
Internal Report
DESY F35H-86-02
October 1986

A SIMPLE MODEL OF AN RF - FEEDBACK SYSTEM

AND ITS BEHAVIOUR IN THE TIME DOMAIN

by

K. Balewski

Eigentum der fxrrv/
Property öl U CM

Bibliothek
librory

Accttsioni;

LeihIHst:
Loon p«riod:

. NOV. 1986

Tage
days



DESY behält sich alle Rechte für den Fall der Schutzrechtserteilung und für die wirtschaftliche
Verwertung der in diesem Bericht enthaltenen Informationen vor.

DESY reserves all rights for commercial use of Information included in this report, especially in
case of filing application for or grant of patents.

"Die Verantwortung für den Inhalt dieses
Internen Berichtes liegt ausschließlich beim Verfasser"



Infernal Report
DES* F35II-86-02
October 1986

A Simple Model of an RF - Feedback System and its
Behaviour in the Time Domain

K. Balewski

Deutsches Kleklroiicn-Synchrotroii DKSY, l lamhurR

Orlober l, II)8ß

Eigentum der

Property öl

Zugang: /

Bibliothek
liurary

f. NQV. 1986

*»: 7 Tage
i:^riod: * days

Conlerits

l INTHOmU'TION

1 DESCini'TlON OF TUE H F FEEDBACK SYSTEM

•l CALCULATION OF TUE BF - FEEDBACK SYSTEM VOLTAfiE
' 3.1 H K R I ' O N S E OF T I I K RF - FEEDBACK SYSTEM TO ANY CIVEN EXC1-

TATION
3 2 RKSI'ONSE TO SINUSO1DAL EXC1TATION
3.3 T I I K «K - FEEDBACK SYSTEM VOLTACE

4 INVESTI«AT10N OF TUE TIME DEPENDENCE OF THE RF - FEED-

BACK SYSTEM VOLTAÜC
4 . 1 C K N l ' i H A L U K I I A V I O U R
4.2 H K I I A V I O U K FOR S P E C I A L CASES

5 TONCUISION

6 ACKNOVVLEIXJEMGNT

A AITENDIX
A I -
A.2 . - -
A . 3 . - •

3

3

5

5
6
fi

8
8

12

14

14

17
17
10



1 INTRODUCT10N

Fleam loading |l| \2\y ranse severe problems in arcelerators. To rounlerar l transienl
beam loading various melhods ran be applied, for oxatnplr an rf - feedhark System.|4|
An rf - Feedback syslem wi l l bc neccessary to reduce transtent beaiii loading cfferts in Hie
proton rings of Ihe H E R A - projcct.|5| In Ihe followjng a simple inodel of an rf - fer d bar k
System is exainiurd in Uie l inic domain. 'l'his sirnplifird a[>proarli is advanlageons (»Brause
it offrrs an ins ig h l into tl ir pliysical properties uf such a sysLrin. Af te r ik'scrihing Ihr rf
- feedhack systcm t ho impcdancc of tlie systeni is givcii amt tlie vollage i in l n red by the
hunrlies is derived. It is assumni Uiat the dislance belwren bunches is shorl äs rornpared to
Ihr f i l l ing tiinr of I h r ravi ly (tvdhack System, so lhal Ihe bnnch rtirmit is iptasi sinusoidai.
It is shown lhal l he rf - ferdb;u k syslpm niay be r«;pr«Hcii1ed by an i n f i n i t e mnnlifr of siinjtle
rcsonators, liowrvcr only om- or (wo resonators of itiis sc:t delorminc Ihr brhavionr of Ihr
syslein. l'roblnns wli i r l i rnay arise äs a r es u M. of rf - feedbark voltage ovorshool or rf frequeii« y
Variation i l u r i n g arcrleralion an'iiivesligal.ed.

2 DESCRIPT1ON OF THE RF - FEEDBACK SYS-
TEM

Tlie rf - feedbark syslein ronsisls of a simple rcsonal.or and a feedbai k c i r ru i l , whkh is an
atii)>li(ier wilh gain ronslant k (Fig. l).

Withoi i t (he feedbark loop Ihr kmrier componenLs of the bnnch rur ren l //i , w h i t h is identiral

u

KiRi i r r 1: Tlie R K - F E K Ü U A C K SYSTEM

with ihr rcsorialiir r n r r e n l /, in this case, and the rcsoiiator vollage f aie ri'laled by

v JM")'» (0
with ihr resonalnr i i i i | i rdai]( <•

lts shunl inipfdanre
Q Q farlor
wo rcsonance

inr lud ing the feedbark Joop tlie resonalor rurrenl is given by

'r = 'B ~ IFB, (3)

where Ihr foodback current is obtained from

IFB - * • Ü (4)

f .et t ing T denole the time delay duc to Ihe finitc lenglli of rables and delay within Ihe
ampüfier, the fouricr rompuneiits of the feedback current at time l and l i ine t - r are related
in Ihe lollowing way

IfR. ~ 7{\fn(t t)}--f"°a> *" «"'"' 'fuC ') tr\d Iherefore Ihr resonator r u r r e n l can be rewrilten in the form

i I / , l jut l
lc IB(I) ~ e 'FB

Dsing eq. 4 the resonator riirrcnl may he wrilten äs

)c - 1B ke~ia'V

The reaonalor vollage with feedliark is expressed by

(/ - Z0(w) - l

Inserling cq. 7 and oq, 2 inlo fq. 8 yielils

R s

(6)

(7)

(8)

' t igt! -*H t« "-'
wilh

k -- R s • fc

Tlius Ute rf - feedbark sysleni is di-scrihed by an impodance of Ihe following form

7i » KsÄ(W| - • - --- - ---,
I I tQi* ») l kt —

The impedan«' of the simnlc resonalor is piirely resislive on resonance, lha l is

£(u>„) > 0

Thr rf - fcedbatk s y f t p i n should liavr ihn sarno properl y and Ibis rr«|iiirrs

ui(, • i ~ 2n • in

where tu is any integer.

4

(10)

(l 0



3 CALCULATION OF THE RF - FEEDBACK SYS-
TEM VOLTAGE

3.1 UESPONSE OF THE RF - FEEDBACK SYSTEM TO ANY
GIVEN EXCJTAT10N

The rf - foedbark syslcm vollage (.'(/) is given liy

C(l) P <W" (12)

f'(() is any exciling funrtion satisfying

*'(0 -0 , l ' 0 (H)

The impedaiuc of t he rf - Feedback syslem Z(u) ( 10) is analylkai in Uie Iowcr lialf of the
complex plane. TliercForc (•'(/) has Die following prope.rlics

(7(0 -o , i < o (ir>)

aiiil C(t) is finile for positiv«- (. Insorting e«j. 13 into eq. 12 and using oq l l a.s weil äs t he
nnalyüra) properliosol Z(^.'\s lo

(,'(0 - / rfrF(r) /"
/ll J- 00

Thc integral

is cvaluated willi Uie. caknlus of residues, Ihc rcsull being

duf. ''Z(ai\ 2iri > e""

(10)

(17)

(18)

The sinn rnusl ho lakrii ovi-r all poles w„ of Ihe inipedaiu »• in l ho iippor half ]»lano. U follows
itial iho rf - foodbiirk syslorn voltago is givon liy

The iinpodancit of thc rf - frcdback syaleni willioul Ihr fecdbark looj» is giv<:n liy cq. 2. Tliis
f mit lion has (wo poles u>| , u.>2 and l wo lelaled rosidncs. Thc frc(|iion< ies u1] , u.'j havo ihc
projiorly

U', Utj (20)

whcn itio J donolcs <oinplrx (ontitgalc Rflation (20) is rcsponsihlp for Ihr rfalüy of Uie.
simple rosojialor voltage Thr impodan«1 of thc rf - Feedback syslein wilh foc^dback loop
possesscs an infmil.o niniiber of polcs {w„J, äs is shown in Appendix AI. Thr froquoncies
{w„} of thc rf - feedbark System have tlie property, that for any froijuoiify w, there oxista
jtisl one frcH|uoncy u", willi

w. w; (2l)

so lliat thc roalily of tho rf - feedbark sysle.m vollage is guaranlced The rf - feedbark

systrin votliige (2l) ronsisl of an iiilinite miinber of real ternis oach <)os<ribing a sirnplo

resonator voltagf. Thus llie rf - fi't-ilbac k syslcin can be rfcsrribed by an infinite series of

simple rcsonalors with dilfercnt resonance freqn«ncios and (j - faclors bul Ibe sanie sliiml

3.2 RESPONSE TO SINUSOIDAL EXCITAT1ON

The cxciiing finn lion /''(') is r hosen lo be

whore 0(r) is Uie. Hcavisid« slrp fiimtioji defmed by

0 tf r < 0
1 i/ t > ü

Using
UU I ( l 'l • l Urfj c " S I I I U T f " - - (cosu)( l s i n w f ) - - -

UJ* U.'* LJ U,'2 U.'3

ci|. 19 t an li«' n-writlcn in ihc fotlowing Innii

('(') " " ' 5Iü'„ "n jl^^i {f"

(22)

(23)

3.3 TUE HF - FEEÜBACK SYSTEM VOLTAGE

Polos of l l ie rf - Feedback System impedaiice

The polcs of th«' iin|iediiiKo <>F t he rf - feedback systeni aro given by l,ho zero poinls of Ihe

dcnominator of '/.(^} givon in eq. 10. Tims llie w„ aro iho solnlions oF

l ( iQ(" W") l k t "" 0 (25)
tJ|k W

To simplily ihr sLjhsr(|(intl equalioiis Iho following quantiLios atr introdncfd

u' w() ( x, \ i.,

\p u1 • i
(26)



Mnlliplying eq 2fi wild u /u<, and using tlie relations 20 yields

x, | Q(x* r, 1) S ie*1*1 (i, cnf.r,(p - xrs\nx,f>) 0 (27)

For i - 0 llio solnlion of eig. 2? is given by the well known polcs of a simple resonator

l
j, — 2g
*r - v/' ','

k(j. 27 reveah llir foltowirig propert.y of ihr solntiot) w: H

ui - 1*10(1, 4 IT,)

is a snlnlioii of eq. 27 then anolher sohilion is

(28)

(29)

Tliis gnaranlees (he realily of l IIP rf - ft'edbark syslem voltagt. The exart sotnlioiis of c<j. 27

ran only lir i>lilaini'd iuiinrrirall>, )nil il is |K>ssil>U- l.o (inii sohitions £\vci\n Appendix A.l

wliirli solvc oq. 27 approxiinnlcly.

Resi(]ues nf l h e rf - fondbnck system ini|>e<lance

Thf singularilios of ihr rf - fn-dhacli systfin iinprtlaiH*' giwn by llio solnliaris of «'(). 'il arr

pol*;s of ordcr onc and llie rî sidinis are therefore ultlained hy the followiiiK formula

Substilnling P(|. 27 and 2fi inlo 3l Icads to

(31)

(32)

A„

/'„ rr l ie1'̂  (^T,)COST,I^ l (l (

where

(Icnotes thc poles nf the iiupedanre ( 10)

C'alculation of the rf - fccdbark system vollage

The vollage is given by eq. ( 20). Inserliiig Ihe values of the. residues ( 32) inlo eq. ( 20)
yields

<- . ,
l Slll u-'f } (3S)

wild

Tlic lerrn
An l »'/?„ Z T

M "\- "B* z2 " »

will be ralled arnplitude in tlif follow'mg.
In Appendix A 2 an alternative form of ( 35) is given so thal fnrther evaluation may be
preformed nsing a ronipul.er.

4 INVESTIGATION OF THE TIME DEPENDENCE
OF TUE RF - FEEDBACK SYSTEM VOLTAGE

4.1 GENEIIAL HEI1AVIOUU

As inei]tion(><l on page G the rf - feedbark syslem is coinposed of a scries of resonators witli

differenl Q faclors and resonaixe frcqucnries. As a rille the tx'haviour of llie rf - feedhack

system is usnally determined hy one or Iwo of these resonalors only (see Kig. 2 and 3). The

mosl imporlant resonators are those with Ihr sinaHesl damping tirne tj

1
(.16)

and ll»T''forr lliose with Ihe sinaltcst imaginary pari j,. Tlirsr rcsonators ran be fonnd by

inspei lion nf tlie fonniila«' for the. zeroes in Appendix A. l . One nf Hie iinportani resonanrrs

1s givi'ti b>

beraiisc Ihis soliilion has the srnaflcsl imaginary pari given by (fi.l) r>r ((>r>) respec tjvely and

tlie greütc.sl ainpHtiide among thc rrsonalors given l>y (<i3). The sohilion with froqntüiry zero

(50) and (f>7) is ICRS iiii|ii>r(anl äs il nsually has a siriall amplitude atid a large damping lirne.

The öl. her impoitant soiiition is given by (70) and (73) namely

T, l t (38)

Fig '2 and .'! revi-al a [uohlem Fig. 2 shows (de desircd linie dependenre of the rf - feedback

s^ slei 11 vnllagr Tlic vi>llagc nu ie;tses l o tls linal valne and never ex<eeds it. Tiie problem is

K
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l l iat in smrio rasos tlir vollagr r ings (Fig. .1) and overswings ornir wliirli may he dangerous.
In llir fotlowing scrlioii Ihr condiünns govrrning llie apprari'ncr of voltage ovcrfihool are
invpgtigalrd. Considoring only llir mosl iniportanl resonanres wliicli nieans thosi- wilh

5; » ] ?' -£ l (30)

the timc drp<'ndenrp of tlip r( - Ircdhack systcm vollagc is given hy ( A . 2 77 and 78)

ij(() '- sin rw(,l - e "'""'' sin xtui„(

lifwe rclalions may Itc rewriU.en in l he following form

sin ru»n/ (l r ".^"'J sin(rw,)( i '«('))

w i ld
'"' sin

HO

(42)

(43)

i \ r *

Thus th»' limr dcpendfi ice of X| roiisisls of an oscillalion

( l e **•"') rosrw/

and a pari wlikli ts callod beal
/l(()cos(ru>( t n ( l ) )

will i an rxponei i l i aHy do» reasing aii ipli l i idc and a lime dcpcndcnl phasc. If / -- 0 bolh parts
arr 180" dcgrcos out of pliasc anil innre or Icss «ancel eaih öl her l tu l äs the time approaches

lioth pa i l s ( i n i i c i n l o phasc, suin np ;uid l l ic voltage may ring. If

r x,
(-14)

«vrrswings orcur Tlio roiulilimi is derived in Appendix A.S. Kvrn wtii'ii thr inrqual i l ty 4-1
is not f u l Ü H i ' d soriic dogreo of voll.agc «verswing ocrurs (Fig. -l). Tills is duc lo 44 being a
sonic^hal prssiiritslir cr i lcr ion, howcvcr the sniallcr thp ral.io ilrh'ncd in 41 ihc greater is the
vollagr ovorshoo! (Fig. .S).
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4.2 JIGIIAVIOUK FOR SPEC1AL CASES

Fig. 6 and 7 show thp lime dopcndence of tlie simple rnsonator vollage willi

Q 400»
wn 50 MHz

and of Die rl - fepdback system vutl.agr wilh

T « 503 ns
5 W0 • T - 8»

for (liltp.rrnt valups of tlie gain constant k. The gain conslanl k musl. nol pxr.
vabie

kmai - 485

(45)

H<0

a maxiiiuiri

(47)

in onler lhat Ihe voltagc retnains fmite (soo appendix A.l eq. (f>9)|. As long äs

k '_• 0.2 itmai (48)

tlie voliage does not ring (Fig 7). If k approarhes k„a, ihe vollagp rings. The overswings
can hitvp Eitiiplitndps twite äs big äs Ihe voliage for largo ümes. For sinal) valurs of k (k < 50)
ihe voltage is drleriniried by ihe fr<'c|iu;nty given in (70). For iiurcasing k ihe iniaginary pari
of {(K!) with

x, ss l

es whilr l,hc imaginary pari uf (70) inrrpasoa. Thus Ihc liine d^peiidnire is al firsl
detemiined l>y sohilion (70) (hen t>y hoth Solutions (70 and fi.'t) and linally inainly hy (C3).
Tlic accflcratiori of prnlons causps a spccial probtet". Diiruiß ihp arrcU;ration tyc!e the
fierjiK'iM'y of ihc rcsonalor u)(, musl. be incrpase.d will) inrrejuiiiig velocity v of ll»1 prolons.
The ral,io hrlween tbe fref|iirnry al injcclion and cjeclion is givcn by

*»., . ß„
(49)

w i 1.11

Now Ihe follnwing |>rohlrni arise.s (xmililion 11

< u ii only IIP snlisfird for one sppcial valiir t^ lying in ihe intorval (u.1,,, , u',,} for a give.n liinc

delay r Thr litnr delay roiild be tunrd to earh valiif> w,, belweeu m,„ and uift bnt iherc

niiglil exisl a» o|itiitiuii» rhoifp. During Ihp arreleralioii ryrle Ihe frcquency of Ihc niost

inipurhinl rrsunator iriighl IIP changcd to a valur wliirlt lies in llie interval (w,0 , w(J } so lliat

Ibis rcsonaiHc is rrossed during ai leleration and the vollage iiu reasp.s.

In ÜM< foHowing pari l.wn ra-seM arc sluilied

1 . i is rlioscti so l hat

u-,,, r, 2n - n (50)

II
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'l. i is clioson so tlial

wc, • f j - 'In -n (5l)

wil.h TI - -J
'l'lie freqiirnry a t. injcrlion is

ui,n - SOMHz -> T, « .103 ns (52)

and is iii( ri'ased hy 1% hence

u»„ •- SO.SMIlz -> rj = 4!)7ns (53)

FIR. 8 and 9 sliow Uic lime depcndciirr of llip rf - feedhark syslom vnllage for both cases.
The vollag*' is ploUet) in l>olh rascs al injfrtiun and cjcrtion and an inl.crmediate valu«.
As ran l»c si'en l.lie suiall rliangr of (j(, during acroleralion <!oi-s iml äffe« t Uio voliage very
niurli. This behavionr ran l»e iindpr&lood by lookiug at tlir fomiulac lor \he zeroes. If the
dclay is r hose n lo fnlfil I. or 2. n'sp'-rlwely, the mosl iinporhtnl reKnnance desrribing tlie rf
- fccdhark syslein is givrn by t'qualion (70)

in both casps. If

2)r • n -t i

i, « l - t - 6

äs is shown in A[>pendix A.l. ff r is tuned lo u/,„ (<*>fj) Ihm ä and £' are positive (negative)
and tlit' frcuiienry of (de inost iniporlant resonalof disrrihing the rf - foedbatk sysU'iu is
sbifted lo Iower (liiglicr) valiies during acoeleratioii. Thus in holh cascs 1 2. il is impossible
to (ross this iniporlant resonanre during acreleration.

5 CONCLUSION

In this paprr a simple inodrl of an rf - feedback systein is prosrnted. The iiivcstigation of

the systcm is perfonncd in llie lime dnniatn. It is shoivn t hat thc rf - fecdbark System is
<omposed of an infinite iinnibcr of ri-sonalors, but only one or two rosonances dclerinine the
general behavionr.
The snpprcbsion of the mnifh indnred voltage is liniitoil by Ihr maximuni allowe.d gain con-

stanl of the nniplifier. Tlie maxiinum gain constant, defiurd by the. requiremenl t hat Die

System sbould be slable, tias bc<-n (alrulal.ed. As long äs llie ga'm (üiislüril is smaller than

20*'{i of llie uiaximiim value an oveiswing does not appear If the gain «onstanl exteetis 20%

of the inaximnm gain the voXage rings and tlie overswing.s migbt be twirr äs big äs the final

vollage for Inrge times.

C'lianging l h*1 rf-freijiient y during act eleration by 1% does not «aiise any problem.
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A APPENDIX

A. l
1 1, is foiivomonl l(> rewrilr 27 in Hie fnlluwing form

9 _, Q
lx, 4 -= L
jfc h x i x1 k
9 _, Q *.e "rtosxrV^ lx, 4 -= - -

1

i: ' s ni.w — 71, - - »
^ Jt A s? t

F,q. 55 is solved hy z, 0 llins onc of thc zerocs is givcn l>y

e'•* c(ts x,tp

Willi

wlitre o is any inl.cger and fonfiidt'ring

/jclds

tan f>

fosi,^ - sin A
sin T,^ • (Of. /i

r, l l/*)

Q A(| , .i"
Jt ' x?

(54)

(55)

(56)

(57)

A.ssniuinj' that xj '?• j,2 and tliat tlie tenti • ran hc nfglcrlcd «q. (.S'l) and (r»r») an- lians-
forrncd lo

(5«)

(59)

(GH)

(6l)

i\

The last two rqnalions can lic solvcd approxiinalcly if f> <s l and i, / t and tlu? solnlions
are givcn by

" , ,« '

17

wlirro f^ is givon by ( Wt).

In ordcr tlml tlie rf - ferdback sysLein vollagc remains finilc il is ne« resary l.hat thc iinaginary
pari of Ihr 71-rors is positive. This requires

? -V > i » : »>

wliere n is dofincd hy ( 60) and in by

<f> -- 2it • »n

Hoth inequalitics ( 67) an; satisficd if k ilocs not exteed a iiiaxiinuin valnc givcn by

(67)

(68)

l l

4m' (l 4 '
1 4m

Aimth*T Z«TO is givrn by

T, - l ( 2*m< (70)

-> s'nixr<p = I-K m t

and

( 7 l )

(72)

Tlicn ei). ( 55) is futlillod and nj. ( 5'1) gives thr valnc of .r,

... ., « 't '* w 2 _ T.
it fc

II v' is not dctiTininrt] l>v ( 71) t'iil î  givcn hy

f -- 2jri» t ^

(73)

(71)

llic rral |»art of Üio zcro (70) i« rliangcd liy

*' *' (75)

so tliat rq. ( 72) is still salisfic'd. '] Ims if <p K rhangcd by a srnaH valni- /> 1-hrn j:r is rhanged

hy 2'in. To stiiiiuiarizc:

Ttir rf - fWdhai k sysl.crn iinpcdante i<as an mf'miU' niunhcr öl polos Tlmiigli ihr solulions

given abovr an- «nly aoproxiinntioiis tlicy Rive an insighl inlo ll»1 lictiavicmr of tlie vollage.

As a nili' llic approxintitlr soliilinns an- in good agrcciiiriil wit,h lln1 rxacl Solutions biil fnr

1 lir ui'isl iinporlaitl. zi'iocs llir i-xnrl valiios aro lakcn l o < almlali' thc' voltagc.

Ifi



A.2

In UIP followlng p.q. ( ;t5) is Iransformed into a miivpiiienL form which is nsrfnl for Initiier
evaluation, The voltagc is givpn by

tcnn

can he ciiangcd t»

wilh

z - r H', i H'.

IV, -nr(z; ^ jf r2)

IV, = ri,(r; l z,7 l r1)

Tlic linio dppontli'nrp of f<j (.Ift) can be [ewritl.cn in the following form

(70)

wilh
<i ( / ) e "'"''ros j-.uif -

/((f) f '•'"'stiiir

Tims thp vollagf ran bo cxpicsscd in thc fuiin

l ' sin

sin ru'„l

(77)

(78)

(79)

This form lias llic advanlitgr llial llifr qnanl.itifs A„ H„ l '„ U', W, n(l) /'(/) ar*- nil rcal-valucil
iiutnbcrs or funrlions rcspt-t livp.ly. The polcs of llu- rf - fccdback syslom iiiipi-ithnic liavr thc

(comparc eq. ( 29) and ( 30))
ThiiK to evcry sohilion lliorr rxisls anolher with Üir s;mtc imaßinary pari bnl willi n^galivp
real pari. Now I(H; (|iianlilii>ä /ln /)„ C„ IV, H', o(/) (1(t) arc OVPII or oild fuiKlioiis of T,

rrspwtivi'ly

"',(*,)

Ilsing Itiese rcliilioiis Hu1 vollagi- (an l>c nhlaiued by Die lollowing fofiinihi

f.'C) -«ii-.,, fcVf*-'*--'MO ' '/'(O)

liencr
A„W, f fl,H''

. «Öl..-«
(80)

A.3

In thp [nllowiiiR llic dcrivalinn of ri(. ( •!!) is givpn. Thr cxtrcinp valurs of t In- arnplitiide of

tlio hpat <»rrur a(
-r.arrlan

2r,

ovcrswiiißs will occur if ihe maximum ampliduli- of ihr hpat is groater tlian I:

\A{lmmf}\ l

: T ---- ,- - - „sm(arrtan r) 2T,

This tnci]<iality may lic solvcd graptiirally (SPC Fig. 10) and th« result is

i > 2
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Figur«- 10:




