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Summary 

A 40 k5V. active filter is used with each of the 
main accelerator’s 12 iuadrupole power supplies to 
red-Ice the power supply’s voltage ripple. The active 
filter operates on a voltage-bucking principle with the 
filter output transformer coupled into the quadrupole 
magnet bus. The filter electronics is designed to 
respond to the first three harmonic components of 
ripple in the power supply output. Voltage ripple 
attenuation during injection, acceleration, and extrac- 
ticn is approximately 30 dB. Quadrupole magnet 
cur rent ripple is correspondingly reduced. 

Introduction 

Current ripple in the quadrupole magnets produces 
undesirable fluctuations in the main accelerator’s 
proton beam. During extraction the problem is par- 
ticularly critical since the ripple can produce 100~~ 
mocMation of the extracted beam. To reduce the 
problem, the voltage ripple from each of the quadru- 
pole power supplies is attenuated by means of an active 
filter during the entire pulse cycle. Calculations show 
that the filtered ripple from the iuadrupole power 
supplies has little effect on the extracted beam. 1 

General Operation 

The main accelerator’s iuadrupole power supplies 
are i2-phase, SCR-controlled units which have a 
fundamental ripple component at 720 Hz. The associ- 
ated acti.Je filters are designed to attenuate the 720 Hz, 
1440 IIz, and 2160 Hz harmonics in the tquad supply 
output. 

Figure 1 shows a simplified block diagrdim of the 
active filter and how it is connected to the quad power 
silpplg. While the power supplii output is ramped from 
zero to 1000 1. and back to zero, a ripple voltage of 
varying amplitude and harmonic content is present in 
the supply- uutput. The active filter reduces the power 
-lipply ripple by drivlcg the outpL:t transformer to 
‘I buck-out” or cancel the supply ripple and thus pre- 
.+ent a filtered oiutput to the mdgnet load. 

Power for the active filter is derived from the 
qilari power 91pply’s 350 V ;*c posfler transformer. 
‘The vc)lt:ig:c is stepped-down, rectified, and capacitor 
“lItered to provi:Je .I 40 V dc sotlrce. .I transistor 
l)iltlk, ‘with 16 parallel cllrrent ,+mplifier modules, 
drive.: tlhe olltput tr;tnsformpr l’r(jm the -&O V dc soilrct:. 
l?as~ drive for the tr:msistor h,mk is derived from a 
;>obv(‘t- ,~r,::,lifier ,vhir:h i.G driven k)?; lo:v-lpvrl fr~~~yic~ncv 
si~li:c.: i\ e an:[)liflers. The lo~v levc:l mput signai to t,ho 
,tfrll,l~i’iet-s iomc,~ from ;: hii;h !ili pI~(I;tnce voli.a~,e 
,livtcic:r. ‘i’hc transistor t:arlk, crmwcted LS .m emitter- 
1;>11~;\5 CL‘ 1.0 the [>OWctr smplii‘ii~r, opifratcs in ;i (‘1,~s~ 1 
it~o(l~. ,xtih 3 tot,11 1)i.l.G c’i r’r’kant. of :lGO to riOi .‘i IIC 
{Iriving the t,l!tput tr:in:,lbrnlcr prim,iry. 

Illinois 

Open-loop gain of the active filter is set by the 
voltage divider, input amplifier, fre ,uency selective 
amplifiers, power amplifier, transistor bank, and 
turns ratio of the output transformer. The amount of 
harmonic ripple attenuation is essentially equal to the 
open-loop gain of the filter at the v.iri0i.s hirmonic 
frequencies in the power supply output. Iiominally, 
the open-loop gain for the first 3 harmonics is ,lbo~~t. 
30, resulting in about .A 30 dB reduction in power 
supply ripple. 

Filter Frequency and Time Response 

Figure 2 is a feedback block didgram which shows 
the components which affect the fitter’s frequency and 
time response. hssuming that the attenuator, input 
amplifier, summing amplifier and driver amplifier 
have a frequency response which is f1d.t in the area of 
interest, the gains of these sections may be combined 
with a constant value R/I. The closed-loop response of 
the negative feedback filter is then given by Eq. iii. 

EoW 1 - = 
El(s) 1 - bIA3(S)A4(S)A6iS) 

To provide system stability and good performance 
over a variety of operating conditions, the frequency 
selective amplifier was chosen to be a set of 3 par- 
allel bandpass filters tuned to the first 3 harmonics 
of the power supply ripple. Fast, high and low fre- 
quency, gain roll-off is provided by the b.mdpass 
circuits with :I minimum of phase shift to the systc-m. 
For ease of adjustment, a negative immittance con- 
verter realization of the bandpdss circuit is used. 2 
Using the NIC circuits, the transfer function for the 
fre iuency selective amplifier is given by E.4. [2) 

kp) = 7, 
-K(RC) ” 

n 
7 

n=l, 2,3 s”iRCji + s~RC\~I~-K: + 1 
iz ) 

where K < 2 and (RC)i , rRC)2 , and (RC)-, correspond 
to the lir:,t 3 harmonics in t,he power s .~pply ripple 
output. 

A lead compensating net,.vork 1s Jsed to m;prove 
the fi!tcr’s re.?pr,nse to ,i,.ad po.ver .> -1pp1y ou:[,lAt 
voltage ramp. The transfer f~unci.ion !‘or the ic,id 
circutt is given by EC; 31, where T’ cc,rre:cl)ond.s to 
the low Erel4ucncy cutoff poict. 

T’ i 
i,,(h) - - 1 1- ‘I-’ 5 (31 

-\mnli’ir=r \h i-i~!,rr~it:~nt; fl?r: !,,,I .‘ri’ ,d!,,i:(:‘. ,:ii+r- 

acxristlc of rhe eillliv,ilcnt ~;~j:.vcr tr;lnsi;tor enitttcr 
rr.:sistors .ind OII~~II: tr:in:;i‘o~~mi:r l,rin:,~r>- itnil~ict,tn~e. 
ICq. (4) dcfinec: 

.ipj N + I .‘i 
c \I i- ol.‘Ile (.I j 
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X6!sl where N = Transformer. voltage turns ratio, L = 
Transformer primary mductance, and R = Equivalent 
transistor emitter resistance. The e trivalent emitter 
resistance changes with the number of power modules 
:vhich are on. causing a change in the response given 
by E,;. c-r). 

Substituting Eqs. (7), (3). and 14) into Eq. (1) 
provides the complete expression for closed-loop gain 
of the active filter. The closed-loop gain expression 
can be simnlifred to Eq. (5) Lit the first 3 harmonic 
fre lliencies. 

E 
0 ~ 2-K 

E1 
hINK 

n = 1.2, or 3 

f 
‘1 

Ty,~;cally K = 1.96, hl = 0. 1, and N = 5.25. .A plot of 
the active filter’s closed-loop response is shown in 
Figure 3. 
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Figure 1 - .%ctive Filter Block Diagram 

Of concern in the filter design was the filter 
response to the power supply’s voltage ramp during 
beam acceleration. For a ramp of IO4 V/see without 
the compensating circuit, the bias current through the 
output transformer would decrease by about 230 amps 
in the filter causing an undesirable operating mode. 3 
With the compensating circuit, however, the change 
in bias current does not occur, allowing the filter to 
operate normally throughout the entire power supply 
c7.cle. .I 

Figure 2 - Active Filter Feedback Block Diagram 

Exnerimental Results 

During a quad power supply pulse cycle, the har- 
monic content of the power s.upply output changes. 
-21~0, the harmonic cortent changes with the current 
in the ,luadrupole bus (energy level) due to power 
supply phase overlap. In all cases which have been 
observed however, 
the tst, ind, 

the predominant components are 
and 3rd harmonics. 

Figure 4a shows a lSt and 3rd harmonic ripple 
nresent n the unfiltered power supply output during 
extraction at 300 GeV. ‘The filtered output for the 
<9ple tin>? ,d.n,:l rp.erov leupl i.c chnivn In Figl~rp 3!1. 

,,” 

When all of the !qluadrupole power supplies are filtered 
as shown inls’igure 4, the corresponding quadrupole 
magnet ciirrent rrnple is proportionately reduced. 
iV1:h the active filrers operating at 300 GeV, the 
harmonic c-lrrent ripple at 720, 1440, and 2160 IIz 
I:- fo~t:ld tc be :>n the orrler of 1 ,‘205 or less. 
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Figure 3 - .\ctive l’llter Closed-Loop Response 
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Figure 4a - Load Ripple With .ictive Filter Off 
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I~igure 4b - Load Ripple \Vith :2ctive Filter On 
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