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p SUMMARY

OBJECTIVE

Overall Projec t

improved cost-e t fect ivcncss an (he conversion and use or electrical energy by SSBN electronic
s~u stems . either through reduced cost , improved performance or both.

• 

‘ 

Identify and in ilute development of power electronic technologies which will provide

FY 78 Task

Determine the inlpa~t iii switching-regulator noise on sensitive circuits . including low.
trtqtic n~~ communicat Ion circuits Init iate an assessment of the costs and benefits of power-
1118 a typical SSBN subsystem ho r n  a dc source and switching-mode power supplies.

KISL ITS

~~ I Sistt~hing-mtsd t- poss er supplie.. ~an he compatib le with sensit ive receiver circuits.
• 

. l)csi~tns art’ ,isailablt’ t.’ curtail or contain electromagnetic interference (EMI)
• ~j iisetI t’~ t hi’ s~ it 5htn~ a~ t ion

St.itc-o t -th e -a rt sss it~hing-niode power supplies can be designed to meet the
new \a~s ( I ~~~ Iutni ts t u u r %llL-S1 l)—$IilA

4 A m a i u u l  hrcakthr~iugh an reducing I-MI is a recently developed topology for
sis it ~ II ing’mu uilc power supplics

s 
~~ lui u~~

t.rt’tf Sw t(u.iiing-miittt’ ~~~Ir~%t ’ r ( c f s  ~k~rcasc line re4.t1 f :~’a t Jon harmonics to
the cs te nt that the~ ~on’~r..e pow er I)c pnwered switching-mode converters eliminate rec-

• • lii i~ation harrns’nicst ‘ ( uurnp,ireit to  ilissip~t it’ pow ci supplies. hiss -is’lt~ge switching-mode power cup-
plies .u~ t i ps It’ss ‘.olunie . we i~th less . ~

u st less , and use lcss energy .

Rt(’OMMF?iI)~ TIO~ S

the conclusion that switching-m ode power supplies are compatible with sensitive
circuits eliminates a roadblock to the cand idate electrical power systems proposed in the
first task ‘I- Y ~~~

‘ i for this project, therefore, continuation of this study is recommended .
For the next phase the lollow ing task s are recommended

• I (‘ompktc the cost bene fit assessment oI using dc-input switching-mode power
supplies in a typical SSHN subsystem

~~ . Conceive a sy..tem design based on the cand idate electric power configurat ion
proposed in the first phase of this project , identifying components and subsystems that
need major development.

I
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INTRODUCTION

The work described in t his report a.. a foHow-on e ffort to a previous task reporled in

• NOSC rR j ’7  Revision A I The previous task looked at the present SSBN approach for con-
• version and use of electrical energy by electronic systems Problem areas were also examined

As alternatives, two basic cand idate systems were proposed t figure Ii. They are identical in
t hat switching-mode power supplies accepting high-voltage dc teither 160- or 270-V dcl are

• used for all power ~on%ersit~ti in the electronic s~ stein.. These switching-mode power sup.
• plies are smaller and lighter than consent ional 400-liz power supplies Each configuration

has a dc-link to provide conitinuity ~‘? pow er for critical loads

The configurations difler in that configuration I ( figure I I is designed for an SSBN
whose primary power source is tic , whereas configuration II is designed for an SSBN whose
pnmary power source i’. ac In addition to the switching regulator power supply ’s dc-to-dc
conversion stage , conliguralinina II requires an ac-to-d c power conversion stage , which can he

part itt either the electric power s~ stern iconfiguration h A t  or the electronic system (config-
uration (IHi

The proposed techno logy has a potentially high leverage b r  achieving the SSBN goals
ot lower late-cycle costs . improved pertormance . smaller sate , and less weight Potential
.iJvantages os-er the present approach also include lower initial cost - more efficient cooling.
lower power consumption , higher re liahni ily. and imprnised immunity to momenta ry power

interniptions the seve ral power electronic technological advances that are central to this

• ILECTRiCAL POWERSYSTEM EL€ CTROP4IC SVSTEM S

ELECTR ICAL ELECTRONiC I
SYSTEMS iNTER FACE + SWITCHING I

OC DC 
______________ 

REGULATOR
P R  R CIRCUITS
souRcE SUPPLY

h A l  
~~~~~ER 

N 
~~~TO OC 

F’ 
E G O ~

L 
DC LIP4k

I SWITCHING

fiB 
AC 

CONVERTER 
REGULATOR c.~cuim

I I SUPPLY

_ _ _ _ _ _  _ _ _ _ _ _  _ _ _ _ _ _  I _ _ _ _ _ _

Figure I Candidate systems

1K I ‘Revts~on A. “Pnwer Electronics Technology Applications for Fut,ne SSBNs (UI. ” by
I Fotiti and I- kamm. 1 June 1’~Th
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approach could he henelicial to tuture SS1INs whether or not alt ern ativ es I. IIA or 1W are
selected

Ihe results ot the preceding task led to the recommendation that a study of these
• pro posed alternati v es be continu ed to  the point w here suffic ient information for a decision

is avaiLibk the recommend ations included key questions to he resolved and acti v iti e s to be
performed . I w o of t h ese  ke~ reciammcndjtions art- the has is for t h e  w ork descr ibed herein.

• Ihe~ are as iollows

I h)etermme the impact ot ~w itching-regulator nainise on sensitivC circuits , including
low—f ri ~tuent -v eoniniuni~ation ci rc ui ts

2. tkte rnaiine the ost and bent- f i t  to a t~ pical elect ri~rai ~ ..y..tem that would he
obtained hv pow ering it from a tic source and swit t -hiiag-regulj tor power supply -

He~ause adserse bindings in rcconmaend. itioii I could totaIl~ macgate the approach , at
k’.ist b r  ~* i i i ie electronic ..~ sit-na.., .in~l because the result , would hc applicable to present
programs , 1t’~ i,mmen~Iat ,~~‘ ii I w as mit ij ll~ ruts it ’d

I or reitirnmendation 1. wo rk w .is w it iated hut not com pleted • Yet to he pursu ed is

i he I ollow ing recommt ’nda 11011

3 . Ui ir ~~ ci sc .i ss stC i f l  des ie~a - idt-nt i ts i n c  components and subsystems that need
mnalor developnic-nt

ELECTRIC 4L 50151 IN S%% hT( ’HIN(.-RF(,L’LATORS

-‘ rflJJiit ~~ ~rt coming i t t  555 ii ,h mug ‘regulator t cdi ft d~ ~gv is t hat it i~ a ~-ornple~ te ch—
niiltsg~ tha t appears to h~- simpler 111.111 it ,i~ I hl.ill\ is Hi- c ause u t  ibis appar ent s implici ty ,
misj ud gments . m e  pit-s ,iknt in thc desig n .iriul .ipplk .it ion it t switching-mode power supplies
h5 the uninit ,.ited ngint’t’r Sits, here 55 .is this niii~rc es ident than in the early days of
sw-mtch mng-m~’d e power supplies s’. hera tlesign.. w ere made w it bout regard for noise prevent ion
and red uction techniques

In the past few ~ ea rs , however the inherent .it t s .intagcs tespec ia llv high efficiency I
i i ?  sw itching-musIc technology li i i power supplies have spurred advances in compone nt
design i to limit t Ik - .iise su ’~a i ccs )  and design techniques to curtail noise coupling to the
niulsile w.trld . the result is much less electr o magnetic inte rference (EMIt . Furthermore ,
because the more e f f i t - ’ e nit power suppli es may require less than half as much source power .
a welkleqgned .i~ input switching-mod e pow er supp ly can resLilt in less I-MI than a compara-
ble less ef fi ci ent ac input dissipative -type power supply usunce all 60- or 400-Hz ac-to.dc
rectifiers emit ama IMl spectrum reaching beyond the commonly used 20-kIlz switching-mode
lrt ’u inmcu c v I

Tnt ex pla in how power supply noisc is generated , it is helpful first to comment upon
the operation of dissipative and switching -mod e power supp lie, and the differences betwe e n
them these differences and power supply functions in general are discussed in the follow ing
section

4
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POWER SUPPLY FUNCTIONS

A power suppl y is essentially a buffer circuit that matches a load to its power source.
Ideally, for a load compatible with f he ~turce, the power supply function would be served
merely h~ interconnecting w ires. t’sua lly the power supp ly function is more complex, req uir-
ing eonse rs iomm and regu lat io n of various electr ical characteristics.

Pow -er supply regul ator c irc u its and power conversion circuits can be either dissipative
or no nd mssi pati se. l ) isc i pat mse regulators regul ate h~ v ary ing the amount of power they diss i-
pate For example , figure 2a depicts a series regulator in w hich the se ries pass element is indi-
cated as a varij hk resistor , a functional representation The worst wattage conditions occur
at high-input line voltage and low-output v olt age. The und ehivered power is conver ted to
heat and removed by a cooling system One type ol nondi cc ipativ e regul ator commonly
used is a switching regul ator that regulates by varying t he amount of power it lets th rough
during a sw itching cycle. This is done by s.irying the relative ON time of the switch ( figure
1Bt Power is not jhsorh~ sf . Pow-er “losses ” (cons-cision to wasted heat t are caused by less
than ideal ~tumponents Sw itching is usually in the 10- to lOO—khli range , althoug h higher
t req uen.. ic’. are sta rting to he used I his technology can provide power convers ion eqUip-
iflt’flt that is indcpt’ ndeni i t t powerlmnt ’ I requen..s

u~iEs PAsS
ILININT

ill /

~~~~~~ MFJ
(a) SERIES PASS REGULATOR

SWiTC H I.

~~~~~~~~~~~i 

~~~~~~~~~ 
~
iLOAD

- - COMMUTATING • c1 ________
(b) ~~ ITCHING MODE REGULATO R

Figure Simplified diagrams nif typ ical series pass and twilt-taing mode regulators

1 _ 
- 
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Regard less s it  w bet tier a dissipati ve or sw-it ching-naodc regulator is used, conversion
from .ic ii i w ill generate I- %t I d tie t o th at’ rect it mcal ion process If ni-c t if kat ion is not
required ,ms iii a d~ electric a l power s~ ste in - then this ‘.ource iii predomninantl~ low frequency
1-MI does not t’ ‘tis t Sw itching-naotk power supplies match the requirements i ii tic power
s~ stems because iso latioma can readily he achieved wi t h .i transformer at the switching fre-
quenc~ wh ereas a smru p li’ isolation solution does not C s is t if di s ’opat ive power supplies are
used in d sy stems \ Ithough there art ’ ost ’rlapping frequencies , switching regulators , due to
the swi tc hing act ion, art’ potential generators t u f  IMI  iaoi’.e at  higher f req uencles than the
noise l1rusluc~’d l’~ it’., liii.. .itmoi i 

—

I ti e is pi ’ of sw it clung-muds’ iso w ci supph~ proposed in th is  p m ops ’~ I is called an off -
limit’ sss itcl iimag- taiusle 110w-er supply - Hf-line connotes th at  .‘.. powe r is immesiia teI~ rectif ied
li t d.. and power ~o nscr sioii is per I or iiis ’ iI at In Cii us’n., ii’.. w i ’ 11 ,i l’ 151,’ line f req tie ia.,-~ - there are •

tw o  t y p es  ot oIl -I mia..’ ‘.w it~ Iaing-niods’ pow en supplies duty -c~ cli’ ..onasi’ rt i’is and reMlnani
c t t ns er t e r ’ .  I he du t% -~s ..k ts pe regulates l’~ \, i r\ i nag the ratio ol sw itch ON time to OFF
t ims’ Ii i~ the ~tne usuj ll~ i e lt ’rrcs l to .is .1 sw it .. hing— nauste rt-gul,ittt r ,mnd is t he one discussed
i ra I h~’ pr..-~ ed nag par.mgn aph .is J 

~ 
t ts ’ ma t ia I ge mii’r.ititr of I Ml I ha..’ tCsi unant ty pe in one version

reg ulates b’~ s .ir~ ing t hi’ r~’pe t it ~ t na nat ..’ itb te stilt n u t  ptilsn,’~ -\ ft ut t u . .’i s ersion regulates tt~ con—
st ru..t ing 155 t ph.i st ’ -sl iil t est  si h ‘.5 , I ’ . s’ s f i n  urn set it’s of r..’sttn,in I pulses ,und sectori a l ly adding
them in .ini i~~tLituo n I r ins i  .n ttn ~-~ ~ s,ilu.,’ na t it iturt ’ ..t Iu~~I~ sersions ..t rt ’s t tma j nt  . ,ut nst’ r t s — rs is
minim,il 1 i n e t t - t r . .- q t t ~- ia., I MI due i ,  t lit’ t iii~- r nuag tu t  t Ine rt’Mt n, mmli it .. n it 1 Iit’ii It’atures make
them it t r i .  ii’ .s- b r  lii..’ htc h..- r 1 ttI %i Cl , iu tsb or fi igiat so liagi’ ~t ’ mas i ’ r t e rs  ~inst ’ o f f ’ lmne
s ’ . S u t . ,  h n - ac iii. td~ 15u55 e m supp lics t s t ~ i~ .InI ~ 

-
~ \ di- iaauu s lnml a t i u t n i t .. t tat ’ w o rst  ~ase insotar a,

I MI is .,,u n5s ’ r nas ’d b i t . .- rCst ‘t t h i s  n..- por t deals w i th  the dots -
~~~~ di - t ’~ p..’ pow er suippl~

RF, CIIFK \IION 50151 IN ~
( -TO-l)( PO%%I- R SUPPLIES

I n e u f . .  di ~‘ t s t s  the - n hI C.. n.,’5 h f  iCr ,ttii r iiu umil~ t mst’d b u t t  th ree—pha ’~’ inputs lIt..’
t r . i ra s f , u r r n . .’r . req un ci t u t i  J is sip. t b i5t~ ~ t’%5 Ci stl lt lt lh’~. is u t p t i t t f l . i I  for ‘.w i t .. h ing—nau tt ..’ pow -er

i . . s  ~i ia5 c isuul,i n - -
~ i’. ni ‘ uc  • us i i it e.. u s . .’ Is i. i i . ,’. ..- .t w ith ., t r a nsformer at the Iaigher

‘.55 i t s tiita ~ tr t ’qut’n..s

h i . .’ ICs t if is .it ion j~r ... i’ ss it’lsl s - • sour e s .1 ti. i inrau tffl~ erni ss int ma spi’ct r,i wIu..’h arc
sitritli i., ted •‘nn the input po’.st’r lint’s i.Iist ’ r i inag i b i s ’ siiauMtid ,Il u npu b i [he first .mntI na.ituir
s,~ u ii5t ~ sterns f r i t r i ) t t i t ’ i~ n n i n r i..- ,ir it ’., t i l t . .  ,i t I t •i t t lSr . t l t  iota ‘1 the hasi., .i., sinuistt idal function
\ ‘.rep f umnc t ion iii - sI n it .1w

•
~ urten I w .~~ t’f it i rn res ults I lie se.. on..t noise spectrum is

, i i t s . ,- s i  l’s ent’rg% slurs-il, in the ls’.tk,igc r.,’,i., I .ini.. C t ‘f that ’ .,ir.. ti nt . na.. hiding the t ransl o rmer
‘nd irs , during r..’~ t u i  icr 1 u i r n -~ iii \~ .i r..’ simlt  , spiks’s ,utt ’ siupc ri mn pose~l on the h,is ic s tair-

ase was etut im

Nasit’ Wase f in rm

I tie ‘‘ ideal’’ lint’ ..tirr..’ri f 55.1% ~ltt rfli is show ma in f igul r t ’ 4 liii single ,mntl three—phase
rut e..’ r~- . r uin. .  ,ii tiara Red if icr’. opt’r.if ira g in fo I,iige m ad nd is e I i l t t ’ rs are called ideal becaus e

the d5 -line c iirr t’ naf tIfli’s not f luctuate Roth three-phase w .is efo rms contain identi cal har-
monics t i n  nu mber ,irad amplitude - see figure S h in t the phascs of the individual harmonics
dii not correspo nd. w latch explains the differences in the waveforms It sho u ld he noted that
the spectrum shi uiw ma ira figure ~ ,unj tlist-misse d here mn,iv he modified in some circuits by har-
monic currents generated From the magnetizing current of iron-core transtormers, and by
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~L 1L1i1fl1 f l h i i~ 1
HAR MONiC CURRENT NUMBER

I ~- - .- llj iniistnii.. . . tu u rc T~ u ..auuu.cJ - u i. ; .~~~st ituid~’e T i - 1 1 1

‘ ui ’ iaurm ,nl li , irninonti..s ’’ due bo ‘. ‘it .ig..’ inni i ’.il,ina..e in ttnnt ’..’-rh,ise ‘.5 sterns arid sat lier t’ f f e . . t s
\ mitt ..’ i.idn..,il change ira tIit ’ ‘‘ tdc.il ’ ’  sp..’ .. t r imi - ‘ ..-.uu’ . ii tint ’ input f i l t e r s  ,ire ..-a padilis-e w tamc h
.mt ist’s I lie l u w  ci ~‘i !  ..-t ti .irmn i~uai. , s to ,t.. rC,i’.c ira magnait i i .,tt’ and I he laig?at’r’u n ..Ier sines to

nu - .tst ’ ira nri.iCiiit t i s t s ’ Il.urniniuii.. 1,r ,t ’k’nn’. at ..’ ~‘\ t..  u-n h ntcd I’t’..,t s~ 
lower-o rder harmonics

i..- mano r..’ ti nib , tilt I • t ilt..- r I na..t nd se i iput It c r .  I her et • ‘n .. . i r e  prt’ft ’ri ..‘..l I .ipa..if is . .’

nua pri t I i l ter s I i  u s ’  p u s c ;  suippli..’’.

I ‘u’n 1 . 1  l,irge mu lti u . I ‘ f u t t e r ’ . t i e  “.% .ise ’..hape is ii. ‘t j /t’ru u rise tim..- step hut mutt’
lik..’ - i t i n ;’..’. •ud I las’ Is p i .. i • 1 Ic ii r i’...t n ina ..’ is ‘ 1 t lit’ it r dt’i • ‘I •nt ill t w o  m icrosecond s
wi t  hunt -i I r . irasf i t t mci - ans i ,il’l’r. ‘s nnn ii el s ,~(H I ‘i tt.. r . ‘st’..i’ iads w i t  In .i transformer ( I he leakage
iua.. f u m.. .iunct ’ sIn u’.~ s 5low ia h i t ’ ri~t’ i i .ill u t l i l ac Si Hot Ii w it Ia ,n nad ss nthoul a t ranslormer , t he hasi ..

ti lT t ’ul t V. .i% C lo t  ills can i’c ,ippi. t ~m raa.ite J h~ a t r,I1ut’luiislJI w i’. ..‘iorm ‘ I’he l:ourit.r transfor~
nnaatn i’ n f r . ’ naa (n ina ..~ t ’  inu ’.lii..’n.. s slt u uia.i i ia is g u s cit in -~ppt’n..ins -\ w haer . .’m n the rationale ~ur
repr..’se rat iuag t hat ’ w ,is..’forna is  ,i tr,i1’ut’Ioid is its . ’ gist’na -‘ It lauuigh t h e  muasi ns ust uial trequenc-y
spt’ctl,i ,ire di h f elt ’ rat , f iat ’ t’nas-e lu’pe s of na.i ~mauirt a ,inaplmt tit les ire identical Intl both the real
and ,ipprox nun.iteti ss .ist ’t ’’r nas

lb ..- cur ses ira f i g u r es  it •i nit are plot s i t t  th us envelop..’ liar lu l l-wave bridge rectifiers
wi t  In i llst without tra rasfornie rs for (tO- ,iuad 4(X )- li , fundamentals normalized l i t one ampere.
5. ‘te t hat I’ tr - i slow er rise time w it ta t rauas lor mer I the 41 1.1 H-per-decade ..l rop—oul starts at a
hiss er t r ,’. lt i . .’ ra. , ~ I -‘~

t r 1w tact.. ’ It i’ . the rise time i .

51 )S( TI) 1( 1 -- Rc.I u i. . t i n .1 Shiph*t~ird 4OOlI~ Pow en Requn itc naenms. ” hs I kamm and J I-nu ll? ,
l .Mas in~~i t nu ’ .er cnu ’, ii Pennssls~nu,i 1c~hnkaI Repuimi ‘i  “Modeling ‘n Harmonics ian Power Sy si c ’ms. ” by K Psi.
Show-er ; ,intt ( P kocher . Ma~ I Q”’ lpt t~~red t , .r S sVSI %
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I- igur..’ ~ ‘J it tw s t lI~ ,i~ t ual ‘.t as..’ form Itkel~ t i n  he encountered in (ra ns t otme r- rect it net
u..u i t s  I hi..’ round m ua g and a. nun - i..’ t i n  list’ f .ihl ‘times cI t e c b s  .ur ise I toni t tae transfu rn iaer m d  u~-t —

an.. e ~spuLc~ resulting m u m  ..titatk tuirua-ut i I are also depicted

Spike 1-InL~si(ut l Spectrum

I lit’ spi kes m a  I ug iii..’ S iaaj ~ 1 ‘e -i 1a ;a n .‘s innlat ..’..I l’~ cut tier a I raiac/oij it : a ‘runagu rag ’’
s pike l ine I .~ur ner t ransk t rhaa ..t t a i t r r n ~: 55asc (sit ta ; us g ut en and pl..’t test in ‘~ppemnd is A
i t  uutr ..- ‘\ ‘I Ii I he I i . .’ ..; ue;t .. s ‘.1”’ Ii tuna ..‘rlse htspe t’~ ti ul~it s a peak and lien tIe.. rt’asc s at 41) JH

I ‘n ~‘ri . t g..’ u..’..Iif t e n s  t in..’ pea k usu,ill~ . , , i t m s  i’t’twe ..’ua ~ t i  khlz .uta.I ,~ ~Ih hf [ti e ..uir-
n ‘ t i  I s ;’t k Cs •,i LIst - ut - -s s..’ - .n. . I ii s us ~i..t ~c g ..- ieu t~s s t , t iag..’ laeuu a~ uiate rrup te d k’~ tIne simod e (turn-
:ie t i l t  at . .’ ni t . i i..’ ;t iu it ‘nra.. esl w ihh i  a fans bo rua ae r ~s. ‘r u e ‘ spik n a g - . is sti ll l’nt ’”t’ nat w it litnut a

tran ist uir ruler .1 s it’ t . ’ Inp Ut ‘.t i tail ~ itst’n aanl.. ..’ et Ic.. Is

Prnubk’ni s (‘crated bs Recti f ier ~~oisc

I he t i t . i i f l  u’ t t u _  ‘1 !t.un ii ’ ~t j . , . ? . .‘ t I  inn .ini ,u.. s% s t e i f l  us . . ln st i t t t i i i ua ol t ine .i.. s-oltage
‘.s . i s . . bs n inun t h r  -~ ..‘h t h e  s. ’un.,e ,utl..t .. l t’it t ’- t ~~ i t ~ s\ s t u n t  it rape. t . u ia.. . .- I Ii..’ d isI ti ted w ase l iurm .
in ruin ..an ..juis..’ pr. .t’ I..’nn i ’ . in ;‘.‘ ‘ -i I’. . .h t ’ s I~~f ls’ ,I eli - .. h r ‘t in .. s—.;ui p ra a etat , iii.. r..’.t’.t’.l p055 ci losse s
iii ‘ii ’t ’ ;s  .nn.1 i’tti~ r ‘‘i~t .’n..’t i . .  .t t ’ ’ . i . . . .’ s rc.ht.. ed t , ’ T ~~ u is ’ in la igi a—t ’ t t k u e u a c s  int lut.. tio;n ‘aa .I,im ’..
.inj t’\-, tt .it i , ’;i ‘ 7  iui,t..’s i i iH~ S . r . i t i ~ ’u i rii t..l..’~ t hr .i tgt i  u i . . .. I r ic. i h ’ un at ’ cha j nau. . , u i . .o u p lut a g s ‘t - uir~
h - tm . ’;-.- -t • t l s I ’rt..- I  us .t s’ ,’ !- r t ’i c.ira .i .7 ~~ j . . l n i s u i i~ soUI ,(’ f . i  suh ina.ur in . .  ha u i ll cur rents  i ,.r

ic ~~ ‘ r..’ ,i ‘us It’ ..t’ ntIs ut ’S s..~,t  
~;~~

‘ , i t .  i t t ’  is  ;~l,u .. t’ a . ‘pt’r..’t’nit limit t a ut the amplitude i t t  ,in%
LII if l0 t l t . .  II i u n t  I Cu ts’ ~ sh. ‘us s Iii..’ ns ’ l . i tuntr ast a ip ~ I Inc -pe r ....- i I  limit I.’ tine harmonics

e..’ta~’r ,it..’..t ‘u ftc nnsunaaal sus ; ‘ t t t - .~- 1t ~~..’.’ t e . . I t ~~tt ’? 1 1 . 1 1 1 1  i’.t’it iii ii)u ’s t  . h . .  tr im.. s%’ s t t ’ f l as t hat
,iit’ ~“ ‘‘ .t..r ’.~ ~r~~~’t .t t h r e e  ;‘h.ts..- ‘.0111.5’ I th . .  ..pt ’ . . i t i  , t t t t limit us much t i g t a t . .’m than can he
int’l l’’u s~~ ~ iiisu ’ T i .  7 t h , n t -  I

I-igiirc ~5 I sj’i. .i~ it’ ’ phase ., iTt..’f~t tut’t, ’ lltl ‘I a .~ phaw
t nanst. ’t , 1uc~ It’.. Il ’tCi tit~~Cl inippI~

II)
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I tie approaches used to red sice harmonics include 12 - or 24-p ut~ tech if i ..at uo fl , lia r’
m u t u a l . .  (raps , and low -pass f i l lers 5ev. iinprosett approaches4-~ ~ are being worked on hut
have flint % et h~ena cnt nnipI~tcl~ tiesebipe d I hie~ all take ati v antage ..t l sw-itching-mode
tec tinoIog~

Hete rena~t’ 4 prop oses an a.. - t .. t - ~I.. conserWI in w bus h the re~t uI ied w ,usettn rm us..-hurpcd ,iuid pulse-w hIt ta” .stntrotle ..I hi’ inn p ro s e tha e line ..urrena l w avef uuui Referenc e S
It ’ s.. t i l t’ ’, a sw it .. hing-na ttte s~ sten a m a  w fait h a t i n t i s % t~)-tl , linac is fed into a handpass (‘mIter

m it t CtllCr)~es ckan I tans s’ u s I..’iil renns ’st ’s so ltj ge surges as well as tUrfl lofli .. s In both refer-
cnn.. t”. the s t a t s ’n ae rat is ini.i..te that the h ig h ~hoppc r t req ucn..-~ u ~ 21.) kIIi ii ; easily removed

-i low -pass t ul t ..’r s itulapa r ..‘d l.a nu ’ ‘ me l if t  icuit f i l te ring rt—q u i red at tow re..’t il icatuon
7 T e l  t..~t t . .  t i’

5. ; . .- 
- Ii 11. 1 11..’ 1,’’. el j ’ i~d t i t t . t t ’i 5.r r ’ is s

~
s - -.. ns .i p u rc’ f ert’n..t’ i i i  m a y  be the most prt a rn —

s i C  -i ri” ’ -’~ 
Ii It list’s t hres’ para l$t’I ~l i l  nc ‘.w it ~iai ing ’ nassie ~ow s-i supplies w hose outpuf’.

are t i c .  t • ‘ e..’ t I t s ’; I - ‘ I ‘r ui a si t t ~ l.. d.. - u i !  t ’ I! I nit’ in pu t S 41t’ ..lt’iits-tl f rom itaree se parate d iod e
‘~ r t,lgu ’s that appear - i s l iLt i, c i  singit’ ptij ’si’ toads I-  - f l it ’  pt’ssc r s~ stCtfl I tie input impedance
i i?  ti~ - i t t  lint ’ - ‘ is e n t e r s  are i nati t ’ I - ‘ .i1af~ ar  ~ s i s i st Since single-phase rr..t i lucati on into a
rt’-,ist is c’ h.t .i,j prt ’ti ii.. t’ s ii. in ;  on. ‘n I, lint ’ n- ietha. si r u -Ju ts— s Ii,ir ualntn1 n~s l it tile 3.~,er~-ent limit
..“~ 

t i ;  t ’ms-tl w i!~ ta, ’ hi In r i  tg I t ie race d - -r t i m  ce sm all ‘‘.5 i l .. l ung  niindt’ dOflss - rters in place
‘i - ‘ t i c  large ‘ i t s ’ ‘‘‘ is I;’;’.- .m t o  I~~ ~ it  ~.s - 

~~ t i .w , ’ ’ . u- m  1 iii,n t i %  .upplu..alisnns it may he an
r ~c It ~‘r ‘s .. ‘ ‘ s ,i naeth - ’.I ‘I L I , lsIi i ~ ’ ; - u u . . t  ul i ‘ ! I t , u t itt ught tt t hc rw ise inc limited

‘n ip .  ‘t i c  nts .iit5t ..an be t s t u t  l . n  itt, Tt ’4’iil I~ ~
‘ , - us..  1 s u ;’ 1’l ’ . r ct iat ’uIiI~ l’s red undanc~- ihe

f ,milui rt’ - ‘I .‘flt’ ~~~~ Ct s t l ’ t ’ iS ! i  . . . . C s  the - - t i t  put ...n ~ -n - i i t s  ‘ - n ’nae r laud and unhahana..-es the
I. ‘ n d  ;‘ rs - sen t..’~I I- - the 

~ 
‘w.-I s~ s t e  mu St ‘t .. c -i is s i  ic Ic r,tw en s t i t ’ i ’ t ’ .  is a small knad ..-ompared

I -  the t . ’ t n i  pat s s t i  s ’ u s l i m  .,i I’ , i . . i t t  , I l i t  t i n s  t i n ’  55  s h u T  , t f t ’,I

Impact of (a ndmdate Suhssstrnis tin ac-futil e Rectifier ‘~n,e~

I ii..’ ;‘r ’p. se..t ~~~~~~~~~ ~? .. i tt I i t  t - ~’ t u r - c I e l i i i t i i i . ,t . .- s th is ’ Iaartr a. tu ai . .  urrent rrohl..— n-n alto—
:t’the r  S I A ’ S\ ~t e m n  Ii s ha t i  I s  that ’ harnn - nau ~ pm hit -ui o t t ! ‘‘f ..‘,i..Ja ura ~f i’ .  ,d~t,il t’k.. t r onn u..  s%’stem

- t I ’ ‘ne - a l int  it e.I t i L l  nihct - pu u nu at 5 nfl I lie pi ‘we ; o st e ui I he h i amni ao n nc magnit odes , how- .
- w il l t’e ..Iccre,mscd i, - ,u i tsc bias- n i ‘me e l f  i.. ten t os nt ..ta ing regulator pow em suppls w ill stra w-

less .,urtt ’nt ira , ! ...‘m rcsp - ‘n.j mgI’. l.’w er iaar runt ’ni.. , ima nph ituttt ’ s It tha t ’ low -fre q uenc y h ans -
- ‘tuner is  elirniri.itt ’ I t hi- t i  liii’ hj iti.. i l l  ui - ran ,  eta ’ . t’l.’pi.’ s pi’ , I m t tua a w ill ~tnf decrease as rapisll~-

II i C t i n t ’ s it .in.t I !‘uT h i g h -  I re.~ u t.. it .s ‘‘ sruk Inn.’ 
- ‘ ta.irmora i s ’ .  w ill si t ’ , tease i~s-eause the magnet ncs

.inaphmI~ the spikes

SWIT(’HIN6-FRI~QUtMi NOISE Is  ( 5.SI)II)AIt SYSTEMS

‘5.11 three proposed da ndkla t e s~ stems u figure I n  are potential gener ators of switching-
‘t e l iut ’n, ~ f unnd,inaat ’ int .u l in~i harmonics as a resu lt it the sw it chin g action l’ hns so urce of

u ! .n- - s,i I - ~4u’ni nrai du i K a, I Mi’. ann - ‘. , “ k~ Pulse V. m,jth I ‘nut. .Ik- ..l &( to IX ( ita s-enten to  Improve
Power I ~ , m ”  snii V.as’s’tnnm -n kC L ine (wr,nt,” pape r prese nted III thc il- I- I International Senisconduc-
m. ‘o Power ( ,‘n ’ .s-mte; ( .‘ n f e ren ..e ()tIand,u Fl,nni..Ia . 2” Mart  It I ~~ “‘

~5prnhanis , II .
~ - Kow ers . I ( and Kr,.ntk ’.. J I “An A~tna’ e Powem Kandpas; I- mite r . Solid-Stair Power
5. o14 , 5.’ 4 , pp l4~2l Jul~ August ~‘rs

‘t’urkn’ Fkctr ” nni~’ Rep trt K’ s ~M . “1 ‘1KW (
~eneral Purpose Power Conditioner Uu-rquenc% daange;) Final

Repitmi -%( 1$ Section ,” 1 .o imua ,. t DAAK ’t l - ‘-( .I’Ifl ,i’1• April IO ’lt
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uln t ist’ is mi , t t prese n t in d issipative pow-er suppLies aLthough, .us pies ItIUsl~ discussed, compara-
nit t ise I res t uela,-it ’s ,ire prt ’ st’nat from .i, - is a -s i . .  rs ’ .,_ f i t  i . . j h i t n nl  ‘rhe naamn noise sources of

‘ .wnt.. hung lrequenc~ arid its )a.irnlt’ulic’. are t h e  swi tc h ing transistor hu h t tm ~ r ustor l  and the
na t uir na uu tat nag diode I- igu t’ ~ s h o w s a simplified buck -sw itching regulator using a power

t rati sis t o m ,is thie sw nt~ ta inag ekn aema t - I Igun~’ 1(1 depicts the transistor ~urrent  waveform for
t hat’ bu~k ‘s55 it ..hinag regulator in hiatt s- saint inn uous riaon,tc l ime basic w-jvef’orm s ,un,’ given in
\~‘.pt’nitIi~ H liar tine bu.. K .iuiul other t ype s t a t  s55 itc hu inig regulators, lIne buc k waveform was
st’leciesl has’s-just’ it represents the nanas iinnunn hm m ae ’ t ’tandu..-tcd I-MI conapared to other types of
sw itc hing regulators i the t t un ti st ms -su i ts inn less 1 5.11 anid tIne buck-boost results in the same E~MI
js  that ’ 1w, K n Sups’rmmnpost’d on th a t ’ l’.isi.. tra nsistor w as-efo rm us a turn-sun spike .,aused I-ny th e
,Ii.’sI..’ T s ’ci ’’...’r~ current .nlso sh11t55 ii inn f igure l i i i

Ilasit- %~asebortmn

I In..’ h,nsi.. s ’ .s itc h in g w .i’.t’ t . t r in n iss it hnn i ti t ~.. i ns islt - r uu i g  t hat’ diiad t’ .n.. t un a m is sl itaw n in
I g ti u~- I I w hit- rt - I i s  t I n s’ period I ’ m  Inn ..’ .. ..lt’ i ~ i I ~sss’, ior () Liii i -5. ru~ ’ tune , t~ , f or (lit’
t n , In as j s t t ’ r  is j Iso show ma i t , ’ ;  s u mn np i i .. i f ’ . it 5 5 j s  ti. ’I ,Jnsnv. ii u n  f i g ur e I t t  u Ktss’ t u aaes w ill s a ns
ss it In dill s’ reuat tm .uir ’ uisI , , n s  5. i,ist risk ’ t n m n as ’ w ill sh t ’c rs ’ .ise ti t ’j t lttsss’s nnmi tr t’ si Ii, is-mat I taut will
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increase-si cur-rent and , ttncre f ’ore , tIne predicted noise kvels remain below- the tela xed Ls mds
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,iIs nil_ i t i t a ns am s’nt ’ ps’r liar nnn s-~i t . ‘ 5 te ts ’m inn ills’ ‘.s’ p.ur.n t ii ‘in st is t aunt s’s req ~ is-~sl to pu-event inte rfe r—

t’nn s ..‘ 4 fn ’ m ,u r u in g . .’ nt s;, nnn.Lirtt \ ,is\ cahI s-s , I he imitt-nlere macc s - rn ts’rion included a
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where ~ 
us the permeability amid I us the current and

B ~ M’~
1 2 wr t s a r  r ~ d.

Tw isted-Pa ir Model line naims unnuni titus sIemnsu t~ rj du .nted tr o m an a tw isted—pair cable of
pitch p amnd con d ucto r sepa rul us an n d , a siustm nce r ,uw.n~ is gn at - mn h~ Mose r and Spencer.12
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pair line t. ‘ that of a pur.uhls-I wi re I nine .is ,u I u uumc t u m ’ nn i ‘I I p t h i n s  ra t no maa a~ be used to estimate
tine na,nsitnnum f ius deun snt ~ from a t as is Is-s i j-a.nnm linac

Basest m au l this- prs-cesti ng t hnem a retn..’j I as m a r k i n s - I s-re in .. s-s II amnsi I ~ u . ~
tn ,S(- has prepared

tab les m a f th is de nsi ty  at ‘n ,uliOt is s iis t afli ,C’ . t r ta m ~ s l ansl ,ur t t \ as~ ..ahls -s I -
~ I)ata from these

tab les for sw-utclnnnag-regtulit or-nnoisc Iest’Is were tn’.t’tl ,Is maine unnput to calculate the cable spacing
req t iuren nents receiv er s nus c e p tuhuin t ~ .. i .n ta was  t lie m at her nuiput I

Rs -pr t ’ s ennt .i t is e R,uti i,it n mn g ( ‘,ni’ Is- I s a tin t i l t  iert ’nnl si/t’s n a t  I ~ pt’s I S( I. - t inr ee—..‘onsluctnar ) mind I)S( it  - ( tam ,t ,. ‘tad ti,I or i ps aw s’rI~~s- .nb les 14 . 1 ~ w ere se lected us represeinta-
I use ,ml’k’ s r,td i.ul  t u g  n n u s n m a n s u n n n  unnagns ’ tu~ twI st s s’ nn, m a t i nnts - rs’..I in lIne prsasimit\ mat reccis-ing
cab les . It am -as ,i’isut’ns-sI ent ln ..’r t am . ‘ -  or I I irs -s -—t s a nd ii, l v i  ..,nhI5’ 4 n nn ms im n l uum nn I .000 st ahl i would he
Is- etti ma g t~ pk,ul ..- I..’L t m n a mnu ,  sui’s~ s ts - i ’ as SIll - “n I l ) -  ~~~~~ - ‘is- .. ii. ‘it I t i  - 

I t~ specifies pre fer-red
shipho~rsI power ,n’ . t ir ig rou ind ed sklt .i 440 5. ’ t his-m’- phniss’, iafl h i .  (therefo re , the largest
cubIt’ required is  I (X)0-s alt s 1

(ab k SusceptibiIit~ I Ins- s m a I t . ig s- m ast in, s’tt ill ,i ,.uI ’Is’ l’~s a rnag un eti c field 13 is conn -
put s -st l’s I’ .ui , is t .i~ 

‘ s l.uw

V -
~ ~icv dl = .~~f ‘5.13.

where
AR is tine total nnagtis-In~ finns linking this - eifectivc area ’S i - a t the cable ,

Mt-mscr , I R anti Spencer . K I- . “Pmc’ tIn~inng the Magnctis I is- Isi s tnn .uni a 1w -named-Pain (‘ahk .” Il-I- h Tran s .
a~IIsamas ‘na Flc~ tromagne t m’.. (‘ompalihuinta , \‘.‘l I S I C - h O. 5.’ 3, .ScpIem nabe m l t ~ -atm . pp ~2 4 —32 ~I Fn~lnasure Ill u~ St S( him w m ‘ -14-31, Standard \~~m s Twisted Wire Cable Data , Januar - 1977 , prepared
las (‘m anIc 344 , ‘‘.,isal (‘ nskn-wiue n ‘a~ ci..’nac Center . S~w I .‘ui i’ un (“1.

I 4Depantmnent in? the Sass  ~IiIut.irs Spei.ulun.at nm an MIE-(’ -Q I SI- . (‘able and ( .am s l Ekct rKa l , fsmr Shipboard
s e ( ’.enemal Spc~ n li . .a u in nua I ’ m . Annendranc nnt- I. ~ April I ~~

I SL)epantmeni n- a t t Ime Says . NAVSEA 0Q67.LP-2g4-~0lO, hlandhm aok of Submarine Electrornagnelk Shield’
ung Pu-au hcem. SesInian 6, Change 4 . 10 Y’~ovemhen IQ7~.

l6~~~~~~~ of lIne Na’.’. Milutan~ Standard MIL-STDI,~99, Section 103 , Inte rface Stand ard Ion Shipboard
S~sicnns. Elesiric Powen, Alternating ( unrcnI , I Decemben 1970
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B is the magnetic titus Jensit assumed t i n nt ’ormnn ove r A .

and

us time freq uen~ y at am hi ucti 5. is I.’ hs- calculated

the effect  is -c area depen ns is m ai n the c-ab le t r e f ’s -renc e II . lap, 3~ a — 3 S  I i- ta r a parallel
am urt’ linac s a t  lengt h I ansi se parut itam a d .

I-or a coas mal cable f le nagt ln I mus t e.. ..e i tt  nu . .  i ts S -

.t t as  ts test- pan r .ui’It’ , j gsaod .upprm asuInn.utus -ann Is’ the a s a l t .u gt ’ in-t i ~is’s-st us that induced in one
half ta m 1st so that tIne s - f t  s - , t mae .nrs ’.u t s ’ r  a ,- ala Is- ol pit 5’h ~ 

ans I sep.iratnonn tI as-otild he

5~~~~~~~
. nr ’ s t 2 i r 2 0~~~ f 5 i a si ,

as,ssuuning a sumntuss a ns ( mI ~ t v ’ t s - s t is’nn of th is- tact ica l ,ou~l u.. tor~ 
I 7

lam 5 a ...ibht’s as s- re ,tuo ’,en It’ is - p r e s s - m t  t’~ t rs - t ’ 1n s - m in t ine susceptibility range for typica l
\ .iss recensunng cab les Is pe 15W1’ t %pn f  is-s a less st uscs- ptuh’ ile s-al- a le (lw is led-w’nre i with an
equts’a k’nt art ’ .n I S of i t  o.* s in ~ uO 2° ~ I f) ”* Inn I I Ins- K( ~- 2 t 4 A  U . . t’,us n_ u i cable was
se lects - mt to reprs’st- nnt .i innginhs suss-ept ni- a le cable slns-s- it thus a large t’f te ,t  iss - .nrem of
o e~

’
~ inn 2 = 4 2 1  ‘ h r 4 

~~ (rt ’ ts ’ ns - in ,e l Lp  I ~li  ‘- a i t . . t’ 5. 2r1 SB. tin’ sc masut i a - i l ~ per
rnag mnt’t ic linus mlcm nsi t s c.nI..’ula t i’ s t i n  t’s-

V BliIRi = I IslHii\ ~s I ,uI 20 n,Ih, ts a r  Sin~,I tat t le

.nunt t

V ,I3tdI4 i  ~4..Il4pS’ MI .nt 741 khhi l ia r R (, ,’t.-t -5. 1 .. nasmml ,.ul’ls’

Ret’ri’.-cr Sensits ’. itic’s . “as ’ m ns nf ma i l s  m lm t u am ..’. , nI’ t ,ilfl(’ti t om r..’.. c i as - i s  operating nun SSBN
I mntcgratetl Rad uma Room ii K K i. v i  

,insi u-annar subss s t e nnn s iSt~s’ Append is I) liar some st’nsit iv-
t l’i ,,ansid t’r ,i lmom as . I he vt.uI .u i tn , h t ; m t s’s r io t s - ,  It’.l t u t  Ills’ ss - masnt n a i tS rt’qtuireflncnts as w e ll us
..urre’nn t ‘ ‘i tt’’.

I- ngturt’ I — ‘minnaw s tint’ rt’..s - ns Cr scnsntis itnes ‘ ‘I  llaosc tr s - m h n n e ia cs range’. w i t h i n  the noise
spectrtnm s - at the sam it.. tnnng- rcguulator pow-er supplies rhe most frequent l y  used sonar spec-
trum . betwee n ~ annsl hO I~ 11,. ia.i s t ine same scnsnl nai ls  .is tine frequency range shoWn i-nut is
below- the ‘.w it ..- hing-regtiLitor noise sped r urn

I nnvc rm its of Pt’nnsshania. M,.,nrt’ S tn...’I Rep.art So 1 - 2 ’ , I ea kage and Coupling mar Tm-anvn lssion Lanes
‘a Sh.’w-ers K SI - prepared i i  Na sal I k5 tr.’ni~ S.. suem’. (‘ snunamanisi. Te,hnital Report Sin 2Q , Contrac t

Nl ’%)i1~~I l ( -4 ) 10 3 , I~ Jun-c t ’~ ’I
I ~5,nan,,~m nap in t ..r iut uunaa ti uig (‘able Maguac’ui~ Shielding Requn mc’nnaentc prepared h~ I’ S Na~-’~ t inder-water

Sound l.aPana na tn a n~ (na ’w NI S ( t
1
~ RCA Spem ificalinan N.’ ~~66M00F (‘ode blent 4~~ ” l Specification Ion FBM Submarine Integrated Radio

Ronaman . I Slar~h I ‘-~~~aiWbe unnesi t.’r VII- mr..enae ns t he Rli~~t~4A t  t n-aasnal s-able is connected nniemnalh so that 11 acts like a
tw isted pa in and mu m %eutmi t ma lt ’ . u s  independent “I line length Thi s physica l connection cau~ s the large
effective area

20

-t
~~~

,__
~-~~ - —  - — -

~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
‘ — - - — -



p— 
~~~~~

— ~~~~~~~~~~~~~~~ --- - -—-------- -- -- -
~~~~

‘
~~~~~~~~~~~~~~~

‘_  - 
~~~~~~~~~~~~~~ 

- 
~~~~~~~~~~~ 

- — ‘
~~~~‘ 

-

r ---—- — rr-,.rn,- rn- -r

5 

-

~ 
- Hc~—-~~-.

> o - -- - ,-i~~- , - .-- - : , - - - - L~J
~
‘ .

~~~~~~~~
- w~~~-~~~~~ ~~~~

‘
~~

VL
~~~ 

- 
-

~~~~~~~~~~~~~~~~~~~~~~~~~ 

A/~~~~~

~~ Z.S,IAXIMUM PERMITTED INDUCED VQIT~~~1 ~
~~—.o ‘

~~- 
- 

- 
- 

. 
‘
. -.

k ~~~~~‘L kt’4~~ - - I ,‘t .i i Jj . i , l  L ~ - - .1 - g ~- J4bti’1s.

10 io2 io3 io~ i~6
FREQUENCY , kHz

I i s - a t . .- 17 Re. c s  cm sCut ’ .uu i’. mint ’’ .

Ii .. 241—’.i13 s. i t s - t S  l u .  I, ’r us iiss’,i i.’ - -  t ilt’ tn a ,usmn a aun nn ps’ n u an i t t i’d uunsluceni s-oltage as- ill
aa rs m a im —~s3 si R,..’ .ut III ~. II, t- — ,7 u t  thl ,A\  n t I i  HI Sil l, ml  u)~iLn t - I

Separatiuin I)istains-es ( ,n I.. i l i t  a - ‘: s am s - re pe rf na run le~t In’ .ts - t s- rmnannn s - tine untert ’erence—
I r..-e s..’pmra tuom n d is lam .. s-s m ..‘.

~ 
it 15 -J c l am s - s - rn I lit’ m s - p ress - tnt  .it iS t ’ r.ist n.u t inng pmaas s- n .j h hu,’s and tine

sus..-i’plihle recems er , .ni’ lt -s I is- Ian Is .i Its 4 ,1 - t , i  i l m a ’ s . n me gnse n nun Appentils 1 1 al-a lt’ I lusts the
rt ’s a l t  I .° ‘n..’ .n tm t l ’  i m r s n l  t i n s -  ls-’.s st’ m ns ul use t s pm’ . SWI -5. , n i ’ lm ’ s m mau ml. . t  mnt’ed Is a he fro ran 2 to
r. ~n, ins ’s ,iw .iS t r~’unn t ins’ pm’ am ’.nhnn nt - ..ts’1- as’:td ;i~ ,nI tins - r~’~’. 

sn s,uI ’ le -..uit ’ , .imntt - for .7(K) .umnlps , j
I (a—i nn5 ’hn ‘~n’p n r ntuiaml  mm m ’u uId h’s- ta s- s’.ls’d I - - m a . nt - , n mt n 4 ’  iur nt ’ m at - lint’ nuare si’ni ’ .mt is s -  R( ,-2~-a4 -5. (‘
,,ul’ lt- amn a u m l si  mnet’sl l .a 1s -  i i  l i i  m a , itt ’s ,it~~.t \  lm .m t m t int’ poamm’rhin ns - t t t ’ps’rnsf inng on t ine p.name m
...i hk’ s i lt’ , .unnsl I • ‘n .7 tH )  .irnps , .i 21 - h a.. in ‘.s-p.ur.ut m a n  as ‘aul.l s t mns - s’* t s - d \~ i slnieltiing was
.issuinns’d liii tins ~st ui , ulil ‘i ts

lIne IRK snuha’ .~-ctenn ..‘oui tj  ira’ . ,74 r,u ..k’. .‘I s-It’s-I ron is amasi suipp ar- t eq iuif’unent - Two ‘ a t
these r.nck s m ouse tine V I I- ,nmnd I I receim s-Is 4 inn s-ac m r.n ..k i and .u I m u d  rack houses the ill
.nmad 5.111: equipment i3 It’ss -m Ss-i ’ .) 1-ac m S I  I Ii- r.u .. I.. rs-s luirs-s It’s’. than 1 amps of (a041i
pow-e r ,iund , t iaeretore . sep.ir,nl m m  d mst .i nn.. s’s m at -~ to I ~ ins-his -s nnay I-ac required tahle I ) - How-
t ’ s s l  - tint ’ racks art ’ 2-I iunchns-s wide and the la rger t.ihle’m ,uns - umnlikels to be used Within the
r,i.. 4.., pow-cr wiring ... ir ra mug ls- ss t turrsrnt cam he pl.us’ed s hnase n In ’ line rt’cei’. ung cahics. lInus the
Is-m inuirs -mI se parat ion sl istan~’t”. .,re pr ,idtms m l am ili nnun tIne 5. II , II n.itks - -S s im ilar a na lysts for
t he rn t ill : rac k nntIi~ats - s t hat required separation st is t . u ua . . s’s art’ also practica l for tine cables
wit hin this r,itk

(‘aknilatim-ans were ‘ni’. needed at 2m ) 4sh I~ Pae~auisc 11w induced s.’htage m m  a iaiasimum at than Irequent s -

ISee Appenmims I- I~’r tine enmplanaa iunnn 1
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I aI’le I ( aNt’ sp.i.. i un~ ( m a preclud e ti nts- rI s- re nice f rt a mm n ml s-mm n p u i t  sam it climttg—rem.i ulatot’
tin-sbus-Isis-si p’ .aam s- r—s -j bls -s t ta ‘.Usct’~~t il-ale lt ’ ..t’i’. t’t ,ihls-s

~t’lnJiJl - - tv  I3c uamecm n i’m’we m
a mid Re..cus tu g t ables .

iii.. 1as ’ s

( tin ..’ h a  ‘s 1SIA -S ta pe  K( ,-2t4A -
I, it’4.’ I vim s- t v  I - R~ . ci ’. ii ~~ Kcceu’.inng
I a pm- iu imp s I ..hk ( able

1~-’.t.t I .
7

i on ft-au .1 III 4
—  _________ _______________

1 S( .( t~~i II’ —

i~~ l~’-.l .t 
, v l t t I - lt i l  II

- t -  - ‘ -  ______ _______

I (a I t t
1 ‘.t . I 4 k l  I t )  I i )

m .‘n I 1St .1 ‘alI t I - 411 4 IA
.7411 ’ Ii 21 
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5, ~~ l)~~ ,~: ,~’’. .-~~‘a~s~’. ma ~I m. ~ ,! I.u~ a’ - s a’ m u t v ’ s It’s’. l i t  —~~~~ ~It ,, I I t  1 ‘I”-’ ~~~ \
.a t t t k..’ - -  , - lIt— I ‘ .‘m RI. ~.-4 5 ( ~~~~~

t i tsat le t in s ’ m ,n ,ks man o rs - t hn.i ma ‘Its’ p~’.s s-r ..,uI’l..’ .. ‘ tI ~t Its- Ii ’ ...nts-d uun tine si cn nn n t a ot tine
is- .. s- ma utn g ,uh ls’s S ‘ .s t imat ins- .ill tint ’ hR I~ ~

‘, ‘am er ,nI’lt’s am elm’ surn inu lt .i mnt ’t atu s la ,.‘ s -an t r i I - a u t tr i g to tine
U, lio n I is’I,! t int’ r . .- su l t  flt t i t ’Ia! amo umisi U ,’ Its ’. t i a , u l t  .1 t ls ’ lmt f r o uan .n cable ...urrs uuig 2(X ) amps

n .iml t ins -  t i ns ’ — t i m  -n i s s l t t  s i t .  .ill~ 5.5 s l y  ‘am in un t .ul ’ls- I f • ‘i li nus as sa is t i ‘ma i l it ion - t he scpar.u -

t , ’ m i  , l t s t . l f l , a ’s m ..’- i t n t m c . l a ’ .t - a nilmh still i’~’ rcis ’ta .,)’ls ’ I a’ t.’ 21 t m a .. ta s’s It tine plns’ sn’al la~ out tat

t ins’ s’m~~: i t p ! a a s ’It I i ..‘ 4 ’ i t i - ~ 5 • l ’’..-i sp.u.. mln ~i . m It t - u n t ls -” .mhi s - ,‘‘utsluc t shiit’lmimmag ma n  proside i l - a r t’ t han
\( i  - lB - ‘ I  ,u t t s ’ ma t im t mm ’ m n .mt ( 4  kIhi .in~t ?i i~ t m.. - t  ti lt a .ilims ’s at hugh t requcn..mcs lret t ’rencc I~ I

Tins -at ’ result s sim t - a ’ .~ ti i.ut ( imt ’ s’.t t i  it i ra s - I r eq u s - m t . .  a ansi  ml ’ .  ln.urmtio rans ’. nail the Input
pow ~‘r lint’, ml .nt t s ’ ma t i . i t t ’d .i.. m m I t s - t t r~

- I A , ~~~~~ ‘na 4 - a l t  t i ’ l,’ am it Ia sensit ma t ’ re..-em ’s-er s- its t i i t ’m

01111- K M-~NIF1- S1%TiONS 0F 555 Ii(HIS(~ l-Kl-Qt I ‘sI ‘.s M)ISI

lint’ sims.. t i ss i ’  ‘ t t  t i nun s I an in.i’. ) ‘ s’ s’ l t  In u n n i tm ’si t.’ •t i f  I ‘c a t  iml- na n m ’ .m t s ’ pm - aw crhm nt’ cm a tn ductest
ma~ ‘mat- wi n ich nmi (tin ma .iui am’s a r .id ij ts’t l maa .,g ua m ’ t m .. I is- Itt Sam it cli i ng— t req uen..-v noise, 1mw -ever .
¼ .u m a ma a , i m n mi s - st  itse lf in s-a t las - i as ,u\’ s It us generates l w nthn m n am truing .iuasi non-ideal components sti

t ine pow-er snmppI~ a mas t c..n i-as’ r.mml iatct l Ii~ tIne om i t ant is - am orid nnml UcI is els or capacitively Also , ‘ 
-

• . Ia t he ou tp u t I..- i~t a . .i rm;-ap lt’ a i- a I t ,ugs’ .ihw .ns ‘. s’ ins ts m a  the form of s iiftc rentsal— mode conducted
ma - ~I’.4’

Suppre ssion of lnlc’rnalh-Radiateti \oI’.e

5.’ in~I is-ated inn ss-at’r.nI .u rt n .. Is-a in nt’ss ’ m af lIterature . a s u - a unsena su ns es.ists that EMI rad ia—
t i t a n from am-ut m m  tine in,n’.sis us no Imaingt’r .1 rna jm a n problem This potentia l noise problem has
ins-cnn cuccessIuII~ solved nfl recent a e.ir s In (lit’ past . cam :it ’hmng-mod e power-supply manufac-
tinier-s ,i’.rcmided re ference to IMI CSsep t I~ar specifying out put rup pk. Todas- , however, many

‘ n - a

Li~~~~- —- — - - -~~ -- --~~~-- ‘•t-~~~~~-- — — — --—-- ___



I. ‘am 1 5th ..tesigtis s - s lat  .uind un nau n~ un.uit n il m e t  t ins - ms • t im ’ l i mi t  h is - su t a ts -  t m- a ref ’s -i Im’ Isaw F Ml inn their

~at aI~’,~s - umn s s ’ u un s’ .. ass-s u s ’ t t ’ i s- I l ,  tmt) ~’ Sill -S I l)—Ii n I amid sat In s - n )~ i ~‘. m’ r mam naeint j l s ’ n mundustrul apt’.. n
f t . .  , mtu ~’nls I )tnt’ nan . u mnu t a ~ t s u n s - i — at .its -s I fia t t lit- in 2 ‘- mm ,it t ma t nam t’r stupp ls nInes- Is the uindustrual
5. 1)1- ‘ noise ‘sl’nt’s i f ,~t ~~nu n am nIiIm Iut s inu s’itIuii~ em nt’Is~~urt’s sir heat suuik umn g stiri aces i- a s providnmug
‘Jim- a rt - it’’.’. iuti~

at’si a miss ’ ret ti n mm ,~ u t  ii’. I - ‘u Iii a ist . sour..-s- s ar at h shuns - Itt irng tine sam itt -h imag s—Is - ins-nt’ .

St ’s s- n a t I..’’.t ’ .  ii.ia t’ i t .  ,-n I is appeared nun as m m . .  hi maoist - red uis- Iuo un tt’t-iataiq ues are di’.-
staseti ( .t ’t t l i t ’I’ s t _ i t s ’s t in _ i t  rs- ..t’ uat uun is lm’us t , unnt tim ng ‘‘I in ,’ t s m’ f i lt t ’rnnng and snlppressimula Is - el i —

• ‘a is) ((s-s his s- en_ il is-d t its- ,it ’ si~ int’l I. ’ . .s ’ mntainn tint ’ spn nrimau’. m n aiat’ s - nn m’rgy am it (nina t ine pii~ sica l
... . ‘ mn liii..- ’. y ‘~ t ine pa-as’ . en sLI l ’ n pt % 5. - ‘ ‘- ‘~~ -a ( i t t us ..lm- a m ’ t s - . .t cmssIusn a - eI~ Is ’  n ansc red uct~ ann inn
s’l..’.. l i v  nit.. s\ s t e  mi t ’ .  .iutti 11:1.. Ia • .1 1 as - .1..’’ -t uk’~t I las -oret icil an-si pratt ica l nfl or-mat iman t hers-u n is
,! t l v ., I t S  _ip~a ht..ul ’ ie I - sa’. ut ..-inmun � - nn li a -d - ; 5i5 % s- u suppi~ unm ’ uat ’ restuc Iit~ n

S- ’ m~t ..- v t  t his’ lt’ch n nuum l ui s - s s - a s s - i’ nun tins -at ’ Is ’S1 ’ .  irs ’ Jia..Usst’mI urn -5.rpensims I - sm lnu~ In ai’.mi
..iis..ntsse’. st~a s -i . iI rt • _ c : t  ir t u..Is ’ s . . v ’ m m . . c r m t . . - ,I as t i n I 511 I,’,lsi,, t ns nm a  m m , s - I I i.,I’. i, , m swi tcin ing’n’nnsam_it’

a m. l it

Ripple mini Output least’.

I 1a11 
~
‘ :1 - ~‘~‘ is -  is .i mt - - ‘  .1 - v i  v 1s - m nat u. - •t ‘.5’. i t . .  1 ima ç - mn~ ‘sic pow er supplies liners-

is - , - .m a S s j i.. ‘ lim it  .. . ‘ ‘ ‘ a p - ’:.. - - - , I - ‘I t Ia c sa m I, It ata ~’ Ii. - - v  a L i n u s  n s’’.mti uu,uI ..i ‘manp a mm as - m nt n ippk
,am n l~e umn.m. t s ’ ,i m a tr i m (5 smin,nIt am t in i t :  - :e I a s - - a t  v ’ 2 s i t -  ‘ as s -( ma i’ m .. ml I I output t i l t e t  It ta n
l’s- ,i,’si~ m mt ’,l I ’ m  - -s .i;’ -~ ta ; ’ p li’ i’ :.l t’ ’.~ - t :  I -- a m ..-u m ; 4 • plt’ a.ilaics a r t - .~..li is -s.ui- a It’ wnt i n manu lln-
s l.igt - t a i l s - i ’ .  S v t ~~ i- _s r u~’rIs - y say? !m. .am (‘.1 1 , ~~ j i t’ . . \ 4 ..~~1’ . t 5 ,  lit s m - a m an r , a mns ’nl t s m a s t . anti art

t v  st _ il-il:, ’,- i -i t :- i I v ’ t \ - ‘ ‘ m - ’Jt ’ m nn I t s  s l ng nt , u I l - a ~ i.. , m t . .nn n t ’ .  ln _ ia s ’ ess ’e lkrnt noise
i n nml a :uma t t a ,nm t ,! -s i* it ’ va ’ . :t - a v ’ -,~ tma a m s - a ’ .  It is p a- . • m v - ‘mm’ ‘r ims l v ’ • ‘a c m  - s p m - .. I s  pow s—n sg au urs s- ‘ ‘ i t t  -
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Sim ni..t tins- 5u irents . as di’-a-stiSsCd in a preceding report I ns - Is - n  s’fl.. s’ I t . ~mn n create prsni’a-

Is-t ins inn s’.’nns it nat - \ II esiUipflaennt \ I - St has ~ and ucted t’t tcnns i%e inaaest ngatlofls to identify ,24

I - -a sit’ Icr u nn iuns - t Its- ,i nat ’s f s a j , mm mi It’ I i ll s t ssalut i t - a las to n tin is prob k—inn - I’he) found the structure
u ru s - m nts mm s - re mat -t i l’s Lurgt’ li nac l v ’  ..Inmssi’. 151 1 t ills-is tt’estnng harnn nmain ns ’. t o the structure
I on t’ ~ mn n ip is’. t es t s  ‘ .n mn t ins - L 55. (.1 II SR RI ) 2 ‘. 4(K)-il, pow t’n hm un c s ) I m aas s’..I t hat capacitive-

umnput ti lts- i t~ pe p’.aas ..‘ m supplies as s- ic ..musung Lut~s- stfluc (UtC .. urns-nt ’. thtaaugh Lsne-to—gruunt-l

...ipm.. ml ’ in s s- a t _ i p p rm as i uu ia t t ’Ia I ~ “ ~4I [is - i Islam- -at- l int’ ‘.w ut~’ Iiung-I:ec~ us-in ..~ pow-er supplies as-crc
- - m ,q It m..t cn - ~ hut tot [ii m liii mIs In ~‘unn t i ns - mr sam it s-h nn ag I ret~us-n..’a. hat tansa naucs I ht’~ as’s-re sup—

~-a is imig s’ ’ . .  s’ s’s t ’ . t’ nt - .. t i l u . .  m t i m a mn  tu m i u a m a n nu.. s ia c ’ .j tm ’n-t’ th ie~ n-semi 5a pa 5nt iac-m u np ut  lulls-is Y”~O1l
1 : . .’ 4\m’.t , it tt.u s i’t’s-~~ as - u s  ~‘m ’, ummt. - ma I ..‘ m aw nt.. liung-unat i sis- p1mw s-n supplus-’. tm- a ins- designs-ti as-utin

i - t a m . . ’ in put i v  I t s - n ’ .  II’-’.’. s - s c i  a ’. th is..  Ii’n.s&’sI mu m I t nt’ as’.. t ion n a i l min i-an- I I iltt’t a ~mntt in Appen—

,tn ’s I , v.’ i m ’ an ’ m ‘t lt’ . m  I ’ . ’ . - -  ‘ . t _m ~ts ~ 1 4 l i f t s -n a • m i v ,- mc. . ,’mm nmns -ns is’d I,- ‘ .uffu ..us - n nf la. .,t t en i uate t ine t o rn-

.1 u.. m - - sam t I I t . .’ Irs ’~ us’ ma.. ’. h unt’ a rm c a m  I I 5.1 S( -‘ ~ in_i s nt’portesi I in_ it ..ap.usit iat- -mnnput fillers
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- i  Il:,’ ~‘ ms - , I is t i s ’ it - ‘I . . l : - a , I ,  m~’ ..aum ms -:~ts n . .  .itusesI pr ima .. up.mIl~ l’a~ tmnbi linced line-to-
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I Sl( n-a l..’ t
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if they do I-aes-onie a i’.rot knn inn ~) stem integ rat it-an- (‘onti.gur.at uoin l i t  figure I ) does allow-
hlt’siinulit) in (os-aling issal ,utioua lrmnsI’manmers to redus.e stru s - l ure cur -rents , hut at the cost s -al
ret mu mni ng the rem.’ I ilica ti m - ann lair nnnonl i s - s amid tins - mr result ann I sit-us-lure currents,

FUTURE LOW-NOISE t)ES~(NS TWO MAJOR I)IVELOPMF.NTS

-5. ices-malta des’s-loped 5-ersio n s t  i s_ is ,  atte st optimum Imapt-a lt-agy switching-mode power
stipph~ usi nujor hremkttarougtn in ncdus-nng 1 5.11 Also. the advent ot V MOS lit Li eticci Iran-
siatur’. i t - I- li  has tujdc’ possnink duty-cycle power supplies wit h laugher swmtet iung-f requcncts-s
easier to tiller , and thrrs- Iore , Is - - asS IMI ma easier tm at lam n

Near. Optimum Topologs Conhiguration 2
~

t hus r nm- ase l ..,- a i t ’, t’i Icr i i m~,’ n - rs - I S.. in_ i’. tine ajmns- g .-ncral conas-islon property I increase
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nnuuma mnumnht ’m ~‘t ~‘ .n r t ’ . u  n . . a , i I I s  t in mt ’,1 a a 5 t ’,I 1- 5.11 . .m s am s- lh a’. innginc’ r s’ f tu . . i rm n . .~ - Is,as’cr output a-oIl’
age ripple . ‘.ini_ills-n sits- amid am eigh t , ,umatt es,e lknnt sh namani , respt-ansc . It combines the low-
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lnutp ut curr ents are t nt - a t pulsating hut are continuou s . csa c’t it iall y de am mIt t s in-aLl sup erimposed
swuh,’iiumng ..urrs-mnt ripple

ag
lint’ i ’ _ isms dc’sugmi h_ is i ’aes -ni es t s -uns kd mis ..c~enj l .i’-.ps’ -. Is In t lie c ’ s ts -f l 54Ofl, the Input

_ in n~l s - a l i t  put utisi ui m.’ Im r” . arc s’omnahuned nm th e s_inns - ~‘s n c  1 figure I I’ki i inn sum, in a wa y that not only
.irt’ i- a - an t In the input ,uintl mw t 1-alit ..- u r r s - n at ret ,t umk ’sI minmnpula_ i t lung , hut an t - a rs ler of magnitude s - a l
mi msurm’ tin I untinen ls -s IU-a.t iofl ot s-itlnt’r unptmt t in matlIptut s -u r is -nt ripple nana ~ 1w as-taut-s-ed te nths- n
lilt ’ inpu t or m -a ut pull ,‘um renal rippl e s’,imn he rn-ads- s - a - s - mat iaII% to mamnush i A r.cconii extension
I rels - Im’ml.. e ~~~~ I n-as’s t ine s~ nanmut’I r~ feat tire oh the dest gm n In at- limes-c hot hi psasutive and nega t use
t’utpsul pt’Litnh am uth t u e  saunas - ti n-ut through true hid urt’n,inmauuaI umplcmenlation ot the switch
usnm ng V51( )s-I- I I ;s-aw cr I ra masus lti rs S third eslemnainti ~~ as hi it ’ ’ .t’ s ..l.. ista lat i t -an amid nnulti pk
• L u l p i u t a  i t m~t unit’ I ‘s..’ I - S mut- a t  tn t ’n .ipplis-_ i t i n - a n n I 

‘‘~ t ins - hmtt nrect m m m l  el naram, -l cr is t i~’ power can
I lm am. in ..‘ ml Ins-n ..l uc . . t  u ’ ‘m l i is ton l- .n I t s - i  \ m n m iit nonaing _is .n .. i i_ i rgt’ —d isn.h a rgt ’ regulator in ilacc ma t

- a - a m at ’ : n lm m a n . i I  separate OIL’ . s - i t s - i ’ .

VMOS-FI’T tbithci’I’ rrqueiw% Lowe-v Supplic’ii

5’. w a s  ,Ius.. in’ .’.s-cI prs-s mtausI~ - unns ’nt’asung the sam i tsInumng-h ret ~iicmae~ s-ann resu lt in more
,itts’ui~tat mona 1. - a n gn’.t’m a ails- t i lts- i • - a nt~ an ‘ma cmat ’ . u - - a n  sma nj llcr ..n- a na npm ncunls I s - a n f Ins’ sanae attenuation P
11w p ri m _ i rs ,l~ j ’.’. h.m,. is t t t ’~ rj s ta t  i - a - a ma mni s - I  t u s k ’  ‘t . s ii lit’ t o uiam,remscsl sam 1In.IlIfl~ Ios’.s-s has
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~ It is anticipated th at
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‘‘ Si l t  *. K I) .a ,v I - S - I’ .. -~n! v -  ant I %Inulnipfr Output I snen’am’wi m - ‘t a ~~~~ Optimum Tt’pmal-
iag ’ S w i m , hntn ~ i~~ m - I~ m - - r ,mi ’s-i’ ‘ l i i i  P.’~ m’v I k- , m m - ’ : i i , ‘a Spr..ialu ’ai ’a ( nlnm cmni’n,’r Ss na *i~ , ’a’.).

a - I J a , , i s -  I - • ‘ a
11 MNj dkh ,~~~ - K 1) - 

(“ui - S - and Dehan , W - “A ~se-* B.tmer-~ (1aam~~nIL~s’.ahar ger (“onr.ertem,” IU.t
P*a~ er I’ Ie~*imarm~s Speciaimsu ’a I’t-a,ntenem,’e , SynbcuIv . S’i , It  1” June 197* a

- ShaetIer . I ISuiKm-anms . Ilk I, ‘imp.ovnng(’min’a’ertrn Prnformimnee and Opemaiun~ Frequency wft h a New
Pm’~ em I I I ,” papeu pce~ nird ii P~~~I KfOPI-4 , aos,uan. Mars May 1977

‘
4

I,_ ~ -, - - -—---- — -‘_‘-- - - - — -  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
— —



r ‘
~~~ ~~~~~~~~~~~~~~~~~~~ 

_‘ 
~~~~~~~~~

“

~~~~

“ ‘

~~~~~~ 

- _

~~~~

PRELIMINARY cOST-BENEFIT STUDIES

A Business Week ,urtncIe ,t .~ st_ i t s - s Itul “switching Icchanology us edging linear products
out s -a l the S ~ billion ni_irks-I” inn pow er supplies ‘ ‘ Sam ml clung components are dropping in

pits-c, amid macam- integrated circuit s ii( s i are ct a nn sta tn datin g many cmant rm nl functions into one
des ice ” -5’. a result , “swmlc inumng supplies have he~ nn grow ing 30 to 3~ percent annually fm-ar

t he last Inur 5s - , i ls Ky l~~S(I . sale s of switchers are esps-s- Ied to re_ is - in SS~ 3 million , as-his-In
would dt-aubls- this-u i curremnt man_ irks - I sin_ ire

A new pow er supply coIn-p_ m y w as started re cently Isecause Iwo years of maitel
ress-arc tn 34 ahmaam eti ann ‘‘e-mnnrnnous pots- mali_ il nnarket tsar sw ’ itcta ung—reg ul_ itor power supplies,”

• a mid that ‘‘am uthnn the last two ~ s -al ’ .. sam ntm.he r nia nu tas -t u rs - rs h_is’s- ‘,oiaesl tine reliability, t’t s t

,u ns i K II problem s that pI_ ignns’st s- _ un Is sleangui’.

-5’. ths-”~’ t iut - a tat i t - ans I ri - a nna ices - mat h i tera t t n n ’ s’ indicate , the asts a ni ta ges an’ considera ble
I int ’’.c ,udsanl_ ipit’a am n il hens-i it s - Is - . .  I ronim,s s~ m Is - m m’ . s ’f s-sial ning amnsh I nut ti re SSBN subn aarin cs it

- ‘ins- i- a t  the proposed m.a ns l m sh _ i t s -  ,m~a pnm - a am.’ iim’ ’. i fi g ure I u  are i m p lemented ( onafuguratuon I, how--

- am di rs’a;’ an .usisi it mma nal 1--aenefit l’s s - Immn a nmn,i t ing I he ,Is -to -t i , co ns-c r Ier -I m l

I .‘ dete rman int ’ lInt- mnn .i .t i a i t u i t is ’ •‘t ti ns -as’ hs’ m nt’ t i t  a f m -ar  SSI3\ subman_ irimnes . am- mark am _ is  m u -
I i.its’st I.’ _i sss-ss t his- - st a .mnn ~t la s - in s - f i t ’ .  Sal using ml ,.- -inlptlt s-am - itching-mode pow-er supplie s in a

Is pms - _ iI ds -.. t rm a ia m ,, ’ sau b’ sS ‘.tt’iin the hr nt cg rat c s i R.is i i na Rt-aom 1K Ru subsystem was selected

I - ‘  st ats - - mn - m I m a I at uud n..’s Ia_ ia s- .. - ‘ma n pame~i ti ns s np at u se mind sam it s_ in ing—mcati s- power supplies
in .is m~ t i t s i t  n-’nn - ‘‘.1’., n i ps- I _ i t  tr ig enae rgs rt -a lsu n ls’na is - mala , am t’mgint - _ innm l s- maiutti c These study results

1w ~‘1)5’ ot t he an’aps ats ins the s-nsi 4w rue~ i t siumi\ ton tiw IRR ssahs~
- sien~ -\I”.o t-at ht’i s-s-n’.t~m

,ui’nmi t-at’n -s- fnta am ill i’t’ _iss (’ ass’sh it ,nppim s ,il’hs’

-SIt In - ‘n-g In ,,m-anaude maia le t a t !  - ‘n m m i , m t Is- nil wa s m ah ’t .uiii t’sh ml’ , ‘lit t Ins- 1K K electr omnnc s-mi uulp-
ma ns - m t - 1 Y ’ ’ > pl ans ann.’ I- ’ mt’s’is . Is t t I  it in’n.i I pi r. irrt ’l in.. dat _ u

5I~QL’lSlTlON (’OSTS . OPI-K-5tI’ s ( . I ’ F R6~
’ COST S. -SNI) WEIGHT

I .mi’ Is ’ , ...a mm a ; a r e s  lint ’ - at ‘I sam it s- In um ng-nn nms it ’ pow c: supplies to  ( 1 )  ansI 4(X) lii sti ss i’

p i t  m a t ’ power suppl ie s Ii - ‘ mma l ine mat h s- ma n _i nnn if , is - t  sirer ’’. .. ,nI ii- ‘p~ 
lint’ sam mtc tnnng—nnod e pow-er

supplies am etgh tine k’ ,i ml , ,n ’ mt  t ta c ls’_ i’,I - ,uuith use .iI un-i ‘at ~ I t  ps’ m - s - m a t  Is-as cnerg~ -

VOLLJMI’

The impact of ptaw’eT tofl%eTslnfl efficiency s -a n 1w illustrated by comp&nttg the I’ela’
h a s -  sm a lume occ u pied h~ the lo.iti .nntt tins - pow-cr m,’nn~ersuon s ubsystem under equal therm_il
st cnsit \  conditions , i c , id en tnm ,al cooling arid snmpcnncnt temperatures. The relative volumes
l i n t d ifferent eff icie ncies JuT show n in table ~ The s-m’ Iuu mes arc proportional to relative power
consumptio n . ..uaohung requmrementc . volume and weight They are also sometimes propor-

I 

t pnnal to s iasl and failure ra te  The e fficiency is not arbitrary but reflects th e typ ical eff i-

~mencic’s to con%erl shmphma_ irmi electrical power ten ~-V de The first three efficiencies represent

F k5tn ,Is imng %e~~ M ark s-u in Pn’w~ r ‘av nr;~I i ’ a  an ant k k nm Ruwie sa Wee k, Ostobe, ~ I. ~Q ’~ 7
t4Small ( Fm- a rms-n AM S Hs-ist ism am u c Pnaw-e, ‘~tipp Is Firm , Lk~11onk I- npneem-nng Tnme.~ Juh 10. 197$ . 

-a-..” — - - - --~-- - - -‘- - - -_-- - -—‘ —~~~ --———— _
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1_ ibIs- 2 Power supply connparisons~
( m n s m  ~~cagh nm , v~, Pm ut , Pun, Fmmem gy
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mlmasi p , it i ’ .t’ regnil alo r’ . lament )  -two percent t’ f t n ’ .  iein~ ‘-a is i - a- a p is _ i l  u - a l su hmarnn es fo r electronics
using 400-Il, ;‘now-er . 2’; percent efti s- ncnc~ us typical s-nt surface ships for electronics usin g
4(X).1l~ power . 3~ percent s - i f ie i en t) is typical s-al submarines and surface ships for ekctronics
u sing t.O-H, power and l i -a r airc raft - An efficiency of (a~ percent is typical of present day
mamuls - hmn g ’ mt ds - powe r sup plies oper ating from Ihit’ pla t form primary power source, Eighty
ps-its-nt efficiency is wit h in present technokagmeal limits The advantage of using highly effi-
ene nt power co nversit --an in retlu uc in g s m~e and weight of electron ic systems is illustrated by
tab le and by prevaous studie s where the issue is discussed relei’ence 2,,
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SSIIN INTEGRATED RADK) ROOM

1)_it_ i were obtained on the physical charactens*ics of the 24 IRR subsystems (includ-
ing estimates for growth equipment i. The data included the following parameters :

- weigh t ,
width , depth amid height ,

des-k load tlbs ft 2~,
- connected load 4 wa t t ’ .  at the sa r io us line v olt agesf , and

cooling load iborh w aler and air sta t Is t .

Ann ins -co lor )- and descript ion of the equipment in s -as - In subsystem , and for so me
— equ ipment , ~~ccific pow- er supp ly dat _ i am-c rc also obta ined. Addition al information w il l he

senuigial in F’~
’ ~I
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FY 7~ RESULTS ANt) CONCLUSIONS

Ike stud y of electr ic_ i l n-oust’ inn sat itchmng-nnod c pow er suppl ies yi elded designs corn-
p_it ibis- w- utt n semnsil ive circuits- Specific results and conclusions are as follows ’

a Sam- itc ianng- i’rs-i~su eta cy I uindamnaenat_ il ,imad hj rnnomiics on the mmnpu l power linac can he
sUf t ic it ’ml t I % ,,m t teunu _ itcd tm-a be couiip_iIil’nle am nih st’m am n lis -e ren. t’ n se r circu nt s , s- as- n those Operat ing
i nn t hit ’ ma nia c lrcqtien c) I_ i mage.

h-a , St . ite-of ’t hne’_ irt sw- itcta mnag-nnod c post s-i supplies c_in be designed It meet tine
s- ipt’cted macam - \ .ua ~ (‘ I .t t .~ lmtnits f - a i r %i l1-S ’I’I)-4~ IA.

c lm nter ma a ll)  -n .nmli.u tesl t i t l ist ’ is l it - a longer .1 maitar prot--aknn. !~oist’ red uction Iechniq uc’s
n- lust hi,’ n-ms-ti Jflui _ is IIIt’% are lat ’n- ng n-st- st au,,’ s - t’aat n i II~ , mmn ~ornnaInon about them us as-ailable.

d. ‘a . -p-inst s’tt’ml sstiiching’niu-ad s- power supplies ds-s-re_ isc lmt’ resiu f msaluaui  harmonics
I’’ iii ,’ c s t t ’ nI t i n _ i t  t ile) - a m use r  St  no~ er . am hn uchi I t am ~ -V supplies is abou t t -ane— hahf the ampli-
I tide’s m 1 ’  tai nit ’s t as it Ii J maa ip .it m a t ’ p- a-aw t’r sup pli es I’’ ,u ..hun t -a t ’ I urt iner allen u_ u n-n. sea-cr-al
inl et hit-ad s t’ sna t .u mad ness , lit ’ I Ic r .m 

~~~ 
i - a n, lam -a lot-ak pr -a miu m smmn g l)t - ’pow s-red sst it clnmng—rnode

pmi
~
t s-i sup p lies s- Inn- i ni l_ its - h’.. I iI i t _ i t  Ii ‘ m a liar -nih-ama u.. a

I )sml pul ripple m a ama mm alas ’rt’ mat hl_ii.i s- It ’ rust i’. t f  sam its - ha mug-n-nude power supplies , The
Inn-a - as s  -a ‘ml t’ I t s ’ , l i s t ’ as .u s  It t is ’,u I at ml It m m li 11cr-al it at’ masut na t ’ .nmn.u log s- m r- s u i ts  4 usuall)- only a f ’s-st
re’~I un i r s ’ a s - i s  imast in rI’k- 1 is I-s ,hImi mug _n i”-a ‘ u ma l -ol - un - a-ac rs’guiulmar

t S unn. uun -a n !- nt _ _ n 1,1 Iiroumgh n inn ms - s i uu5 ’um a ir I ‘all u’ .n nt’s- s - tnt 1% dt ’ae lopett opt m i-nun-i tojiolog)’
sat I.. Inning-m n’ sIt’ puss t’r au;apIS Htnt ha t h at ’ m n - punt  - a - a m ma u l put st ir- i-s-nil ripple at th is- sw itching f’re—

tnt-ni.. ~ s -ama he unaad c t’mst ’Il  I i.uil ~ In’ s .i u aus b a I n- nt Ins- i sit ’s s - I-a ‘pu nt- m I  of ream ml. u n I cona-erIc-ra and
S ‘all )S am il l ,u l ’ - a- i - a rs”-an -lt im i rt’sluu ’ .t- st 151 1 ,of lS t’iln ’Is

I mail i~u I , s t  - I ’s - tat- Iii ml u~I nt ’ s slit - as s I Iu .i I - s ma m mi p_ ired to d is~ ip_ u I m a n. pm ’ wem supplies in sub
th n.iriuln.’s , ln st ‘ S n  n ll. ugt ’ ‘-ass ml.. Ia t i n s - - m a. -a- a l t - P-a ~ n.’I s t i t a t a h u t ’ s -a -a s ’ .  m i ~

-n
~ I — Ii I 3 the volume. am’eigh

I “ I’’ I 2 is  m n ntu5 l u . unat’ Ii.ulf lilt’ s- a s -is - S .nnd .i rn.’ I ~‘ t m - a  ~ pcrs -nll Is - mm t’sp-t’ uas i %t’
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RR’OMMLNDATIONS

l ine co nncl t n’ -aio mn tha i s am ,tchaunng-m miod s- is-aster supplies are com pati ta lt ’ with sensitmas-
commun ication c i rcuit s .i ” s am t’ is a ks -) question raised mm - i the I ‘i’ ‘‘ study A roadblock to
t he proposed candid_ its- ‘.~ -a-aIe t al Is s- Iumun_ilt’d therefore , continuation of this st udy ma recom-
niends-d to lint’ ponnl am inert’ sutI is-us - nt umat o rna_ itioma b r  a decision is available , As a follow—on
s - I Is - a r t , t ine it-allowing .ucl ma l t  it’s shoulti las- periormed

- I. ( omnplt’Is- the js,acmsmenl of s m - a s ia anti hs - maeb i t s  ol using ml’ . -m npuu sw m(t-hmng-mode
pow er stupp hns-s in the lKR subs) s iem nn

2 (‘o nc s -nae a s st t ’m n ti s -s ign a I’_iscti inn t his- p it -apt- ass -ti n.-o nfigura lio n , ideniif ’ymng cm,~m-
pm - a ma e mn l s amid s umhw s ier ans tin_ it n-es-ti nn_ iior ds-ss - lopmna enat

.~ Obtain .uddmt utm.i l s i_ it . i  -a ‘in mnt’_ isurn.’d I- ‘all l i - a - a n n a sam - nI chimag regulators .

‘ 1
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APPENDIX A . FOURIFR TRANSFORMS

FOURIER TRANSFORM FOR ‘IRAPLZOI I)AL WAVEFORMS

Periodic Wasnelorm

i
~~y I:ouris- r _i,i.mis mis the amnapinluds- at the i’requs-ncy of the ~t h hannonic, 

~N. of the
synnm el ric _ il t raps -/ol d_ i l periodic pulse (figure A-I  h u m

Un- + t 11 mm m l i  tn -i In- + I~. h  I I mn_ m t 11111 I i
( \ 2..S - 

- ( I )
I t m ni t 0 + I~,I I tfllr.T

I - -at ~ - I’ ,‘ , ( ‘-, is ok -at leti in l’ugure -S-1 Ii ii loam er order inarmonics (assuming
I ann -I n-1r uul , i n-t m - i  m I am hut -h us t itus - fm - ar  sma ll a-alucs n - a l nt 1 ‘1 u This us the s_mae result that
am otuld be uht_ iunest t m - a m  ,m -aq ti _ i rs - am ass - wins - re s - a n i t  odd harmonica art ’ obtain ed.

Mudifieti Three’Pliasc’ Wa s cfurnm

I n - a n t inrt’t”phn.u at’ n . . ,  C ut  n’ ..il im mn as t In  ui - a ’ In ,nmas ionnnt ’r on st - u ih n a tis ’ lta -deIlj transf’ortner ,

t i ns- liii..’ s -ti l l s - l i t am m % s t  m - a m t m i  .. _ n m u I’ ..- mt ’prn.’st’mit t ’ti i-as I u.j~ui rc -\ -

S I- s-au r ma’ r ,uua .n i ’ , mis - a ’ t  .i snnnni ,im as .usclormn u .usauming 1~ ~ I m a show ma i-a) Schaefe r A l

I result i i i  all d b  In_ m u m- a nn , ..‘ m ,  t’pl In-u ma = - ( - a , ‘~~, s- I.. - am u l hn the san-is- anaphutud n.’-a-a as f t - a r  the

~l 
u i_ i rs’ am ass - i I nguu rt ’ s S -4i a a mast m h ’ i i  I - s’ I lit’ Isaw I req t i s -t i s’S’ inarn uom nuc ape n.-I runn is this -

a_inn s - f - a r  hm lh n t ins ’ It ’, t_ i ua es i l_ ir .in~I I n . ; - ’ !’  - a i mi , , l  t t i l’.s’m lint ’ in. m mna a m n mn ni , s m-t’ Ialu om amhn i ps sIaoss -m i in
figur e S —$4 .u i .m mn ml i l - a i ,iisn -a .uppl t t  -a I I ,isid in.t p

j ’u, i 
- 

• -a - - / i.’, ( s, n~ i - a l - a - a t  t t -asl nun I iguns’ -S- s f t - ar  k-ass s-r’ornis-n harmain-nics, This us the
s_inns - is -sn - il t )n ,i t am on-Id I’m,’ mat- a l _ iitas - t i  In -an  ,u is -t I .inngu n l ,ur p iulat’

Ens-elope Appro ’uimatIo n m nf Harmonics

I Ins’ t’ ins t’Iopt’ - a - al h i t ’ In-st —n- r ib t’rs’d Inj rmnauni ms _ s us , mst  ui_ ill) ,u alma s a, function (at’s- figure
5- ~ -5 iun e. nr s-a naeio;’t ’ - h - a nam s- a s s - n, ..,mn l’t’ n d ’ I , ummnt ’ij l’s uus i uag a logar ,t tnn ai s - it’eqanenc)’ scale as

shown inn Ii~ m un t’ -S-b A _ 11w mis-gaIns- amaiphitu iles n-I the sine b u m s - h on are ms’s-tied since only
nui,ugnultids-s ,irs- considered I igum rs- -S- h mbs- p ic ls the spectrum m*’tj mncd for a mingle pulse
p I - a” .imud - t his- is-fore, .unaap lut uumi s’s art’ ;-‘t’r meg_ iuis - il~ hant lw milk i broadband classi f icat ion b-
Il ‘.ulne is- unt ’ -

~ hrt-aasth_in-tt .mmpltlu..tt’-a.. C~ IcI . the n .u tis-tinilt’ relationship ea , mcts betwee n

‘a 1%,i,as-Icn , J - Rc snih w m ( mr5umts .  r~ ‘~4~ m:. J . - a h an n V.1k) - 
lm~c-a -c

ngur-a’s -% e’ uhnm-augh A In- ane Im m , ua a  I ’  S Ann-is I- k’. um - anmn i..s I .ihmir atn -a mm c s, Iniente renee Reducti on Guide
-- a t t)rsign I-ngincer’ . % . I I prcpancd ha Filtron ( m a  unden ( n-a, ntmatl  l)A~ 0,l~~(.mJO7O7 , I Aug l%4

uth penan;a.cion 1 1 nIh - a m ( -a ’
A ~ - - 

-% signal - -r enauwnan i-a said u- a n  be cohcrcnl when nemghhm-aning f requency increments are me lated or well
define d nn i’nm-aih ampiniude an-ad pha~~” horn Whine . I) - i- iestnm-amqneinc lnten$erc ns-e and (‘mlmpatihth!)-,
‘ a - a’f . pg ,~ i~ 1)-a-an Wh its- ( omasuitasals . l - a~”v--a

fl
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F igure -‘~ 
1 Three phase rectifi cat io n wave fo rm
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i issunning i - •a t  t c ’ : l R - I t _ t i s  atltm - m ..’ st~i ~~t t ~ m Ih i m “-a I sth i . . f i  us that— t’- a f u u .u l i n -an n  m a  figure  -‘a -f’

I - !  ,ama a phm h n-dc’ -a-’ ~;‘rs- aat’st t t  ~t H t..’ c - - i-a-a ui-a I n)Ia mr t ’ ‘a- n - a .mnast h_ intl st pilhia in nlt’ga’
- am ,- mli i’ - i i ? ’  ‘ Isi am r ~ m~’. - a - a r 1 t t ’ s

¶ 14 1,s \ i t .mmn -aas h .mrnd n — ~i u ~-a’ g n i - a R K in Slit, i dB pV Sill .’ (bro adband i

I li- u n - a n n  cns’ - I- - p ’  f~’ b ’ n ’ 5 I m T 1 .n h t  - a r ,  In-i ., it ’’. I , nma ~ m uI , i r pu lse s ,u m m c’ ’-a imaser’st ’ hs- am ilk f requen..-s
V ’.- I Ih If l $~ iii ~n ‘‘ n -.~R _ t s~ n I t ’ -‘ . I . .’ . T . .’.n’- a t t i I~ al afnl.’ I Ing~m nt - ‘ a - f ’ ,

I tc - i t ’  ‘a 
-‘ alan ss -a the lnnat ’j r ,ipprmasum n ition I -a -i a fm a; ’ t ’ ,mapsIaI puil- ans- in lia rs-c linear cs-c-

I s - a n -s \- - a t s -  t i a.i t f - a - a r  high er hTt ’
~ 

ut ’ n’. mm ’s ti~’ pulse ruse tur n s- us more sigmiificanl anaul results in a
4(1-dR per decade slet reasing si -p..- 51 -a-a ss s- n russ- l inu s’s r r - a - am imis - s’ It’s”. hu gh freq uency interference.
l o t  pert (-ad i~ puI -aa~s . th e lows-st t t s ’s i lit ’ i is ) t hat am n-t i ti ~ippe~ir w o n-h i he I 1 - a - a r the pulse repe—
hu lnu- a n ra ts ’
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— I- ’ - - , ,  ks,! ‘ - I . . - - i ~ m~~~- rm,i l ’~ /o umJjI ‘iiI ~ ’

t hi s ’ ni..’! I I’ . . .- Is- sels t - ‘ a ins tu , I rt ’ z- a - n l - a i l i uulse ,m n ..’ ~,‘ ns t ’ui nail I iguu re -5. ,a Ike area under
lInt ’ pui las’ . ma n ,i-sm uaatu m ta ,uuaip hml t m mis ’ ~‘I l lu s ’ ;‘tulss’, , ui a - ’ i . ute  -I riss- - a - a l  t ins’ puilas- sts’f inns- IIae en-ad opt’ ,

“I u u a t . . m I~-r~,’ m t ’ . . .’ iii Ilt s ’ tj it . .- t ’ Im t ’ I u m..’ml ,\ i..- c t - a - a n t .  h a s ’ ,u s .. ’i ,um~t’ ptmlsc dtn r ,uln m-an ~n-tt the pulse rise
I ur int ’ tlt ’t s ’ nma a iu n s - t lit’ , m m t  ins- i I m t’-a l um s - u a, it- -a-a

I- ’SVFW PI’ -SPPROXIM-St lO\S 10K (0MM0~s Pt’LSI- SHAPES

lint ’ I -a ’. , - a t  n-n.m a t n ’ n t tun a ,i n a np lnt n-tI c’ s I - a - a n ..‘ t . .’ I s- n n i n ua m -a mn ruuiat’ ahiap-e s are s haoam ’n tin- I igure

‘a - ‘ -‘all ba , u ss ’ - a u - a - a nn - a - - s - a - a l t  i’s-.ik ,umaup hntu - a It ’ .ini-a l .n~n , n % - a ’t .InIt ’ v tm l— ’t’ t in - raIn - a ma n-i I ~~~~ lies-an-se all
- - a t  11am,’ pulse-a hn,is s’ t Ine a.i muas - , m m m ,’_ i - t hat ’ in t m ’ r fs - m t’ua~ t’ k’s ..‘ l- a at low frequencies are identical. At

• i r s - l ilt -n, u..’--a It’s-a t h,nin 1 -at , the in - ts - t t t’ts - nss’ he s s - I s’qsi_ iIs . ‘m..t ma! I ‘~~‘ ‘.111 ,u k..- a~c ~ iiV p-er MHz
‘a !- -aa~- ,u f i e t l t m s ’fl , ‘, -a ‘I ,ippnnaain aat t ’ts I d , at’ umalerf s-tens-c ls’ t’s- I mtiop.~ ah -al rate detert-nmned by

t in s’ .-ali~ipc n f  the r use .tn ~tt I,,ll I nulls’ n-I I Inc pulse I-or ,u red angular pulse m ar .i clipped saw tooth
Nil-a-al’ i ham n-ia l am -Inn s -h Ia ,u s s- st ep f un d im ni s I . h i t ’ sp ectrum ca t s- n t i s I iaig haer frequencies, it
II’ , rs’.ist’s as t hus- f’nr- as l pow-er m a t  f rt ’njus - m a s S - or .ih ,i 1O-d h4 -per -stes -~ tt c’ r , i te I-or a trapezoidal
; t i  I-at’, ,i s l i t  is - .i lbs daman ped eapo nent ial pulse , a I ruangulam pulse , a n-sb a cosine pulse (all of
am iii, ha h i ss -  ‘Ja.irp s m a r mas - r s l . m ats -t ie rs -nix dccre ~ses a- a-a t he second power - a - al fr equen cy or at a
4 0-it R-per ’stecad s- rahe h - a - a r ,i s-n-su ns--squared pulse . st - hans - hi faa ” . annalt corners , the interference
st s -s - re.~ses ,us the third pow’s-n n-I fr equency or .iI a bO-dH-pe r-tt et -.iIs - rate. For a Gaussian
pun lst’, the smoot lit-s t pulse cons id ered , I lis- in-Is -tIe rs -n-ce drops ,it a rats- t h at mncrea~es w ith
Irs -qIus ’ mns - s
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I lie ctuss -s m an t ’mgurt’ -5- 1( 1 are identical to tho se n- in f ig ure A-11. but the ordinate and
.it’%s-Is’n.,u ‘-as-ales i i , ias ’ las -s -ni s- lnauigetl -as-a that the tun es s -a nn be applied I t - a  j pulse of’ any a’oltage

-
‘ ,mianplil usis- amid ,imn % pulse -aJ tmratnomi t his- sardnnatc gm ses the naumntt ’er t f  decibels below 2Ad ,

amid lint’ ,J~n5, u- ’.’~i is plot ted in lrs ’quemns s n-n Is-rn-is - a - a l  I ‘d I o find the ,naterl ’ers-ncc level s -a l ’ any
put -at ’ , ca lculate ,~ -S-a l Ir s - a n t i Ihs- peak pulse annphul t ist i’ amid this - asc rage pulse duration and select
line s- ura s- am his -tn nun- a “-at mis-a r is rest’nnhles this - m~ m s s ’ni pulac shapt’ th i s  s -t une am ill gis s- I lie number
n-f dt’s-ibc’h-ai las-h -ass -‘atl I n - a r  ,, m n s i ns - - a l um-il’. I

‘Slthougln the pulse sltaIas-s ,iun,iI’., ,s’ m t  ins- re are ideal , th~’ sautas - method s may be used (or
n -a l l is -i am ,us s-sliapm’s l’s sm  nn usmtl t ’r mmn ~ I hu t ’ am is est ij ias - h - a-a be mn-ads- tip of a number maf  rectangular
,imid tnm , m u igtm Lmn puikes I ..‘m , mmn s ptikt’ ‘Jiape , the intc r le rm,’nns-c kseI j t lt ias frequencie s depends
onn h~ -a ‘m u t l ns - ,irea un-den this— pulse , .nl h igh I uequus-nls’is-s . I his- Is-s s- I dcpends omn tIne number and
s h s - s - pns’ss 1 tilt ’ sknpt ’ s I lie ‘. in- a - a’ s n-in Ingins- -5- 1( 1 arc the s’tnsdopes of the frequency lob s,
s - as h in-he I -s’ i m a g j un ensc iopt’ - a - a l  t ilt ’ Ilaniatanis lnmaes that minake up the Irequ ency spectrum.

-‘s I t hr m n-gi n tIlt’ I m i me tuna s ’ s hi - a m s s’ mau m naa s - r ou u s ahnam’p mi— hIs , this ’ euna t’lops- i - a less t h an -~ sIB from the
n s s ’mag e ,,,t ..- u I s - u , - n t ’ . --a ’ I - a t - a l  ,unnd m - a - l a m t ’’.’ n a l s  tine w m ’ r ” .t ,,~- a s - - a - a t nan ,ma ,mna -m uia n uuats - rfc’rencc’ lea’s-I

FOUR IER 1K -‘a~ SF0RM OF “Rl’ (.lN(.”

S -a ta itnps’tl - a t m a t n ’- am akt  m m mlging ’’  as ia t I m - a m m a n  is - a i m ’s - a n  iI’t’d l~~,

l i i)  -
~ as -~ ” su m -

Iht ’ua t ins’ t mt - t i n-s- I ’. \ dn -a i ia j u m us ,‘ t a  ‘ma -a

( ‘-as. ~~ — — ‘~‘ - - -;-‘—-—----;--‘_ -
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I ig tilt ’ ‘a - I I i-a n uu t’ s ,uuaa i’ Is- - - t  t ha t ’ I-a ’ s u -a - a t num. n a, mn - n ut-ia I req tus- mn, s ,mmaa p u t  t ides for a
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,APPE N I)IX B INPUT ANI) OUTPUT WAVEFORMS FOR THREE
tYPES OF SW IT(’H ING.MOI)E POW ER SUPPLIES

I’ngure B-I • slepmcta imaput and output was-as-forms for three types of switching-mode
power supplmcs. Wj sel’tarnas are shown for both conlmnuous and discontinuous modes of ’
m)peratPJnl Idiss-onlsnuous nmitl uclor curren t m a ss ui ts at ligh t load conditions), Figure 0—2
shows is ass - In - rn - is fo r the tranisfi non poumit hs-Iwes-n conttnuous and discontinuous modes.
I he satins- outpu t 501141’ t \ ’ i us ~ssuiaiest I t - a m all tinree nat-ai ls- Is and, th erefore , the input volt—
age s are Jitters -nt V t n-i the buck , 5’ ! ~ l iar th e boost and V tsar the buck -boost I.

(‘ ntis-i Iht’se s-n-ndtti..tns it appears fInal the buck—boost results in more input-conducted
I 511 tha ra t h e  f ’ umsk -S mnors- realm s-tic ctamparmson us l i - a  assunnc inntervenmng tran~ ’ormers and
t h is’ saiaas- in-pitt st - al t ages I figure 11-3 i I he input currents then- have identical waveforms,

I - am s u mna n laa a n n !s - the results ti - ar t Ins- three n-n-axis -Is gu s -ma the -a-aarne input voltage’s tand
m il ls - ms ening I n an s l - an rm an s - r s  i t  In..’ Ita ll& aam ing generalities hold trus-

,i -5 buick -ass nh s - tn in - g-m l a m ’m I s - p m aam en suupph~, s tmst mn t s tIne unaput current more severely
tln,uia thi..’ t’. ’ - mst  ty pe

ta 5 Ia -a m ‘at -ass ml ’ .  Ii mug - uu~ ‘-a~~~
- P-a am s-i sumppls rt’sult -a mu inmg her out pint ripple voltage than

liii ’ t’uis-k Is pa.’
-5 l ’ t is ’k ‘t a t a -a sl -ass it hn m mng - n i - a a st t’ la-a nam s-n suppI~ Pit’s ltms ~s’s f l it ’ InUs- k - s slnstom’l s-d input

s- n- m s - m I  ami d lilt ’ ! -  -a -s I s m ’t iI pu t ripple ‘.m ‘mini ’ i i i  m u g  lIlt’ d usadsa mnt.uge s - I  s-as-hi -
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APPENDIX C. INPUT tEM L i FILTER IN DC-TO-DC
SWffCH IM -MOI)E POWER SUPPLIES

I~~TRODUCTK~N

Sam-itching-n-node regulators- is-quits- an- nmn put ti lts- i to smooth the current drawn from
the umaregulated lim e -au mppls flit’ Imipul I’mlfer , Iioam-css- r. a.,an ca isc instability beca use
ammtchan g-regulators hiase a ne-galls-c input re-sus lamics - at loss frequencies. Middlebrook

t r eat s the preahale-ni m a  a general nlamuaer for all In-rn-is n-I’ sss -mtch n mng-cons-crlers , and develops
cnts-rma I - a - ar unapsm l resonant frequency a,id Q t h at c nas urc system stability , In hms paper he ana-
I~ ic-a and gives criter ia Ion as’vs-ral t~ pt ’s of single-section nnaput fi lters- and also one po~ ibk
t am - t a- -as -cf non l’ilter hlughner , nl femnu j t i - aa m i us m nisa rs - rc ,a ,inl~ as- lime-sabl e am ith this tss-o—-sect;on filter, -

-5 Iwo -sec t ion f ilter u-a alas -a inn-is- cn -s t s - I f s - s  u s e  I I-ui-a is s lenn anstr aled hay \‘u, c i  aI,,~ 
2 who

hl.is-e’ formu lated a ~hesign optm m izat i - a am l me-a l iniadoliag)- I - a - a r sss-ulching-rcgulator components and
m n -a ,u ut s In the ts n lht a am ung ~aanagraptn’ .-a , t v - a - a ’  s -at t Ins-se optmnnuman designs arc analyzed graphically

t m sle’mnonst rate - t heir at lt ’ m iu m atm - an n i Iu.ur,i~ Is- i ms- I is -a I am s - a n-t his-i rs-laIs-d topics are discussed , One
i’-a t he s- I I e’~ ‘ - a  I na n-mn- i de a l c.m I’aacml -a ‘ is J n-s i I Iii’ ‘ms -sn - m el us ,u nat-I tn-aid i-al loss-less resonant damping.

MII)I)LI’BROOk’S -
~~ \ ‘SLYSIS -S\l) (RITERIA

1 lie ‘,am n I - a, h mm m ag - nn a i a tlt’ sm mls s- m Ie n Js I -a ,n - -a ~u ~~ t r , a nn sf n-ruler has-ing un-nc voltage conver—
ska mi m al t - a ’  i~ 

- ‘ 
~ V It  ugur..’ ( - I l  S s’-auunning In K I-per sent s’t l l’ . i..’ nsy I s-am - itching regulators arc

laighl s - I l  ic icnt u . t ine s - ummr enn t ‘‘us s- n - a m - a ‘,a n,u l i - a-a us 1m I I p and thi s- converter input power
I’ a ~ s’ u cml u,mls I hit’ m -a t i l pu t  p~~Iis e’i S I  T h e  reg m, ml .u lm - a r adius- Is ~4 I’) ma mratamn constant oulpul
s m a llage miad hcn-se’ m a m l ’ -al , is i o utput  ~41ss s-n , s-se-a n n it V., sar is-s t hus- if V . uncr eases . Ij must
di’ ’. ns - .i- a.s’ ‘ m m mi ’ . . .’ m m n t a u m t Ia - a - a ss s-n - i ‘-am -a r s - m n n - a muu n - a o - a mn tj nil me - a s u l tu tug in a neg~itis e ins-remenlal input
m c - a u ’- at , i un s s’ K , gist -na l’~

K 1 dI 1 1P dI
~ -‘p ’I-~

C
_ _ _  I i

V -! v s
I ,~I.

-

I m~~re I I S~ ii ’. S~ IS’  - -a te ~h’~ n-V aur;’ls as a ,i’. tnanslomnien.

t Middkbnn-am ’k - K I) In~-ut I t h e n  I - m n mnmlc m i mu -a- a n s mu I)cugn and App hisa t im-a ns- n-i Swttstitng Regulate-ans,”
,patse n ;amr ~ ’ ,aueJ j u uhe Ill I Induisi rs ‘arr ’ ,-aat ,. ’ m n.-a %-a ” . is - ma -%ni nual Meetin g , (‘hin ago, Octiabe n 1Q76,
“I ii. ‘I , 11a~kmnann . SI Ice I I ‘

~ 1R~ Defense and S;’m’.i’ Ssstenis) ann-al Tn-mien, J I- ‘(NASA Lewis

— Rc-ai’ar ,hn (‘ en len i , “ I--a,nmulattn -n - a u  a Mi’thodoIog~ tn-n Pmaws-r ( insu lt I)esmgn Optmnuation,” papem pee.
sen-ted ~u fF1- F Pots - s- n I k’,tn-a’ni..a Spe talusts (m’nfenc ’ns’e . (‘ksetand.OH, J une I Q ” rn
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thus regulator ncg.mtns-c mm npuf resistance R1 n-a combination with the mmiput filter can ,
under cs - n t _ m im i  s -- a a nsh i t m - a a ni - a, 5’_ m use system m is - lability. Stabi l i ty, how eve r , can he assured by
ad hering It-a lam - a - a dc’smi,mn a um l es l u ah itmes as s’s-plain-ed inn the tohlowung paragraphs,

L~quisaknt (‘ircuil ~t the Sssikhing Regulator

S gs-ne-rj lu,s-d niahl-~mgnah hu m s-ar model is tls-s--dops-d and is represented by f ine bottom
‘ . m a in lug ur.n t i - a - a nn  mn- f ig u re 1 - I tie gemas-rali/ed inn-sit- ! represents enf her the buck , boost , i-ar
buic k.b-a sia-al s’ontmgu mrat ion ta~ mnsertm ing this - espress-nons indicated in the table for the param-
s - Is -v s  in the gemie r -a i l son ve r t s - r  nniadel In each s - ase , 5’.. and I) represent the steady state (or
L-u un-pu t s’s -a lt_ mite arad ..Rm t~ r,it m - aa - and 5’ , t hat’ s ic—output a m -a l t ag s’ l ine Is-ass- er case letters , s s- . d

,ntlt I s are this - mr small ‘mguna h ,n’. ~m L ut i t t ’np_ mlIs I tie mi-asiel is ia j -at’sI on as’s-raging techniques
as -tns - re’ha~ the’ model u - a - a r t Ine tr ,mm n’-aistor’on- d i - am sis ’ _ ja I I t itna s - period is as-s-raged with tine model
t - aar the tr ama sm sto r- ’ uaf ’I-d node --ann f inale pe’rnn-sl fine figures n,l nrect Is hennej tha tIne three basic con-
st ’r te n stage -a rt ’prt’.-a4,’ ma t t ins’ tam - a - a  Jut Is - is - mat I unit’ p’t’rii-ad s th is- left n-mac in- all case s being the
t rj mn-auslor-omn ‘.1 m- a aJt - - - a - a I I tat-t i m id [lit’ gt-m ns ’m .n lu,s-d mod e-h rc’pre ’-at’ nnts . am it in appropria te c’s , pies-
-a- a mm a n - s I - a-ar  the par,mmnns- Iers . .n m ns ‘.1’. t ’ - ~t ‘. s’m’nas’rte’m mn~

- lu-ai nng mis-nt t a m nls the’ liars’s’ has-us’ conf ’ugura-
I n - a - a m a --a . it i- a-a ‘.t i h~e, I -a ‘maR I - - t ilt’ sons- Ira inn I I li _ u t t ine - a m as ..-n It-u ta pe rats-s m a  th us - ‘‘s-n-nt u nuous’’ tun

- . unmad e’ nu n am hi-a_ In (lie in..! Us (-a ’ i  uris-tnt ‘ .l- a a-t’s ins -a t fall fs is- ri-a ‘.,t .un~ tin-us- The resist’
iii ’. e’ K s- n-a m a  - ‘s - I I s’ ’ . i a s  s’ ‘ 

- mt ’si - at - a unn ’. s’ -a ‘I s ,u m i - a  ‘ au - -a s -aml npm ‘nns’mnl rs -s- istans’s -s - and aIst ’ n-I the dut~’
i_m t n-a ‘ma !a- ‘s ’ 1ar mn ’ .u la,il s’I Is ’ ’. I a - a th is’ 1)- u a ’ .  tm- a l  ‘I this’ .use’rj gurlg I ~—( f i lter

The- isisl it um a n n n-I .ini umap u nt I ul t s ’r ~t igiure ( .~ I dc-g ras lcs- tins ’ pt’rlor ninans- e - a - al a s -w itching
re’-guLmtiam hs loam s-ring the In-nap gain i I ‘ . v_ m using this ’ Inn-c tramismu issiian I , is t i - a r  ii I and raising
t his’ output mmnps-d,uns c I in- ’ I ins -sc pe’ mlm a m m an - a i m-m t-e Ia’ . t - a a m  --a am ill i - a ..- mm ninnall ,’ afle’cfc’d ii certain -
-a -a ’ t i t s ’t ij arc .um,I hers’I u-

‘a? j~~,j ; (  
~ ‘ ‘ -  ,‘ - a  , un ’ . - ’ ’,’ ; - a ac I n-nd I ‘ ‘- a.&’ :n t u, i I l~ umuuf f es -t u,- t l p ml

/~~~~Rtu ~~n-

am h r m ’  1,, u- a f Ins’ m n a p a ~I f i l ter  outp u t a m nnp.. - ! , n a n ’.t’ , and ~,a is tint ’ regul ,mtor - a - a pc u n- l~’ - a - a p utap u mt
mrnnpedan..c ~~~~~~~ us I hs’ output au s- rag ing S nIIs ’r inpu t mmpeJ,in~ s - I  h i s -  ot tat’r parameters- ,mrc
,feI m i n e - al  ama tig uurs - ( - , I lie- -ac c m mnd it u ’ a m ’ m  , ann he c’tamunesl graphusalls Is~ hooking aI figure (‘—4
I ur ’-at , the’ c spre’s-s iora to m I- a as -cd hm ma p it pu m t imps-slants- / u 5an be s’s press-s-si as

I I’ I I I
I • I’ p”Rli s I • I

Sn -L u i - a l loss I rem h t u s mi.. is - -a am here I la s - t m - a - a - a p  g,umn I u-a large, tine turst term siominats’s and

I,” -‘- i,a ’ R f t ’ ,I

h — am es - e r. ,u t a os - - ’ Ioop-.gjun ..rn asMase r am-here I falls h--as-loam- unity, the second ten-n dominates
and

/ t 
‘
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s-s ins-re is-i us t he im ps-si_mince oh tine scrws- rcstnn_mnI averaging filter, Z 1 equaisp2R a! dc and
loam freslucnncme’ , declines along the’ asymptote ~u

2 
~~
(‘ above I R(’ reaches a minimum of

at this- averaging filter cut-off t’rs-queincy can- I -~~‘t ?~. and then rises along the asymp-
tote u u ~s-~Ls- rue upper curve in figure (‘-4 illustrates tjiZ

~~I 
(assuming the good approxima-

ton Ks- ‘~~ R .  Figure ( ‘-4\ upper curve j ista represents the minimum value of {Z 11 at low Ire-
slus’n- cw - a  hat-ca use I ts - i  in gemieral represents a is-rn- anud t he ’  effect of f(s~ is t hiereb- y omitted ,
\ -a at s ’ thn,m t han sI_mianli ty t ine I.,, t I lts- Isawer s-n-lid curve in figure (‘-4i must u s -  below Z1 at any
Irs-el lis - mi s - S

/ - -, I, -a i-a -a /-a i’ t I !Si i1l ( ’ i h-d a nun - a - ar . .- sI rmm ugen n~ crit erion us required , that

-a - t ,, ‘( p 2 t K s- + ‘.,l s- i -

am lucre ~‘n- u- -a t hus- output utnape-a sians ’s- - a - a l  t he regulator. In figure U~4 , 1 p (  Rs- + sLs- iI is repre-
cni test h~ t ine si_ms-he-si lnnne anas t tm- a fl ies- I thus criterion , i s- must lie below this da~ned hi~ue.

I •r_ mp liis -_ mI lechann n-a -a lues denion-stratest hs Dr Sliddlebrook bar analyzing one a r m two
..c’’.I h a m I ( m mnput t i l t s-i.. am ill bt’ pre’-a~t’nIesi ums un ng opt imnasini l’ulters designed by Dr. Yu, s-f al.

VI ’ . FT A L TRW DFSI6N OPTIMI/ATION METHODOLOGY

‘5 pn-amer proces sing - a - a p tmmn , , mt i - a-an methodology n presents-st in reference C2 to ms-cl
required spec ulicat htans li -a r i Jesigna amid suns-uris-ntIs’ to opt inn uz e a given design quantity,
Sti’. in .i quma nalmis ‘ .a un he am-cigInI, (‘ISis i s - m isS  . reguL ator response , or any other physically-
nealii.mhle entity I li re’s- im n-a iu uc tor s le -’-amgn e - as,mmples are gus --en -u In demonstrate the methodology ;

I - -\ nnmnitnnum weigh t  un-si u s - I - a - a m am itha the am ire site predetermined .
2 S nn n m n - i t aau n n sss - i ghn t unductor subj ect fi a given loss constraint , and

‘S na nimn umn a im ni l ia - a’.’m mnductom s-ui -a t e’’. I to a gis s - m a weight ,,mafl sf m’aint

( ‘ m am u p u nter pin-grain s In,is e l’ t’ s’n p re p u m s ’si I-a s T R W  fm - a m this-sc opt mmum inductor designs as part
- ‘ I the S Im - am t e h inn g am a- a l -Sna ils - au - a - a - a t  Power Processing Systems tMAP PS ) project , sponsored by
‘s- -5S -5 L s’am is Rest ’_ mr c h a ( ‘enter amusi e r ( n ’ u n t r , i ’ .  t s \A 3-  I Qr,Q0 ‘

-Sl’ -a give-n inn the 1KW report are more comple s sapt inn urn am-eight designs, one for a
s-mng k-ct_ mge and ,n second tm- ar  ,t tam-n--stage filter These slesigns are compared, Theoretical
c-a Iuiatnons and in es,ampk are gms-en for s-as- in filter, t m - a  faci l i tat e ,i realistic comparison, four
re’(ju mmremet its am-s-re assumeti identical f ia t both filters

I- frequency n - al sw itching current = 20 kilt
( attenua t ion required at frequency F 0 002 1_ S4 dB)
1 h il’. current in inductors = 3 amps

P power loss allowed I) It w a t t s

‘sOS( hj i verified t he çar. -ag marn ’ s unil il’, P’~ trial apph’.-alunan s and i- a in the process of puh-ahuahuag a repon
ent itkd “I)puinaunn lndustn ’n, t)es-qns, The -a-am’,, Oes..m uphi ians . (‘omput en Testin gs, and Validat ion Results,”
hs- I kamm H, s- ims’ulahing am n ’ . h neptam is the intent us ‘enable power electronics deskgnel’s to more easily
design and umpmovc the pen lomma nce oh the m equipm ent

4-,
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Single-Sect ion Optimum Weight Filter

Figure (‘-s s - hi - a nam -’-a this- schematic - a - a l the’ resultant minimum weight one-stage filter
( 4Q9 grams’), Using techniques-described by Middlebrook in reference (‘ l .a graphical anal-
y si, is also shown in figure (‘-s . The graphical analysis enables one to predict the attenu ation
beyond 20 kIIz the s-lope is -~44) JR per ste’s-ads- (asManaing conaponenls are frequency invari-
ant .  The filter frs-qumens’y t u mrm ns - ‘ - a uu t Is-a he

I -a = l ’2~~ ~ 
jT’ 

~-a~c

,imid its re- a-an- n-al it ~as-_ mkin-g is-

21) k g  Q = 2(1 logu ~~~ Ku = s-a siB

~~‘te that t he app~ a\irnale graphus-al anial~ s i-a res u lts in - u ,al naost es _ m ’ . Ihy  —S4 JR at 20 kilt (the
sk stgn tee miss -ms -nt i

Two-Sectio n Optimum WeighI Filter

Figu re ( -4-a shows th is- sm_ lu_-mat ~m_’ of t his- resultant nninmmunnn am eigh t tam - s-a-stage filter
I grams-’’ I Is-re’ ag,uuua gru phi u s _ mi an _ mIS s - is pt’rnaut s a Its - ma ima ti - a - a ma s -s aluma t i n - ma at freq ue’ncncs

6 W 23.7 MH .0S7~II 3*REQUIREMENTS10 -S4 4S AT 20 kHz °—‘T s-—i
~
—1’-’---’° 

v2
_ 

,C WEIOHS 3T2 kg . F
n ~

~~~~~~~ 

1335~ F

1

C

195 Hz $

WEIGHT 

~~~~~~~ 

2.0

-- -40 dS PER DECADE
~~~~ -12 dE PER OCTAVE

IN$MUM

FREOUENCY
SWITCHING

0.1 1 10 100FREQUENCY kI4z

Figu re (‘t Single -sec t ion optimum wei Øit fihten

‘Atsuniea t a il t antal u m ‘.apa~ m n - a r , ~1 kg F -

As,,umes ion, t a ntal uim capacitor f - a - a m ( .~ 2 kg-F I and ptaly-cathnnale capacitor In -an (‘ . ~bOO kg/F),

4g

A
’
-

S

I :ii’ 



p

L 1 ~ j I.~ N2
301 H .~~ 375~ Ill jal .015512

~ 2 0 ’  C 1’~~~~v i ~~~~~~~ C2 1’2

S 
3 I I,Q C3 dS /~~ %~~~dS PEJI D(CAO1

-I- 15 -‘ 1,05 kHz ~~3o I,LO1 4 7 d S

5 REQUIREMENTS
I SSi kNi

~~ sw 2

3 *
0 • -54 ~~ ~ 30 kNa
C1 .,..15111 372 k /P

-so - (NI t..iIa ~~ ) PIN DECADE
3 C3~~~~~~~3S0S k /F

(pal, wbo ~usIs)

-
~~~~ 

- RESULT
MINIMUM WEIGHT
~ 171 ,iiS

‘ 1 1 1 1 1 1 1 ! !  1 1 i i i i i i l  I 1 1 1 1 1 1

0_ i I 10 Ix
F~~EOUENCV . kM.

I’ mgume I s I ~ m - a te’. in n- a im opti mum ~‘eigh at liltcn

-at ); e r t han 21) islhi the slnape ,s —f_ ni) siR per uis -s -_ mtie ’ beyond 2(1 kilt I a s~umnng constant
parameters- i t he’ fuller t r,imnsler tunis t i - a - a n - u so ma la m ns t ‘s ir poles and on-c tero At the lower
re-a-ann-ant freq ucmncy

- ~ h • 10

= I OS kilt

St t his- h igtat-r re’sm~nianI fmeq S i - a’ !i’. S -

a ) ~ ~~~~ 4 -“i ‘- I)) ”

l~ = 2w 3 . 1  kIlt

Re~ ’anant peaking at 11w first stage filter t() l ncgkctmng the small inductor re~ stance ) cat-
cul-aule’s In be (re ference ( 2i

~~h 20 kag10 %Jf I + L , (‘ 1 R m_~
) (1( 2 

~ h ~ + iL 1 ( 1 R m_~)l I — ( ‘ 2 ’C 1 
— L2C -_n ,’11C 1 )2 )~

Thus.

20 kg 10 \/(l +(R 1, R J 1  11C1 ( ’ 1 ) + ( R 1 R s-
)11l 

~~ 2~~ l ~~~~ ~~~~~~~
= 20 Iog102.OS b,3 sIB ,

4Q

h. -
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and at the sccsmtist st age .

= 20 Io~ 10~~ L’i L~ ‘~~-~~ ~~~~~

Recommended Component Types, Rc’l ’crrmnig to t m ,gu mre ( -s ’ . the resis lor K s- is - placed
mu m series am nih C, to control res-omnatil peakmng because tncglmgihle curtent ti n-am’s in- ~ I and Rs-
es -cs-pt slurimag line an-si In-_ms 1 cha nges . l~hc hollowing gu id s -h imi e’ s are re’connamias-nded for s-dc-cling

( ~ 
( 4 ( ‘-a ( n - as -of lap oflenits - - - - - -

I Sinus-c ~ 2 supplies ni le-as -I I thern pumlss- sun s-nit - use loam -di ssipative La pa c i to ns s-ucla as
s-eru m is -, my lar . and pm ly -carbonate -

2 Pons-siereel pt’rmm uahlo) core I - a - a m 1. 2 s-s ill ,i5 hm mccc - -u -a’.naat l core la ’s-s

-~ i n - i  I - I - a ’ u l -a - a r am ct-slug I_ mntalum nn s’.upacntor ’-a . - a - a n ,m lum ui imau im ma s- Is-s-trot s’ t i - a  are suitable,
4 hun l u-a, tn- i I i P~s-s-~’

. ‘ ‘s ’Iit i_ it )~-a a 1 i rs - L I ‘um m me ’ nn t  - I hin,’R’lolu.’. edds current and hays-Is- r-
e- - a u- -a losses are saeghmgmhk - I lti~hm ‘n_m t um na t  no u n  Iltu s- -a ‘ m c munate nma l - sum_-h as gapped silicon steel - s-an
i-ac tmss-d I - a-a r  -a ize an-at am eight s-as- mnngs I re -a-as- n’s- c’ t i t us-  s -ampai ’ uIil~ is required 1- a - a pies--s-tnt saturat ion
s lu mri ng imap u t t r a i n s - ne- mats  .unid .uii’.l no s-us- ,, s’I’I i i- a u huts Is ’ s - Is - I

Optimum i- lIters l)csigned In - a r Higher ,-~Itenuatim-ani

lim’i Ii t his’ n-mu’ - _mnlst t am m’ n— ’n t ,m gs’ t i l ls - ms am s- re desi~ mie’s t I - a - a r  —~ 4 tIll at .2)) kilt II addit innial
.mtt e r u m at i - a - an - u am e’t’ e’ r -a - -a~ s m m n s - ,t - t ’ot hu I u l t c - rs ame ’-a ulsl need larger m_ ’ona pone’nt s I to re ’ sm -am ia t e  at In-amer
Ire’sluenic m s - s - i  I hm is - am oti lti bs’ less -a

~~ Iv s-s O hm the lam n_ n—sL ugs’ I mll s ’r sins’s- the s-u-ap e is —s-aC) dR per
sts - m_j tls - S I - a - a r e’s -_ un ni pls- , amim - a t hier I n )  u ‘.1K n-I a l t s’ nu ,m t ion coumld be’ - a ’ I ’ Iam nest h~ s-li ill nng tile ’
s- nt ire sun’s-c 1mm I igumrs’ ( ‘f - a to  tine ’ left s-n- t h a t  I us- ‘01) 11/ W hereas in figure (~~S , I 0ta JR
a-a t - al i t  mon.m I al t c nu ,m t s - an am ouki rs’qunre s- tail lung I has- meso n_ mn - I I req ue’nL s Ii’ 45 5-a iii i

t ‘ s-i n-ag t h i s ’ s-anne f i l ters - _ msi s t ilit’ui_ml -a i t t t’flU-all tOtS JU i ns- as-hue s’s-si hs ins-teasIng the
s-am itching Irs-st as s ’ ss ~ s I n-i s’-aa nnpls- , if I 1n Its ’ml u us ’la,, S were sIn-uh’-a ls’d to 31) kIlt the’ single—
-at’’. lu - a nn lu l t s ’r u  I mgunr c ( ‘- I 1 am onmlsl m m im _ ms — a s s -  i t s -  a t t u ’num,nt i - a - a nn 1 2 sill at h a s -  n-cam ss - si t m _-hing It’s--
si ume ns-s - t r - a - a n~ — ~ 4 siB I’  ‘—‘Is-S_n -aiR t his’ lam n--s-s-chin -n ti ller I figur e’ ( .21 am oumh st increa’-ac i t s

_ m t t em iu ,it us -an es-en mn-a’ re I I s- s hRi , is’s-u h f mug inn 2 sill at th is’ new s - w i t s -ha in-g t’re’quiencs - Ilighacr
sam itc hing I rem; us - m is - u s - s s-s n- a tmld result m u e s - e’fl iiu gi as ’n .mt le’nu.’utunm is .

(A P-aSCITOR (ONShI)i~RA TION S

.ip,i’. ib is .i rc neither isi s -_ mi n - a - a r tre-qus-n~ c iunsa ru ,mnt 1~ pic.u I loam I’ SR I- St. ahumi— 
—

i-aii m ekc t rn - a Is  Iu ~ ‘.,ip ,i ’ . ul -a - a rs -  ( icfe’ rem i ce ( 4 , Ic’ss- about I ~ I - a - a ~O ca pacitance from 120 lIt to
II) kIlt ,insi ln D-s - 2~ b - a  S( . ) l the’ rena aun ing capacit ance per decade above 10k M,. ~ f t Itng at

“1 a n ‘I - -  m d  th rra’ . I J - 
‘~ -rn-a- 1k-sign -tape ’. i s! oil’. rrnung Inp -au h I il u s ’ rs hon lx IX ( - a b n s - ’ e m ie m s. ” papc- n

pre~ ’n n e t  j t  ‘hc 1111 P .~~ ~ T I - fl uti~ ‘a pc’. ma In - a u -a ( o n im -m e ns e - Pasadena - I A . ‘s - p m i i ~ 
mJ

‘ASIa’ . ‘m)’~ n . I I - “-a-am hiai~ R~ i~ nhii - a -a n ( api’. ui - a - a n I -a’~ Pi ra -I ~ s- () ptnn mn/i ng Kippk an-al 1511 Suppmcssuon
Priln’rman’.’e .” pape m presented at POW I’R(’O\ in San I ra n -s- u s - s - n - a. CA. h Slas l Q” s
Silt_nc r . 1 - ‘ Simpl iI~ ung s he S~~u u ’ .hm n g ikeguul au-a_ nr lnp ut I- sIts - i .” s -aIu - al S u i t e  Powe n (‘ a-ann ’s -ms-u-a n . Ma~ June
l~~ S

“at _ns- jt’ll R B ,“Ifs pass Fu l t era I s - t e nd tm - a One (-all , rang e when Solid-Tantalum Capacitors Are t~sed ”
I k u- ’nu  lk’-amgn l~ . I~ Jai ls ~‘u
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a high f requents -s s-~atcte s _ n t ’ less- than I ‘~~ ssI the 1 20-Ui ca p_ ms- mt_ m i nce . I-SR also decreases with
l rcqu uem icy i_ n u m b I’s- ar loam s - - a - a l t _ m g :  c_ mpac i t - a - a n s -, incre ases ag_mu m I For s-s-ample, a -u-V ds- capacitor
ts pm’.alls decreases am mlii l res;ucums - s about 4(1 ‘ iron-i 120 Ii, to a muinnimumia near I MHz. The’
I’SR thwm i is picalls increases - s-s ml i i  I’req u semns -s I - a n w ith in 25 n-I the 1 20-liz value above
Ii) Mitt. FS(, us - rela t is -e ly nm lds -pcuu d e ia l - a - a t  l’re-aqucncy , but it depends- s-n-ornnously on the
ca pacitor s m_ - s - a mu s - hm uc l m on  Iii s ts -s -angi i s -d In-i t , is - I  nuiammulac lurahmlily I- Si. Iypicaily runs more than
‘ t )  nai l hut los-s 1- SI~ ,ulut nm n- umnui els’ct ro l~ tis ’ capas’ut o rs - rum ma betwe e mm 0.5 amid 15 nH . The net
s - I f s - c t  ms - In- reduce this - capacitor ’s attenu atio n abilmt~ at high freq uencies. ,-Shs_ ns - e’ approxi-
m,mIs- l~ ISO kit, , t his- s - , i pa ’ . m t - a - ar s- abil i ty t m - a  at tenuate 151 1 depends- almost entirely on ESI. A
h igh s -s_ n lt .m ge s-’-aip ,ns i t - a - a r  cs -ps-cm alls’ designs-st I - a - a r  low I-S i m igh t he expected In- provide 2—6 dH
ac id it ic- ann_ m i mnoise at t s - i muu t i s - a n m at I Stilt amid I ~s JR at I ~0 kilt. I s pt’rimnental results refer—
m_’nce ( 4 1 umsing -am 20-kilt pt-ass- c-ar -astippls sl n_ mw ni ig 3 aruaps and a k_nw I-SI input capacitor
rs -’~iIt s-s i iii conducts-si 1 Sf1 s - . i lu m es - of 11 dIlp.A al I 5(1 klIi . — IS dBpA at  500 kI l t , —h o dRpA

I Sill,. — t’-a st Il~i ‘5 at ~ Mit, , — ~
() ‘.lBi.s ’S ,it 10 MItt -a ami d —2s - a  sIIIMA at 30 MI-li ithese’ p-a-anna ls

are pln-tts-d in big h ts- I ‘

I-S R mn -s t s - .m pac utan cs- is ’ s-’rej s-e am ith i mmacn ca- a-as-a ’.f t req uu’nncy tn-i t han-se capacitors gemierally
_ nt iu le’si b - a - a  s - w i t s - l u ng rs -g um hat o r m mn piml t i l l s - n  app incal u n - mi s - I mlt un - iinu u na electroly ti c , tanta lum foul,
Liii t,u iumm am e’t slug, ansi Sm ‘ hn ~l a In mi mmui ma m - u’s- a l e- a n s’ rus -’e’ ( ~ i I- or s’s -am plc . it is- nob uncommon to
liii ’ .t l ime , up , i ’ . i t  u s - C  i_ ni I SR a - a !  Lumnlaluna s - s -s- a t slu ig capacitors at 50 kilt equal to 50 of their
12( 1-h i, nal t ’s I c a lu ies - I hue ’ In-s -s-s - re e l ‘. ,mp,m s- uI.t nice re s- t i l ls - inn -i hitghuen ripple vo ltage ,1s-’ros-s the

s-’ap.ucibor in line t it m as -a s i - a-a nna _ mimi u,i t this ’ s-s-s it ‘.‘hnnng Irs’quie’ncs I Ke’te-rrnn-g to  figure ( -5 for t h e
c nma-stage t i ller , t his-a I rs-aq ticni ’ .c s lonn,muui urs c’ s- am s -a u lsl h- a s’ Is’ s -s stee p ht’s-’- a t t i s - s’ -a il t eflua t i& )fl , s - . 2  s-
il ,irns I r~’q us - us- s is - ir nss ’ rs-c’ly pr o p- a - a r t i - a_ n nal In a m c a p_ mm _ nt i s - c’ la i n- s - t i n - n I s - 2  s- = I I + j s_mR(’ +

s-~ 2 1 ( I I  S \ m Os -  Sull e’r I ref ers’ nm s- s- ( s ,ils - -a re’s’m’ nn a mnuen - ds - a nmn mfu rna lv am ounid un-gapped toroisi
In- n t his’ hi lls- i mm us I usc! - a r  ul r_ msi n_ mIs” .1 I ‘-a t I n-a i -a a he namn inu ifs’st I

S - a - a l u d - t _ m nn lahimnmi s - , i p.us - tn- i s -  .ir, rs’m_ m - a n n- urnien n sis”.i is’te’ie’ us - s’ ( ( - a ) b r  l’a~ - p_ ms s - filZcring
( e ’. , i S S s - e’ h a s ’s h i _ m s - c loss ut n ts - rn .il in-si uis- f _ m n - ce and is -s - is - i  ,uIise ’ utisi t hi ns-  do nob res -a nate until am’s- il
l’s’’. -a ’ui’.i I ( I1,. I hu es s- , imi hn.mnsile ~ I - a ’  I 10-5’ - a t ’ .  , ansi cs -am -a -us - inn a am - me ts - ran-ge m a t  c-apacmtances.
I ‘- as - n s- i -a , am m lh ama I SI n-I J l pr -a s -n m n. n Ie ls 2 ( 1 i.,iil the ca p as - uh .u ns -s- sl ecr ease s amn l ha  frequenc y .

os-s Is-Il i rs - I’ere’in ’ . c ( u) ,iIs-o sims -cuss e s- lIme s- I Ic -a s - I  0 Is’asi Is-uigt h at Ire-al uenc ues below 100 kIlt .
Ie’,usi lenigthis In- d’osmt I ~ uri s- is -s’ s i to ta l ing -~ uns-hiesi h i_ ms -c hull it’ s - I ts- a ct on the insertion loss- At

uglier Irs’q Us-rim , is’s - - inn-am s-s c-a r - he’-a ud hs’ma gt in an s - i s’_ msi nig ls ‘.h -ass migra stc- s- line inst-art non I - a - ass - capahihihv
- a _ n I -a, -aI~\n’ . it - a i r s  n Sm lhi,n t h a s ’ ir is -s - r b  noun lm- a s- ,s - m i nu s s le m _ r e’ _ m- a-a: a bs-n-uI 12 ‘.1K al I Sill; am ’ul ha a 3—inch
t o t_ i l leasi lengths

LOSSLESS Ri- SON A NT I) -SMPIN(;

It us - u sua lly um mds -s-mr ,uhle ho iaave ,u s - ugn aifn c amat elegies- n _ n t  peaking s- lilac-i in the transfe r
I inn -ct mm - a t - a s - lte I a_ n i I he’ m_ n iuhp u n t in pc-si_unce I/ s- l a - a l t he input fil ls - i , A high Q transfer function
um n , m s os- e ’r lo .ue i ttae s-rt5)i -a imnpluf is-r aua ’ .i - In-i sta hu lut s - / s- shoulut i-ac cn’iall compared to p2Zs-1.
i t’s- ligure ( - 4  ansI page 44

In- a rem_-s-nt pape r , Mistet leh’arnok~ 
1 recommend s- a cursu nt for a single-section flIts-i

which will achieve resonant damping without decreasing filter efficiency . The damping of a

MiddkP ’mn-an-k , R - “1k-sign Ics-hnuque s- i - a -ar Pren’entung Input h ilt s- n Oscul latun -a ns - un S,vitciic’d Mode Regu-
Ialnms . pa -ne r presented at Pn’wen ( -a -a n bcrens~s- ~ - San 1- sa n s - ic , , - a ’  - 

( -% Mas- I
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s-ming le-ass’s-ti n-mn I ( ‘ filter ligure ( ‘‘I n s -  sIets- i’riiuas-d by Its- is-c rc’s - usla nm m _ s - s Is-s o mn seine’s (one
wi th insliis-Ij n-s-s- IR c- I and one with s-aj’-aicitans’s- K s-- I . and n-nc in shunt s R i  a~’ross- the ca p_mci-
tan s-c _mnsI i t s -  series res ist_ mince ) In-creasing an-s of the’ series re sms - t a mn s - s - s is- unudes-irable result-
mn-g inn less- efficiency or introducing a tern- um ttis- transfer function) A prefer_mt-ale solution is
to parallel the’ in-_md resistance am -t i lt a s- s- r ues - conthinatucin oh’ additional damping shumit re’s-ust ’
an-cs’ _m net a bios-king capacitor I l - a  as -n-l it power los -s - I I his- sn-hub ion is- represents-el in figure
U’S lime paras itic series - r es - m s - t . n n u m,’s - s- amid in-_ mci ie’’- aJs f a ni ss -  arc’ n-m itts -si sim as-t-a slam nupimag mc ho be
s’n-,itr-a hled h- a S RJ am- inns-hi dc bimaes a Q ta .’ t - a r -

Q = R J R

s-s has -re K 5, ‘u, I ( is - Its-c characteristic ms - s - ms - tai l s - c n-I lIne 1111cr [he’ blos’lsn nug capacilor is
dc- t’imis-d . -a-a n I lilies (he s-arugi ms-_ mi t i l l e r s - ,up~us ut a i is  s’

-Sum m - a pti nm num nu s ian-aping re s - m s - t m na s - c’ K0 s - s - I s - I s -  I - a - a r  a g is - s - n m bit -a m_ - king capacitance s--alue hut
It s -c’ s- a pt inn-un-n K _n u I -a geb opt in- nu l ls- n (.) I is- sli l l’e’ierit I - a - a m t his’ limit- as- p ra_ nperl is -s m _ n t  s - t -a nac e rn - tia ras--
is- i t u m um _-t in-ri ihl i , inpuf imps-sian-ce’ 11,1 and out put un-pc-dan-cc t i_ n i II damping n-I’ n-mis-
~rn-ps-rt’s us- oplumutcad , t ts-os,c n-I th e-a s_ nt is-er l a m - a-a am ill n-n-h bc-a a _ n ptmn’nmis-d In applications to
s-s-s it ~hing regtul. itn -a rs , lhmers - a lm - a rs’, s-- a_ nm mnpn ’nnims -s-a s Jit ’ m uc s e ’ ,sars. am h s - i n  t ies-s- il ls-s- is-s-s allow a
‘inn-aIls-i alus’ n-I blocking m_’a p_ mcmt a n ,,-s- f m  be-a cnn-pin-ye-ad his -a ma ot het’s-s-- ist-a s-s _n ii ld he t las- s-ass-.
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APPLNI)IX I). RECEIVER SENSITIVITY CONSII)ERATIONS

Otis- def inition for receiver sensitivity. S. given internal ns)mse ps-awe !, N. is

S + N .
N -

For a recei v er In c - an - h end at a t~ pical rn-on-a temperature’ I ~ ,~ I ( ,~~~~ fine intern al nou~ power

s-s-prs-ssed inn des-its-s-Is us

N sI IIts-i i = —l  I4 IdHnn) + 1-idHi + hO 101110 Bs MIlz i .

am- ins-re F us line noise t’ngumre - a - al  the receiver and 13 us the res-e’usc ’r bandwidth in herlt Thins
s- Icl’inu ti -a_ nn us- mis - tern -as - -a _ n b receiver tu e-m s--au n-n-use w hich is ins-ohs-rent and hat- aids h_n i either narrow-
hand s-mgmials- - a - a r hrs-a_ mdhan-d uris - n- ins - rn-nat n —us-c ,-Ss -s- umn ning a 50-ohm s-y slem and cons-cIting noise
power lfl bt ) mi - a ‘is-i’ s - a - a I ls -

Si ’.114-au \ I  N ’.iB54 S N ’.iHiTn • lO ’ist I3 i

~ — ‘tdlim) + 1 - is - l B I + 1( 1 log 10 lI SIIln.

For the 0-kIl , region am ticre the’ calculations are hcung done , a receiver noise’ figure
( I s n-I ~ si B am -as used whims - in us va lid m t - a am and es-pe’s-tesi h - a _ n he valid in the future A nari-uwband
c,m lcu latus_ nn- was performed he’s-_muse the receiver sensitivities are’ narrower than the switching
tre-aluiency h.mnmt-anus-’s spectrum unUers - -am i in-nuls m)(iC’ hj rrnt_ nnais- would he rc s-ewcd at each receiver
selling) the mTh_ns I sensitive recess -cr is-as - the’ narrow-es-I bandw idths- In- linus case , il ls a receiver
wi th  a bandw idth n-I ~(K) Ii; and 11w se nsitivity cal -au lates to he

SId B~aVi  = — • 10 tog 10 1 
~O0i

Thus sc ns i lis- uIS unk-a rmatnon- wa s -  further s-on-firmed by d iscussions v-a-nIh personnel at
NI S( w ha t - a tave a tower limit _ n t t n-V tn- i sens ilivit% i (-a n-S correspond s- I - a ’  —44 dB~mV P

I

~~Whute , 1) K - Fkclrt_nmqnenk Intenfererute and ( ahib~~y, Vol pp 3,6S—3,~ l, Don WhIle
Coniultants, Inc , lQ7(s
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APPENDIX E, CALCULATIONS TO DETERMINE SEPARATION
DISTANCES TO PRECLUDE INTERFERENCE

MAXIMUM PERMITTED FLUX 1)ENSITIES

To limit this- voltages induced into the’ receiver cables requires limiting the magnetic
f’is-lct hIs_ nwe ’ve r, thus- limiting value’ oI’ magnet ic flux density will depend upon the cable char.
as-ten s-h is-s (See page I’I nra mauns- tc’st .i

For time Is-s’i susceptible receiving cable of II dBpV pT . the flux density (B) limit at
20 kIIz required Is ’ limit this- mnduced volIage s 10 —64 dBpV Oncludes the 20 -ad B safety
l a s - t n - r i is-

13-aI dHpt) ‘-b’$ dBiiV - u l l  dBpV p11

= -~~~~ dBpT ion 2 SWF s-able ’ at 20k Hz,

I- - a - a r the more sus-ceplihle cables n-t 34 dRpV p1, the flux dens ity B) limit at 20 kHz
res-luirs-si he_ n hummt t his’ ins-Juiced voltage to —b4 dBpV , including 20-dR safety factor -a us

I3uJKp 1) = -~-a4 dKp V - ~4 s1IlpV p1

-
~~~~~ illp I It_ni K(.-2is4A I’ cab le at 20 ki lz.

POWERLINE-GENERATEI) FLUX DENSITIES

the magnet is- flux s- Is- mis-It ) stmrmouinci ing the pow crIme cab le depends upo n the phys i-
s - a l charas-terist us-s ansi sl ims-mis -io ns t tIne Pov-a’crlinc . his-c current -a and (he distance from the’
s-able I or mt_nrc information , see ms-i_ ms-n test section. ‘Magnetic Field Emissions.” The
lahks prepares-i b S( S( treIs-rence 13, were used t o determine ’ the distances required to
achieve the above limiting flux dens -st ie s - t ins -se distances wer e found for thr ee sir es of the
IS(1’ t~~pe cal-ale’ (the l)S&’L IS ps’s Is-ave islefllis-al e lms-tans -es ) and also for different amplitudes

t line s- ur is- nt the \t’S( - table’s tabulate flux densities- ins- siRpi at unt cr -s -’a ls of one inch for
s-_ mhlcs s-air s- ung n-n-c ampere n-I current -~ s shown in figtmre h 6~ for a n-ne-ampe re pulse , the
predicted noise current at 11) Is-Ill I um-aun-g the two-sect ion filler) would 1-se 60dB down from
ca ne ampere u-4 -a( ) ~IHA) (‘orrcspondungly . a 10-ampere puke would generate -40 dRA at
20 khlz anti I(~

) amperes am-oukl result in a —20 dRA component at 20 khlr - Tables F-I
through i- - 3  list t he flux densitie s It_ n, rcquuumed cuurre’nh values at one-ins-h increments from
the cables.

NOTI- (‘akulations we re only perfor-n’ic-d at 20 kIlt , the frequency at which the
max imum induced voltage would occur. This mc true ’ because the induced voltage is linearly
proport ional to both the ’ magnetic field and frequency , at a given distance. The magnetic
field frequency component iproportuonal to the current component) decreases more rapidly
than 20 dR per decad e with increasing frequency up to I MHt (f igure iS i .  and correspondingly

frnm main text .
VlPdB ) • II dP aV/MT

V(dB tV) - PdBpTt • h i  dR~aVipT
en-a ton V4HpV ‘ -64 dR.aV
Pdfti ,T)a.64 d1& V - I I I  dB.jV uT)
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at Iec ts - the ’ induces-I vo ltage. Increasi ng the frequency causes am increasing 20’dB-per-’decade
change’ in the rntiuce’d voltage. The net result is a decr ease in induced voltage up to I MHz .
and beyond I MHz much less- sens it iv i ty us required 4 figure 1” ).

Table I- - I. Magnetic flux density versus distance from cable’ for types
TSGU.3 ansi l)S( L -3 cables ( m aximum current is 12.0 A) .

l-lus- o s- n uns , JR its-us- n_nmelra

—IO tIBA
Disi alas-c Sna _ n in (‘ab le . I -amnip (‘able (‘umrenf (‘able Current

ins-b (‘able (‘ unsent ‘ ( filtered I as_ n_ np ) (f iltered IOampb

() ~- — i i  c-a .~ Is- 3)’
m u — - a - a s  ~

- t - a  )‘~ - )4 .  S~~

—k-a ~ -lOt 1 - ts-( ~~

4 -~a 5 0 ’  1 t .tl

‘4a s-ms nun_ n ns-~crt.mhk fibs j c nasi ti c~ “-a - ~c dlti~1

~~SIasmnaunn i~ ~cpt.ihk lius densities s--a -~~~~ JK1~ I

table I .1 ~lagns-t is- h ums ds-nsit~ vs-is-tic distance irom cable In-i type s
1St U-li it I and t)S( ‘ I (K) ~it- a ls’s 1 us-a sir s - nuns - current is I ~4 3 (1 amps-)

t hus tk ns-nts , JK mis-moiclsa
Uvitans-c I s - a m  - ‘ f ’

~~ o dNA -40 dNA -20 iRA
al-ak - I - amp (‘able (unsent ( able (‘unmet - i l Cable Curnent

ins-ti (‘ able (‘ tmc-n t~~~~~~Ifml t cted I ampu~~~~~ tt ih t r ned_tO A )  (fil ls-med hOO A l

-
~ -.5 ~)

_ 
-.4-as- ~)

‘ -

4 - ,~() :o -MI) 0
- n ’  hit - itt-a I” -4* lit

n-a f l9’ .~ I - a~”
— .i 1 ’ _n ” ~~ç.. ‘ —  

~
ç.

it 4i ,~ 3 -~~~~~~~~ 4 -a -

- 
-

~~~~ t, -4 i t  ‘~~

10 -~4 ~ •Q4 2 -74 ~~
II - t-a-4 qq b4~~
11 -4a~ 03 —85 O~

-90.38
14 • “~~

16 -91 0

Mummum an cepuaP’k flux densities ‘-a - , c da.,T,
Masnmum acceptable fl u~ densiuea ‘ ‘~~it dR~taT.
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[able’ I -3 Magnetic tiux sls-ns-nty ‘-aer s us - distance’ from s-able for types
IS(.U-200 .miiJ l)S4 U-200 s-j hks imaximum cumient as 21(4.0 amps).

Dusians-e ________________ 

Fluc l)ensmm >, JR mis- stats -Isa
-tOJNA -4O JNA -!OJ KA -l4 dBA

(‘able. t amp ( jhk (‘u,nenil Cable (‘unrem ni (‘able (‘urns-nc Cable Curien t
inns--h (‘able Cumment iti lteted I amp) (f ills-med 10 A) ~fihtered 100 A l (filtered 200 A)

- 14  03 - 4 03 -~ 4 03

n-a -~-i ’il -M s-n ’ --at~4 9 l
- 14 -~~ 14 — ‘1 14

am -~~~~~~~~~~

-41 ~~ -1 0 1  -is-i” - i t t  4 l •

14 -~~~; Il - -a—a ” 31 — “ “31  — ‘1 3 1

I’ —~ I ‘n ) -I(J~ n n ’  - i t l  0
‘ i t s - U’ -79 ,07’

I - “ - a  “ - lot s-fl —8 93

- ‘ma “m -% Ss-j ,,90 5,9

.0 “‘~‘‘~~ I -I(93 40’ —9440

I ,,j -~~‘--* 
‘ii ~~

— _____ - — ____________ ____________

•Mas nnun_ n as- s- c~’til’k ~ a s - cs - a  s- i ’ cs -  ‘--a 
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APPENDIX F, EMI SUPPRESSION TECHNIQUES FOR
SW IrCHING-MODE lOWER SUPPLIES

lNTRODUC~k)N

Techniques are’ discussed here to reduce EM I caused by the steep rise and fall of the
switching waveform , The EMI suppression methods include using fast (but soft ) recovery
sl iode’s-, controlling the shape n-I’ trans istor rise and fall times , using low EM! wiring techniques
and possibly shielding, filtering input and output leads, and EMI confinement techniques (or
transformers and inductors.

Use of Fast Soft Recovery Diodes

1)iodes a rc’ nonideal and exhibit a phenomenon known as reverse recovery, A spike

‘~s- u mr s at t he’ end s- s f ’ j d iode conduction cycle when reverse voltage is applied by the transis-
tor . A s-hssit pulse a - a l’ reverse s-us rent through the diode is- required to sweep out minority
s-arr x~rs and t a establish the reverse biased junctIon. The transistor must supply this current

• in addition to the commutated inductor current. Therefore , there usa corresponding transis-
tor current spike. This effect s-an be limited by the use of a fast recovery diode,

- :re t he Schottk~ d iode (reference 2 1 i  is applicable, one s-an obtain virt ual freedom
from this source’ ol noise . Schottky diodes have low forward voltage drops but their reverse

— leakage current increases wn tt n high reverse voltages. At the present time , los-s reverse current
Schotiky rectif iers are t_ nhtamnahle~ 

I ,F_ with acceptably low reverse current and revers e volt-
age capabilities uup to 4~ or 50 s - t i lts . A safety factor is- recommended, however, limiting their
use to lower - a st _ n hlage s For higher voltages -a other types a_ ni fast recovery diodes become increas-
ingly competitive is- forward voltage drop diminishes in importance . HIatt (reference Fl)
gives peak recovery current data at 2~ 

- and I 21~’
( ’  for vanous fast recovery diodes (indud ing

t he Schottky h_nr .i 30-amp forw ard s-urrent (w it t a di sit 30 A ps -s-c l . the maximum rccov-
cry current (at 1 25 ” (’ ~ ac 1.0 amp for the Schottky. 3 ’  amps for a l00-nsec rectifier.

These fact re’s-s-avery diode’s, how ever , can generate radiated energy due to t he steep
di dl To control this radiation, use ferrite heads on transformer output leads feeding re’s-ti-
frer diodes and capacitors as--ross the dIodes 1’~ Ness high speed rectifiers are now available
which have a soft recovery characteristuc~ re’ducnng the di dl on turn-off and reducing the
need for beads and capacitors

Control of Transistor Rise and Fall TIme-as

Fast rise ’fall time transistors resul t in more efficient switch ing-mode power suppl ies.
Unless controlled. they also result in high frequent,)- radiated emitsuons

~ t Blatt . I- N - “Pick Itas- Right ‘fast ’ Reclifuens to Design Swiichen Flits tiveI~ 
“ EDN , 20 Januuy 1Q78.

F
~Rnehr B, “TranuienI Response Measurements a_ ni IliØs- Speed Rectiflet Diodes.” a Motorola Semkon.

ductar Group paper.F)BIoOna S. I).. and Muiey K. P. (Bell t-aa bs-_nrsti-sneu), “Emua.on Siandards and Deii s- Tedaniquss fee FMl
Control of Multiple D(’-IX’ (‘onserten Systems.” papen preirnied a’ 11FF Power Fits-trunks Specath.ts
(‘unfe s-nec, Cleveland. Ohio, lOJune 1976 ,
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Bk-an-na and Massey ( rets ’rens- t’ l -3 s -sif t s -n t h eir main sss itching waveforms by control-
ling tt ic bus-s- s - I ri s - c s - a l t h e ’  main power s-s-s itching transistors. The turn—on linac of’ ths- trans-is-
ta _ nr is- limited l_ n~ the inslus-’tj f ls’s’ ot their power trans-former , while the turn ff time is slowed
s-loss lu t o one ra uc rs - as -&-s-ond I_ n~ a s-ign~il derived fr— na an K(’ iaetwork Ji,IOs-s- the transformer.
I he RU nets-s oils ,il’.o ,il’a s- ssit _ n s the insluctis-c energy stored in t ius’ translorms’r,

I ss s - a basis - snubbing caus -t igurations art’ shown ita figure F. I l)esugn equations for su~
t yp e s- s_ n t sw itching regulator and regulator conce rts- i circui ts are gis-en in reference’ F4. For
t he current snubber , nan-st s -al t he poss en dissipated in the snubber would otherwise is-c dissi-
pates- I in or ra d iates - I m o m  the transistor h u e  vi~ltagt’ snubber can lead indirectly to improved
ci l i s - i t ’t lc~ 

i_n i j lloss- ing Ioi a Jt _ ns - c er , is - s’r~Igs ,uns- lion ls’mpcralure Recommendations arc also
made tn-i s-s_ nlatj lofl ent select tots lot h i s ’ P’~s-s-i’s-’ t’lt’iait’nt s- s -SI ti -ac Is-c s-a s-nuts-hers- considering the
I rj ns-is’nt perta in rnanct’ ira Js- ls-t th ou to the normal soltage , s--Urrt’,ut and Is-oss ci co nstr ain ts rhey
s-t ate that more elegant Ies-hiaialus ,s- are a~ailahle to ths s-c ss-ho -ai ls- s-c tIling to trade’ simplicity
to ’ greater effis-it’ns-y -

s-s - I  high poss-er levels ( -a i lki ts - .insl I lamiltota ’ ‘ ~ remos--e mas s- I a-al the s-vs - its - lung loss-es-
Ira _ n m the s-s-s itching transistor s-c ith ts -s- a s-  iaetss s - b r ks- , eac h ~asn t aI ning t h ree components- an
its - s -I uc ti _ n n iii j cap-a -as- i t s - _ n i  - .i su n-s-Is-, a nus-I -i resistor - ~~ith pri-a;s-er sles-igra ths-~ eve n somewhat
inapros’s’ t he ss-ve n-ai II s- I I ts - is - n a y

Mechanical Suppn’s-sion Tei’hniques and High Frequencs- Filtering

l’as- minimiie interna l rad iation , all s-s-s it chcd current leads- should he kept short and
t he hot and return lead’. Is-s is-It’s-I - -a s-i s-c- here the wiring is - a printesi circuit the hot and return
ls-’.iaI s should he run in mt nrs-s - r—im ,igc oflalL is- las - is - . f his- also _ uppfi s’s- In- pa rts - as - I the c irs--uit Its-at

.irrs- los-s. s-wit s - he al ui-rents hes-atuss- its - a high impedance s- ircuit significant radiation can s-till
a s s-cur i reference I 3, ( a _ n t  h is-h iret t ’rcnce ~ h i  recommends - that the grounding a _ n t  the large
input s-’.ipa~~it n-r . toget her s-s ills- that a - al the diode, i_ ne is - s- asi c ‘~‘ Is-ar-ails- Irs-u n all other compo-
ris’n(’. C ire should is-c es -cites - I tea ,u’.o,sI irs-slits - I is -c ’ loops cc Is-cress-i possible. Also , th e  s-s iring
l,i% s -u t s-ha_ nti k l aim I’ s-n s- a i’.i s - i t  as-c us-a s - I _ i t  ia _ nfl  -a s - t  high s- I V s - I t point in the s- irs - t iu t

It cs - i l l iisuaIl~ h_nc ucs -s’ss.,r~ to ens-la s -ac the power supply in asa attenuating enclosure.
(‘ons,da’rahk shielding ira lor mahtist a i- a-a s-onta incd in a rc s -- s’ uat is-n-ok h_ ny Ott (re ference ~2) which
,ilso covers detailed la s -s - is -c ‘.uppression information in general. For shielsied enclosures Is_ n he
s-a lIt ’ s - l i sa’. all ls’,is-Is entering a_ n i leaving the shield should he lihered t prev ent them from con-
s-I us- lung noise out s - - a t  t he s-his-hi I is- some s -as s -s I t s - s - i  lower I requens-Ic-si. normal decoupling
Iu lters arc’ .ideq u.itc \t  higher frequencies , however , special care must he ta ken to guarante e
the s’ Its ’s’t is-c nesc of the til ler Ott rcs-ommcnsls- the use of fecdthrough capacitors where the
conductor pacses through the chit’k1~ and a na ps -a or cerami c capacitor, wit h s-is-on leads,

4SLsnas-l-airr , V. K , “Mcth.’d s--a t a r  I uili,ung Hugh Speed Switching m ans- is- m rs in High Eneigs- Swftching
I-nsir. nmenis ” puhli~atinn iron_ n ( enenal Sem,ca_nndus-1a_nm Industnuc’ s . Inc., P (1 Rn-s 3O”~. Tempe.
~,ti -aana 5~ .~s-) a I - Iks’g’mhc, J

~‘ 
4 ( j lkin. I- T and Hamilton , B ii - “Circuit Techniques for Impras -si ng the Swats-hang L a-ad of Tr.ns4;ton
Switches in Swats- hung Regulata_ nts ” II- FE Tnansactias -ns on Industry Applications. Vol . lA-l2 , Jul) -
August ls-E’h

I’h(•JIkln F I , and Hamilton, it H , “A fons’epniaii~ ‘dew Approach ins Regulated DC to DC C’onveners
Fmpkss - in g Transistor Switche s and Pul,ewsdth (‘as-flIrt s- I.” fl- h- i- Transactions on Industry Applications.
V.4. i A - l ~~, Julv-A ugusl , 1’)’ts-
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between the conductor and ground at the circuit end . (NOTE : Feed-through s-apas- itsirs -
have very low scII-induclans-e Jno lead ienglh and, lhere’f’orc , have belIer per formance at
higher frequencics. Three’ other c c a y s -  to 1111cr a power supply lead to a highs- frequency s-il’
cuit are shown in figure’ 1 -2. Shielding the conductor inside’ the enclosure decrease s the’
noise picked up by the’ csrnductor. Additional filtering can be ohlaincd with a (‘-1-C pi-ti lter,
This pi-fi Ile’r s-an he’ further im pr s -_ n%s -’d hs-y ets -cI os ims-g the choke in a separate shield , ins-us-Ic (Is-c
prinury s-huts- Id (si prevent it Irs-am picking up nose . In all the above tillers-, (tie lead length s
s-an h Is-c capacitors and shield grounds us-s-us- I he kept short.

Alths-augh tilts - ring s t  input aiash output leads is - essential , packaging in a shielded enclo-
s-tire may not aics-jy s he is -es -es - s - ar-v L ’ s-s- ot Is-ass- FMI tcchis-iqucs may he suITis-ient to permit
open-trains- ps-ass-er supplies-. Sons-c iaesse r techniques being used include Its-c use of ta _ ns - s -~ (er-
rites- in halurs- ansi other line inductors. \ ls -alur a is a tr a ns - t _nr mer used as - ,i longitudinal choke
(a ls _ n calls-sI a neutrahi,ing tra ns-to rnae r i i  figure I- - 3 i  A trans-to rnacr connected in Ib is ns-anm s-er
press- rs-ts - a loss ins-pt-as-tan s-c m a - a the stitl ers-’ ntial s-urrcus-t j r-as- I allows dc coupling. To any com mon-
moths’ rs-ois-c , bosses-er , t he tr ais - s - ta a rua e r is - a hi~th ins-ps-stance Tls-us thus - ground loop is- broken
wit hout the use s - s - I  at - a isolating trans -for ns-er Ott relerence 2 2 i  develops- circuit equations Is -- a r
h’ott a the dil’tert’ntul j r-as -I conans-on’naos- Ie currents - . lie also s uggests- an s’j s-~ ss av In s - place’ a
kangitud its-al choke ira the circuit , sins-s-ply cc ins-I t hus- cond uctors s-as -mane ’s- I ing the Icc - a-a s - i r s -s i i t s
an_nuns-I a ris -agi s-et is- cs - i rs’ as- s-hs-oss is- mis - I igtirs’ I- -4

Another use b r  ter l i les- is- as t’ is- .is ls - l -c rr i te heads- pros- isle an ines -pems-cive and c s - s - n-
s --s -n ,c’s al cc ,i~ to as- IsI highs- lit ’s -I tit’ f ls - % is’s-i s-I use is-s - ’s- s irs - a circuit cc ilhs -_ nt i t irs-Iroducing poccer la-as-s-
at  s - Is - au -as - I low treque rs-cies - itae head s are s- us -s -all j u st s-an be installed hs-~ s-hippuus-g his-cm a - as - cr a
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Figure 1-4 An eas~ ssa~ is - - a  wind a halun.

component lead or conductor. They arc most cff ect is -e above I MH, and s-an provide high
frequency decoupling, paras itic suppress-ia_nfl and shielding. Ilacy are being used to damp out
the high frequency os s -uh lati o ns generated h~-a switching transients. If a single head does not
provide sufficient attenuation , two or three heads may he used . They are frequently used as
part of an EMI E,C filter . To reduce common-mode conducted emission, Bloom and Massey
ireference F3, place a mylar capacitor from each input and output lead to ground and route
the’ input and output leads through ferrite heads ( figure F-aS . The reiative~y lossy mylar
dielectrics (compared to conventional ceramic or mica dieleclricsl help dissipate the high
frequency energy.

EMI Confinement Teehniques toy Transformers and lnductos~s

Transformers, not being ideal, have capacitan ce betw ee n pnmary and secondary
w mndings, and this allows noise coupling through the transform er. This coupling can be
red uced by provkling a property grounded electrostatic, or Farraday,, sh ield (a grounded
conductor between the two windingsl, Inductors wound on closed magnetic cores have less
ex lcrnal magnetic field than open cores. If necessary, high-permeability magnetic shielding

65
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ns-aterial s-an he’ us-s-si ta _ n confine t ls- e magis-et is- field from transformers - and indu ctors. Magnetic
coupling is - nainim ized by the use’ s - l  twisted leads. Hnatek F7 reca_ nmmends quadrature place-
ment of toroidc ins- reference to adjacent ta-aro ids to minimi?c naagnct is- cross-coupling, lie
a Is-s- _n recommends a)() orientation of hagh-levet and low-level twisted pairs- where tts -ey must
cross

F7ftuatek I - R., Design ~I Solid-State Power Supplies. Van Nostrand Reinhold Co., 1971,
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