.

The accepted standards are
shown graphically in Section 3.
Briefly, if the EMI voltage above
150 kHz at the input terminals of a
power supply is less than +54 dB
referred to 1 pV then it is univer-
sally acceptable.
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FIG. 43. TYPICAL TEST SET-UP MEASURING EMI CONDUCTED TO INPUT

Equipment used at Philips Wavre for measuring conducted EMI

Artificial network  Schwarzbeck NNLA 8120 (
Schwarzbeck NNBM 8112 (
Rhode&Schwarz ESH2-75 (10 kHz - 30 MHz)
(
(
(

Receiver

The ESH3 receiver is provided
with an IEC (IEEE) bus interface
and can perform automatic EMI
measurements. The graph of Fig.
28 was measured with this recei-
Ver.
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Schwarzbeck LSME 1530A
Schwarzbeck FSME 1515
Rhode&Schwarz ESH 3

The specifications for conducted
interference on all currently-manu-
factured closed switched-mode
power supplies at Wavre are:
Conducted interference level VDE
0871

10 kHz - 150 kH2)
150 kHz - 30 MHz)

C.I.S.P.R. 3,10 kHz - 150 kHz)
C.I.S.P.R. 1,150 kHz - 30 MHz)
C.I.S.P.R. 1&3, 10 kHz - 30 MHz)

— Level A, 10 kHz to 150 kHz

— Level B, 150 kHz to 30 MHz

It is possible for system designers
to achieve level B below 150 kHz
by the addition of a simple exter-
nal filter.



7.4.1. Philips philosophy

The question of filter placement
has been given much thought
during the research and develop-
ment phases. Two major factors
weighed heavily against locating a
filter in the open-frame version of
switched-mode power supplies.

Firstly, a customer usually requires
a filter in his system anyway to
reduce common-mode troubles,
so a filter in the power supply
would be superfluous, besides
increasing the cost unnecessarily.
Secondly, where customer’s
equipment is not creating com-
mon-mode problems, the input

leads of an open-frame power
supply are still near to H-fields and
are likely to pick up interference. A
filter placed inside an open-frame
unit would not therefore guarantee
that the EMI is within the required
regulation standards.

Thus the best solution is an exter-
nal filter placed optimally with
regard to the particular situation
and conditions.

With closed power supplies a filter
is fitted because the conditions
are predetermined, and the H-
fields are reduced by the scree-
ning effect of the housing.

In systems powered by switched-
mode supplies, a lot of lower fre-
quency symmetrically conducted
EMI is also created, mainly due to
the power supply. Therefore, in
Philips, open-frame power sup-
plies are equipped with sufficient
symmetrical filtering to keep these
disturbances within acceptable
limits.

For the customer, it is sufficient to
add asymmetrical filtering on the
input of his system using a simple,
cheap mains filter that is commer-
cially available.

2. CONCLUSIONS

With so much written in this hand-
book about electromagnetic inter-
ference and  switched-mode
power supplies, the reader may be
wondering whether the terms are
inseparable. However, it is worth
remembering that as the title is
Electromagnetic Interference and
Switched-mode Power Supplies
we deliberately set out to look for
trouble. It is useful, therefore, to
look briefly at the trouble spots we
found.

* Interference conducted to the
mains

Easy to detect, requirements are
stringent, but can easily be met by
the inclusion of a commercial
mains filter.

* Interference conducted to the
load

Easy to detect, but more difficult
to cure than mains conduction.
Power supplies meet the norms,
but for sensitive applications extra
filtering may be necessary.
Problems can often be solved by
good design and attention to
layout and earthing.

* Radiated interference around
the supply

Difficult to detect but easy to cure
with simple shielding if the nature
of radiation is well understood.

* National and International
Norms

Well-designed equipment from
reputable manufacturers meets
the most stringent norms.

When buying equipment, remem-
ber that PREVENTION IS BETTER
THAN CURE!

* SENSITIVE APPLICATIONS

Even with a decade or more of
experience in the design and
manufacture of high quality swit-
ching power supplies, Philips
engineers state that no power
supply application has come to
light that is so sensitive that a cus-
tomer needs to forego the obvious
advantages offered by using an
SMPS.

Then why the need for this hand-
book?

* SENSITIVE CUSTOMERS

Recently a customer asked for a
number of 12 V, 50 A series regu-
lators to satisfy an extremely sen-
sitive medical application.

Fortunately, Philips diagnosed his
symptoms correctly and by certain
tests convinced him that the tech-
nical treatment of his problem laid
in switched-mode power supplies.
These technical arguments were
so compelling that they were writ-
ten down and now form the basis
of this handbook — just in case
there are other sensitive custo-
mers who have not yet waved
goodbye to their series regulators!
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APPENDIX 1

Glossary of abbreviations

IEC (International Electrotechnical Committee):
various Technical Committees and Subcommittees,
each for a specific field of electrotechnical interest.
|IEC publications are recommendations for internatio-
nal use and are accepted by most National Commit-
tees.

C.I.S.P.R. (Comité International Spécial des Pertur-
bations Radioélectriques):

A specific IEC-committee for the technical view of
EMC.

CENELEC (Comité Européen de Normalisation
Electrotechnique): Committee for harmonising the
legislation of the EEC countries.

VDE (Verband Deutscher Elektrotechniker):
Association, in West Germany, for the advances in
electrotechnics and the extension of electrotechnical
knowledge. The VDE draws up norms and performs
tests according to VDE norms.

FCC (Federal Communications Commission):
organisation in the U.S.A., in the telecommunication
field.

EMC (Electro Magnetic Compatibility):

Electrical or electronic systems have to be electro-
magnetically compatible. It means that they are not
adversely affected by internal interference or exter-
nally generated emissions.

APPENDIX 2

Useful addresses

EMI (Electro Magnetic Interference):
Electromagnetic disturbance, which manifests itself
in performance degradation, malfunction, or failure
of electrical or electronic equipment.

The denomination “EMI” is more correct and more
general than the formerly used “RFI”.

RFI (Radio Frequency Interference):
Electromagnetic disturbance, which manifests itself
as degradation in the performance of communication
(or other electronic) equipment.

SMPS (Switch Mode Power Supply):
A supply in which power is converted by switching at
high frequency, generally above the audio spectrum.

dB (deciBel):
The fundamental term used in EMI measurements:
dB = 20 log V2

V1

dBm:
Standard unit of narrowband signal, based on a
reference of 1 milliwatt.

dBuV:
Based on a reference of 1 microvolt.

For a 50 Ohm reference resistance, OdBm = 0,224
V (1mW), and therefore

Information about type-testing or approvals can be obtained at:

West Germany

The Netherlands

V.D.E. Prufstelle N.V. KEMA

Marianstrasse, 28
BRD — 6050 Offenbach/M

France

LCIE Laboratoire Central des
Industries Electriques

Avenue du Général Leclerc
F-92260 Fontenay-aux-Roses

Italy

Utrechtseweg, 310
Postbus 9035
NL-6800 ET Arnhem

OdBm = 107 dBuv or
OdBupV = -107 dBm
Denmark

Posts and Telegraphs Denmark
Central Telecommunications
Services

Radio Communications Office
Islands Brygge, 83C

DK-2300 Kebenhavn S

I.M.Q. (Instituto Italiano Del
Marchio di Qualita)

Via dei Pestagalli, 1
1-20138 Milano
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