Module 11:
Conducted Emissions



11.1 Overview

The term conducted emisgons refers to the mecdhanism that enables eledromagnetic energy to
be creaedin aneledronic deviceand coupled to its AC power cord. Similarly to radated
emisgons, the al owable conducted emissons from eledronic devices are controlled by regulatory
agencies. If aproduct passesall radiated emissons regulations but fail s a conducted emissons
test, the product cannot be legally sold.

The primary reason that conducted emissons are regulated isthat eledromagnetic erergy that
iscoupled to aproduct’s power cord can find its way to the entire power distribution network
that the product is connected to and use the larger network to rad ate more dficiently thanthe
product could by itself. Other eledronic devices can then recave the eledromagnetic interferernce
through aradiated path (or, much lessfrequently, adirecteledrical connedion). Thefrequercy
range where conducted emissons are eguatedis typicaly lower than thefrequercy range where
radiated emissons are regulated. The longer wavelengths where conducted emissons are a
problem nead amuch larger antennato radiate and receve dedromagnetic interference han the
shorter wavelengths studied for rad ated emissons.

Thismodule will i nvestigate conducted emissonshby studying its sources and methods to its
reduction techniques. First the Line Impedance Stabili zation Network (L1SN) will be studed to
give an overview on how conducted emissons are measured. A review of common and
differential mode currentswill then ke given with a perspedive on their importance to conducted
emissons. The most important mitigation tool for conducted emissons, power supply filters, will
then be covered. Next, power supdies themsdves will be studed, which are the most frequent
source of conducted emissons. Finaly, a short sedion on conducted immunity will be given.
Conducted immunity refersto a product’ sresilienceto eledromagnetic interference coupedin
through its AC power cord.
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11.2 The Line Impedance Stabilization Network (L1SN)

Asan enginee inthe EMC field, it isimportant to understand the measurement procedures
that are used to measure conductedemissons. Conductedemissons are eguated by the FCC
over the frequency range 450kHz to 30 MHz, and the CISFR 22 conducted emissonslimits
extend from 150kHz to 30 MHz. When testing a dvicefor compiancewith the FCC and
CISPR 22regulatory limits, aline impedance stabili zation network (LISN) must be inserted
between the ac power cord of the device under test and the commercial power outlet. Due to the
differencein regulated frequency ranges between the FCC and CISPR 22 regulations, the LISNs
for the two have similar layouts but the component values aredifferent. Below isa diagam of the
test setup used to test compliancewith conducted emisgonslimits.

Phase Phase
Product
Under Neutral *// LISN Neutral *//_
Test \ —\ [
Green Wire Green Wire
u Commercial
Spectrum Power
Analyzer System

As shown in the diagram, the ac power cord of the produd under testis plugged into theinput
of the LISN, and the output of the LISN is plugged into the commercia power system outlet. AC
power isfiltered through the LISN and the product is provided with “unpolluted” acpower. A
spedrum analyzer is conneded to the LISN and measures the conducted emissonsfrom the
product under test.

The purpose of conducted emisgonstesting isto measure noise currents that exit the produd
under test’sacpower cord and make sure these currents are within the reguated limits. FCCand
CISPR 22regulations require that measured data ke correl atable betweenmeasurement fadlities.
Sincethe currents exiting the device under test are de@ndant on theload on the ac power cord,
and this load is the impedance seen by the devicelooking into the ac power outlet, which varies
considerably over the measurement frequency range from outlet to outlet and from kuilding to
building, it is not sufficient to measure the noise currents on the power cord with a aurrent probe.
Instead, the product under test is conneded to aLISN, which stabili zes the impedance seen by the
product looking out the ac power cord. Thisisthefirst of the two objecives of the LISN. The
seoond objedive of the LISN isto block external noise that exists on the power system net from
entering the product’s ac power cord. Any noise currentsfrom the power system net thatwere to
enter the product’ acpower cord would add to the conductedemissonsfrom the device. Since
we are only interestedin the conducted emissonsthat eminate from the deviceundertest, it is
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important that the LISN prevent noise from the power system net from entering the product’s ac
power cord. The LISN must satisfy both of these objedives over the entire conducted emissons
frequency range (450kHz-30 MHz for FCC reguations and 150kHz-30 MHz for CISFR 22
regulations), yet still allow the 60 Hz power to read the device under test.

LISN
r—-——————-———"—"—"—"—"—"—"— —\ — — — — — — — -
| lP Phase YN |
| - 50uH |
P —— 0.1uF — 1uF %
[
\ 4B —
GW | N |
Product p eutra NN 70
Under | | 50uH laC
Test |power
| 0.1uF —= net
| |———————- | C o= ——yF ||
| + : +1 | |
| |
|
| ke, E50 1 ey S50 |
| | Receiver or | | |Dummy Loag |
| —: Dummy Load: —1 |or Receiver| |
| |
| 1
| Green wire = |
| |

Above is a diagram showing the layout for the LISN spedfied for use in the FCC conducted
emissons measurements. The 50 pH inductors block external noise on the commercid power net
from flowing through the measurement device and contaminating the st data, while the 1uF
cgpadtors provide andternate path for those noise currents and divert them from the
measurement device The other 0.1 pF cgpadtors prevent any dc from overloading the input of
thetest recaver. The 1 kQ resistors ad as static charge paths to discharge the 0.1 uF capadtors
in the eventthatthe 50 Q resistors are removed. One of the 50 Q resistorsisthe input impedance
of the spedrum analyzer, while the other isadummy load that insures that theimpedarnces
between the Phase and Green wire and between the Neutral and Green Wire are approximately 50
Q at all times.

It is helpful to understand the function of the LISN if we compute theimpedarces of the
inductors and cgpadtors at the upger, 30 MHz, andlower, 450kHz, frequency rarges of the FCC
regulatory limits, aswell asthe normal power frequency, 60Hz.

Element Z450kHZ Z3OMHZ Z60HZ
50 uH 1413Q 94200 0.0188Q
0.1pF 3540 0.053Q 265000
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1pF 0.354Q 0.0053Q 2650Q

Thus, at the testing frequercies, the cgadtors are essertialy short circuits, and the inductors
provide large impedances. If we approximatethese largeimpedances & opencircuits, the LISN
equivalent circuit at the conducted emisgons test frequenciesbecanes

_— -F——_————e— e — ———— — — — —— — — ——— —

Product
Under Neutral

|
|
|
|

Test | + +
| =V =
| —
|
: P
|

—_—_,——— e —_— =

The measured voltage V is measured between the Phase and Green Wires, and the measured
voltage V|, ismeasured between the Neutral and Green Wires. Both, the Phase and Neutrd
voltages must be measured over the entirefrequency range dfined for conducted emissons, and
both must be below the spedfied limits at all frequencies within that frequency range. Although
the quantities being regulated are the Phase and Neutrd voltages, it is eay to seethat the
conducted emissons limitstruly limit the conducted emissons currents, since he impedances that
the voltages are acossare eguated to be 50 Q.

=V
P 50P
| =—1V
N 50N

The LISN should not affed the operation of the product under test at the 60 Hz power
frequency. If we construct anequivalent circuit for the LISN usng theimpedance dueswe
computed in the ealier table, we can approximate the cgpadtors asopen circuits and the
inductors as short circuits. The equivalert circuit atthe power frequency bemmes

11-5



|
Product |
Under ' r—+————X\\___
Test | Green Wire— |
- - - - 4
Commercial
Power
- System

Thisdemonstratesthat at the 60 Hz power frequency the LISN hasvirtudly no effed on the
product under test and acpower is provided for functional operation of the device

11-6



11.3 Common and Differential M ode Currents

Asdiscussd in the previous sedion, the purpose of the LISN is to provide standard
impedances for the phase and neutrd wires of a device so that theconducied emissons can be
measured by measuring the voltages aaossthese impedances. A diagram of the conducted
emisgonstesting setupisshown in Figure 1. Inthisfigure, the circuitry of the LISN hasbeen

replaceal by two 50Q loads which represent the LISN at the frequencies where conduded
emissons are measured. From the figure:

or

e - %(lp f 1)
.
I = S0~ 1),

Asauming that the 50Q impedances are constant acossthefrequerncy band thatis to be
measured, the voltages aaossthe impedances are

Vp = 50Q - (I, + 1)
and

Vy = 50Q - (I - 1p).

Thus by measuring the voltages aaossthe impedances by using a spedrum analyzer, the common
and differential mode currents can ke found by:

(Ve + Vy)
500

I = l
c 2
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Figure5: Diagra;n of common and differential mode currents on a product’s AC power cord.

It can be seen from the above equationsthat if thecommon modeand diff erential mode
currents are approximately equd, then V, and V,, will be very different. However, if either the
common mode current dominates the differential mode current, then V, and V,; will be
approximately equal. Likewiseg, if the differential mode current dominates the common mode
current, then V, will be approximately equal to V,; in magnitude but oppositein phase.

The common mode current tha exists by returning on the green wire is unintended and usualy
isnot part of the design of the product. It isimportant to remenber that the geen wireexiststo
provide a path for current at 60 Hzin the event of a ground fault so thatthe circuit bregker or the
fuse of the AC power can be blown. It isnot intended to carry 60 Hz current under normd
operational circumstances. However, at thehigher frequercies where conducted emisgons are
measured, the green wire cancary common mode current thatcan cause a roduct to fail
regulatory standards.

There are two primary methods of suppressng thehigh frequency common mode current
returning on the green wire. The first method isto simply wind the green wire around a ferrite
core after the green wire hasentered the product casing and before the wireis soldered to the
case. Thiscredesan inductancein that can help reducethe common mode currert emissons.
The ferrite core should bechosen such that it has ahigh pemedility over theconduded
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emissons frequency band. Theinductor should not interfere with the purpose of the green wire,
whichisto provide a path for the 60 Hz current to prevent a possble siock hazad.

The second method used to block the commonmode aurrent isto completely remove the
green wire and createatwowire device Right atthe power cord input to the produd, a
transformer is used to eledricadly isolate the product from the phase and neutra wires to redwce
the risk of ashock hazad. The chassis s then often tied to the socondary sde of the transformer.
Thismethod can help reducethe measured common mode conducted emissons current, but a
path for common mode current may still exist. The return path for possble commonmode
current can be capadtive coupling between the metalli c chasgs of the product and the ground of
the measurement site.

In the next sedion, we will discussthe most important tod used to redice the conducted
emisgons of aproduct. The power suppy filter can help grealy redwce the diff erential mode
conducted emisson of aproduct. However, most filters are not designed to reduce common
mode conducted emissons.
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11.4 Power supply filters

Virtualy no eledronic products today can comply with conducted emissons regulations
without theaid of a power supdy filter. Power suppy filtersareinserted where the power cord
exitsadevice, thusthey prevent conducted emissons currents form exiting the device

Eledric filters are used in many eledrica engineeing applicaions, and design informationis
easly attainable for avariety of eledric filters. However, due to the high frequency range of
conducted emissonstesting, and the fad that both common and diff erential mode arrents mugt
be reduced, traditional eledric filters are not sufficient to redwce conducted emisgons. Instead,
power suppy filters are designed to reduce both common and diff erential mode currents acoss
the entire conducted emisgons frequency spedrum.

Despite the fad that power supgy filters are desgned diff erently than traditional eledric
filters, they till exhibit common filter charaderistics. With thisin mind, it isimportant to discuss
some basic properties of filters. Filtersare typicaly charaderized by their insertion loss(IL),
whichisexpressed in dB. Theinsertion lossis ameasure of the load reduction at the given
frequency dueto the insertion of thefilter. It isvery important to note that theinsertion lossof a
filter is dependant on the source and load impedarces, and thus cannot be stated independently of
the terminal impedances. Despite thisfad, filter manufadurers often list an insertion lossvalue
on afilter’ s data shed without speafying the terminal impedancevalues. When this occurs, the
source and load impecarcesare assimed to bath equd 50Q. Thisisvery midealing, because
even though the load impedancewill remain 50 Q asit isthe impedanceregulated by the LI1SN,
the sourceimpedanceis dependant on the devicethefilter ishooked up to. Thus, for that
particular filter to work properly with your device, theinputimpedarnce £enlookinginto the
power cord of your devicemust be 50 Q at all frequenciesin the conducted emissons range.
Sincethisisarather unredistic design constraint to placeon aproduct, it isunlikely that the ue
of such afilter on your product will result in the filtering results spedfied by the menufacturer’s
insertion lossdata. Because of this, it may be desirable for manufadurer’sto develop their own
filtersfor their products, rather than applying pre-manufactured fil ters.

An important asped of power suppy filtersisthe fad that they must reduce bath thecommon
and differential mode currents from the device tey arefiltering in order to satisfy conducted
emissons regulations. Sincedifferential mode current, by definition, flows out the Fhasewire and
returns viathe Neutral wire, no differential mode current will flow on the Green Wire. Thus, to
determine the differential mode insertion loss the product should be connecied to the Phase and
Neutral wires, but not the Green Wire, as shown here.
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To measure the common modeinsertion lossthe Phase and Neutral wires should be tied together
and the Green Wire is conneded to the circuit. The test circuit will | ook like this.

Phase Phase

——————— |
| Filter |
|

| |
| .| Neutral Neutral | |

|
| |
sm=v O

- ' |

| |
: L Green Wire Green Wire | :
I LISN | T Product |

In both cases, Zg is the impedance seen looking into the power cord of the product. For

commercially made filters the data shed insertion lossvalues are based on Z;=50 Q. The adud

insertion lossvalues for afilter being used on a product can ke determined using these test set-ups
The layout for acommon power supgy filterisshown here.
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The common and diff erential mode arrentsl and I, exit the product and enter thefilter. The
filter then takes these input currents and outputs common and diff erential mode currents | and
I5", which are then measured by the LISN. The objed of thefilter isto reduce | and |, to the
current levels1." and I’ such that thevoltages that the LISN measures are

Ve =50(1 +13)
vV, =50(1¢ - 13)

and that these voltagesare el ow the conducted emissons limits at all reguated frequencies.
Now that we understand the objedive of the power supgy filter, it isimportant that we
understand how the filter works. With this knowledge we will be able to modify the gererd fil ter
so that it will reducethe conductedemissons of the product to accepable levels. As dscussd
ealier, the Green Wire inductor L, isincluded in the Green Wire between the filter output and
the LISN input, and it blocks common mode currents. The cgadtors between Phase and Ground
wires, Cp,, and Cp, where the subscripts L and R denote left and right with resped to the sde of
the filter on which they are placed, areincluded to divert differential mode currents. Thes
cgpadtors arereferred to as line-to-line capadtors and hawe typicd vauesaround C, = 0.047 uF.
Capadtorsthat have insulator properties approved by safety agencies and are suitable for use as
line-to-line capaators are eferred to as“ X-caps.” The cgpadtors, C, and C; are calledline-to
ground cgpadtors, and they divert common mode current. They are placel between Phase and
Green Wire and between Neutral and Green Wire. A typicd vauefor line-to-ground camdtors is
C. =2200pF. Capadtors that haveinsulator propertiesapproved by safety agerciesand are
suitable for use asline-to-ground capadtors are eferred to as“Y-cgos.” Multiple Y-caps are
required in power suppy filtersfor safety reasons. To ill ustrate why multiple Y-caps are
necessary, consider acae where thereis only one Y -capconnected between the Phase and Green
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Wire. If that Y-cap happened to short out 120V would now be tied to the Green Wire. Since the
Green Wireis often tied diredly to theframe of the product, having only one Y-capcould cause a
serious shock hazad. Asdefrom requring mutiple Y -cagpsin afil ter, safety agercies such asthe
Underwriters Laboratory in the US also spedfy a maximum legkage current that may flow through
ead line-to-ground cgpadtor at 60 Hz. The maximum legage currentis reguated so that eat
cgpadtor may carry amaximum of one half of thetotal. Noticethat theline-to-ground capadtors
ontheleft, C, arein parallel with the 50 Q resistors of the LISN. Therefore, if the impedances of
these capadtors are not sgnificantly lower than 50 Q in the frequency range of conducted
emisgons, then they will be ineffedive in diverting the common mode currents. For example, if the
left line-to-ground cgpadtors are typicd values, C,, = 2200(, then the impedance of the
cgpadtorswill be50 Q at 1.45MHz. Thus, the camators, C, will only be effedivein diverting
common mode currents at frequercies over 1.45MHz.

The final component in the typicd power supgy filter isthe common mode choke, which is
represented by the coupgedinductorsin thefigure. The coupled inductors have sdf inductances,
represented by L, and mutual inductance, M. This element consists of two identica windingson a
common ferrite core, much like a transformer.

Physical Model

© © Circuit Representation
O— L —O
[ ]
L Y Yy |
w. w. : C —
—
_.NYY\_
O —O0

O O

Sincethe windings are identicd and are wound tightly on the same core, themutud inductarceis
approximately equal to the self inductance, thus the coupling coefficient of thechoke approadces
unity.

The purpose of the common mode chokeis to block commonmode arrents without affeding the
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differential mode currents. Itis wseful toill ustratethe operation of the common mode chdke by
examining it separately for common and differential mode currents. If we consider the dhoke with
only differential mode currents we can compute the voltage drop acossoneside of the choke.

V = jowll, - jwMlI,

= jw(L-M)I,
o . L | L =L-M
O—p—"YYY— 0O O—p—"YYY— 0O
M i
C ] Liage = L =M
[
O—a«——rVvyYvo_____ O—a«—7VYYyYv
I lo

Thus, with regard to differential mode currents, the commonmode choke insetsan inductance
L - Minead lead. Thisinductanceisreferred to asthe legage inductanceandis due to a portion
of the magnetic flux that leaks out the core and doesnot couple béween the windings. Idedly,
since L = M , theled&age inductanceis zero and the common mode choke has no eff ed on
differential mode currents. In pradice, however, the leakag@inductanceis small but non-zero.

If we now consider the effed of the common mode choke on common mode currents, we can
compute the voltage acossone sde of thechoke.

V = jwLl. + jwMl,
= jo(L + M)l

| | L+M
C ° C
O_>_/WV\—O O_>_/'Y'Y'Y'\—O

o - .

O—pp——"YYY— O O O———YYY O

I I

Thus, the common mode chokeinserts an inductanceL + M in ead lead with regard to
common mode currents. As a result, the common mode chokewill block common mode currents.
Thisis apparent if we consder typicd vaues of theinductance, which are on the order of 10mH.
Thus, the common mode current impedanceisj (L + M) =56,549Q at 450kHzand 3.77MQ at
30MHz. Itisimportant to note that these are ided values ard variables suchas @rastic
cgpadtance between the windings and the type of core material could affed thefrequerncy behaior
of the choke.

Now that we have establi shed the behsior of the various components, it isvauable to deve op
equivalent circuitsfor the filter for both common and diff erential mode currents. Wewill smulate
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the common mode currents as current sources. For commonmode airrents, the power supply

filter circuit lookslike this.

L
o AN
K Co—== Co =<
V. 50Q ' CR AT
C. L - Lew
DL 1~ L Y
50Q CCL; Cor =
M o L
Y Y

By writing mesh equations this circuit simplifiesto the equivalent circuit for thefilterand LISN for

common mode currents.

+
VC

L+M

C. L
CL 1™

50Q

CCR ;\

2Ly

For the differential mode circuit, we will agan smulatethe diff erential mode currents as

current sources. The circuit lookslike this.

DL

~

+
VC

L
.\J\J\J\/
§509 Co 7 Con T
LGW
I YY" YN
50Q CCL;— Cor =
M o L
Y Y Y

Again, we can redwce thiscircuit to asimpler equivalert circuit by usng mesh equations. The
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equivalent circuit of thefilter and LISN for differential mode currentslookslike this.
L+M

Y YN

+
Ve 50Q ~T2Co. 1 Ca Corm 20T
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11.5 Power Supplies

One of the largest sources of conducted emissons for typica productsistheir power supgy.
Most of the internal eledronics for products under reguations rdy on DC sourcesfor power. A
dired current sourceis creaed usng apower supdy thatconverts the AClinevoltagetoaDC
voltage. Inthe processof doing so, many power suppies creae unwanted high frequency signals
that may not interfere with the functional operation of the product, but may couple bad on to the
product’s AC power cord. Thisunwanted EM energy is then measured as conducted emissons
from the product, possbly causing the product tofail in a reguatory test.

This sedion will discussthe two primary types of power supgdiesand their rolesin generating
conducted emissons for the products that they are usedin. First, linea power supgieswill be
discussed, which are typicadly the clearest AC to DC power supgdies but areinefficient and tulky.
Seoond, switched mode power suppgieswill be discussed, which typicaly generate alot of
unwanted RF energy but are lighter in weight and smaller than linea power supplies.

11.5.1 Linear Power Supplies

The type of power supdy used most commonly in the past for converting 120voltsAC to DC
voltage was the linea power suppy. A simplified diagram of alinea power supgdy isshownin
Figure 2. Thetransformer isin placeto step the input AC voltage up or down (usually down) to
adesired amplitude before redification and to provide some filtering, which will be discussed later.
The redifier sedion convertsthe 60 Hz AC waveform to a pulsating DC waveform, as shown in
Figure3. Thecapdtor C, isinused to try to smooth out the pusating DC waveform.

Theregulation sedion is extremely important when loads draw power from the linea power
supdy. Ascurrent is drawn from the supfy, the output DC voltage wantsto drop below its
designed value. However, by feeding badk some of the output V_, to the base of the transistor,
the voltage aarossthe transistor’s collector and emitter isreducedss V,, drops. Thusthe
regulator helps supdy a constant DC output voltage for the power supply under typical loading
conditions.

After the regulator sedion of the power supdy comes afiltering sedion. Thefilter shownin
the diagram is asimple pi filter constructed using two capadtors (both equal to C,) and one
inductor (L). Thisfiltering sedion reducesthe “ripple” left by the redifier and regulator sedions
of the power suppy.

The linea power supfy isareasonably clean power suppy when deding with conducted

emisgons. The transformer coreis designed to operate atthe commercial power frequency (60
Hz), but isvery inefficient at thehigher frequercies where conducted emissons are measured.
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Figure 16: Linea Power Suppy

Thusthe transformer for linea power supgiesis often an inherent filter that reduces the anount of
unwanted spedral content placel bad on the product’s power cord that iswithin the regulated
frequency band for conducted emissons.

Another reason that linea power supdiesareinherently cleanis that they aretypicdly not a
strong source of high frequency signals themselves. Although the redifier sedion and the
regulating transistor can switch statesto perform properly, the linea power suppy itself generates
much lesshigh spedral content than other popuar power supdies.

While linea power suppies are generally “cleaner” than other types of power supgies, they
have become increasingly undesirable for two primary reasons. First, the transformer core that is
used at the 60 Hz power freqlercy is typicdly very large and heavy. Newer typesof power
supgies are much lighter becaise they do not have these large transformer cores. Seoond, linea
power suppies are not very efficient. A lot of power isdumped into the regulating transistor while
the transistor triesto stabilizethe output voltage under different loads. Typicd efficiencies for
linea power suppiesare around 20% to 40% (Paul, 477). Newer types of power suppi es, such
as the switching power supdy that will be studedin the net sedion, aremuch moreefficientin
converting AC line voltagesinto DC sources.
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AC Signal (after power supply transformer) vs. Time
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Figure 17: lllustration of AC signal and redified (pulsating DC) signal.

Relative amplitude

11.5.2 Switched-M ode Power Supplies

As mentioned in the previous subsedion, linea power supdiesare both bulky andinefficient.
A different type of power supdy, the switched-mode power supdy, isboth moreefficient (60% to
90% efficiency vs. 20% to 40% for linea suppies) and lighter in weight thana typicd linea power
supdy. To boost theefficiency inlinea power supdies alot of transformer careisused to
prevent losses due to eddy currentsat 60 Hz (Paul, 477). A switched-mode power suppy, or
“switcher”, uses transformersthat need to operateat itsswitching frequency, which istypicaly
somewhere between 20 kHz and 100kHz. Losses dueto eddy currentsare not as large & these
frequencies, thus the transformer cores for switching power supdiesare smaller and lighter weight
than their linea power supdy counterparts.

There are many different kinds of spedfic switching power supgies, but wewill study only
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Figure 18: Schematic diagram of a buck regulator.

the simple concepts behind the operation of common supdies. To begin urderstandinghow a
switcher works, examine the circuit shown in Figure4. A DC voltage V. ismodulated by the
voltage signal at the gate of the MOSFET, V. Thesignal V, isasquare wave operating at a
period T and duty cycle ©/T. Figure 5 showsthe shape of thesignal Vv where the switching
frequency is 100kHz andthe duty cycleis 30%. Thusthe voltage V, has the same shape asthe
signal V, but has an amplitude of V.. By varying the duty cycle of V;, the average vaue of Vv,
varies between O volts for aduty cycle of 0% and V. for aduty cycle of 100%.

When the MOSFET isturned on, (when V isat its pe), the diode is reversed biased and the
cgpadtor beginsto charge. When V, fallsto 0 volts, the MOSFET turns off, the diode becomes
forward biased and conducts which beginsto discharge the capadtor. If the cgadtor valueis
chosen corredly, it will not completely discharge before the next period, when it resumes charging.
The shape of the resulting voltage waveform at theload, V, isshown in Figure5. By varying the
duty cycle of the MOSFET, the average or DCvadue of 'V, can ke controlled do that it maintains
aconstant level with variousloads attached. Thevoltage V, would normally be low passfiltered
to remove the triangular oscill ation about the average value

The reason that the switcher is anefficient power supgy is that little power is disspated in the
MOSFET whileit isin the on or off state. The mgjority of the energy wastedin the MOSFET
occurs during transition between high and low states. Contrast this with thelinea power supgdy,
where power can continuously be disspated in the regulator transistor.
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MOSFET gate input signal fora 100 kHz switching frequency
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Figure 19: MOSFET gate voltage and resistiveload voltagesfor thebucdk reguator
circuit.

Now that thebuck reguator circuit hasbeen studed to understand the kasics of aswitcher, let
us examine the simplified switching power supdy shown in Figure 6. The four diodes at the phase
and neutral power inputsto the supdy ad asafull wave redifier to produceapusating DC
waveform. Thecapdtor C; helps hold the peek of the waveform. The MOSFET' s gate input
signal, V., isagain asquare waveformwith aperiod T = 1/f wheref is the switching frequerncy
of the power suppy. Thesigna V effedively opensor closesthe connedion between the
primary side of the transformer and the capadtor C,. At the outpu of the sscondary of the
transformer, a stepped-down version of the square wave signal appeas with the average vaue
removed. The transformer core thus neals only to operate atthe switching frequency (20 kHz to
100kHz) and above (for the Farmonics due to the square sgnd) instead of at 60 Hz. The diodes
on the secondary side of the transformer redify the sgnd pas®d by the transformer, and alow
passfilter network smooths the signal such that the power supdy’s outputis close to DC.
Regulation of the DC output voltage under different loading conditionsis achieved by using a
feedbadk signal to change the duty cycle of V.

The reason that switching power supdiesareinherently larger contributors to conducted
emisgons than linea power supgiesis dueto the power MOSFET transitioning at the switching
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frequency. The switching frequency and its harmonics are well within the frequency band
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Figure 20: Schematic diagram of simple switching power supdy.

regulated for conducted emissons. Eledromagnetic erergy at this frequency and its harmanics
gets coupled badc onto the AC power cord of the product. The type of switching power supdy
that was studed hereis particularly prone to conducted emissons problems because the switching
element ison the primary side of the transformer, where it credesinterferencethat can couple
amost diredly to the power cord. Also, the MOSFET is switching a qusi-DC vaue of

120-y/2 = 170volts. Thusthe erergy thatis couped to the power cordis much hHgher in
amplitude than if the MOSFET was on the secondary side of atransformer, where it would be
switching a stepped-down voltage. A good power supdy fil terisneedel for any switching power
supdy to be able to passa conducted emissons reguatory test.
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11.6 Conducted | mmunity

As mentioned in the overview of thismodule, conducted immunity refersto a product’s
resili enceto eledromagnetic interference coupgedin through its AC power cord. Howewer, in
most cases, the angitude of the Sgnds that try to erter a product through its AC power cord ae
generally very small and are usually further reducel by the product’s power supdy andits power
suppy filter. Remember that the primary reason that conducted emissons are a problem isthat
eledromagnetic erergy findsits way to the power distribution network (ahouse, abuilding, etc.)
whereit isradiated and receved by another product.

Conducted immunity problems are primarily due to large variations or transients on the power
distribution network where the product recevesits power. Lightning, eledromagnetic pulses
(EMP) and power surgesare examplesof typesof eledromagnetc interference trat can couple to
aproduct diredly through its AC power cord. A well designed power supdy and power supply
filter will help aproduct increase its resilienceto some of these phenomena. However, some
phenomena such as an EMP from a nuclea bomb explosion are sporadic enough that designing
household devices to operate while withstanding possble interference from EMPsis not important.
The military isvery interested in their equipment working after anuclea blast. EMPs crede large
problems for both radiated immunity and conducted immunity.

One market in which conducted immunity is heavily tested isin the automotiveindustry. In an
automobile, eledromagnetic interference cancouple into (orout of, in the cae of conducted
emisgons) an eledronic module from its DC power lines, bus lines, and sensor lines. The
automobile industry tests their modules for their conducted immunity by injeding current over a
large frequency range on ead input line to the module. This occurs asthe module isturned on
and placed in conditions close to whereit would normdly operate. If themodue demonstrates
that it has problems operating properly with an inecied arrent ata cettain frequency, the module
is examined to seewhat can be changed such that it can operate properly if a current would
naturally enter the module under driving conditions.
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