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Summary

A 40 kW active filter is used with each of the
main accelerator's 12 juadrupole power supplies to
redice the power supply's voltage ripple., The active
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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
current ripple is correspondingly reduced.

Introduction
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proton beam. During extraction the problem is par-
ticularly critical since the ripple can produce 100%
modulation of the extracted beam. To reduce the
problem, the voltage ripple from each of the quadru-
pole power supplies is aitenuated by means of an active
filter during the entire pulse cycle, Calculations show
that the filtered ripple from the |uadrupole power

supplies has little effect on the extracted beam. 1

General Operation

=Y
ne

mMain -
miain

™
are 12-phase, SCR=-controlled units which have a
fundamental ripple component at 720 Hz, The associ-
ated active filters are designed to attenuate the 720 Hz,
1440 Hz, and 2160 Hz harmonics in the quad supply
output.

diagram of th

Figure 1 shows a simplified block

active filter and how it is connected to the juad power
supply. While the power supply output is ramped from
zero to 1000 V and back to zero, a ripple voltage of
varying amplitude and harmonic content is present in
the ﬂuy}_uv udtpuu. The active filter
supply ripple by driving the output transformer tc
"buck-out" or cancel the supply ripple and thus pre-

sent a filtered output to the magnet load,
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Power for the active [ilter is derived from the
guad power suapply's 350 V ac power transformer,
The voltage is stepped- rectified,
filtered to provide a 40 V dc source, A transistor
bank, with 16 parallel current amplifier modules,
drives the output transformerc from the 40 V de source.
Base drive for the transistor bunk is derived from a

and capacitor

down,
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DowWer which is driven Uv low-~lev
selective amplifiers, The low level input signal to th(—:
amplifiers comes from a high impedance voltage
divider, The transistor bank, connected as an emitter-
follower to the power amplifier, operates in a Class A
with a totul bias current of w(() to B00 A de

the output transformer primary.
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Open-loop gain of the active filter is set by the
voltage divider, input amplifier, fre juency selective
amplifiers, power amplifier, transistor bank, and
turns ratio of the output transformer, The amount of
harmonic ripple attenuation is esqentially equal to the

open- ]nnn :rnn of the filter at the various h:

frequenmes in the power supply output. 1\ommdlly,
the open-loop gain for the first 3 harmonics is about

30, resulting in about a 30 dB reduction in power
supply ripple,
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Filter Frequency and Time Response

Figure 2 is a feedback block diagram which shows
the components which affect the filter's fre juency and
time response, Assuming that the attenuator, input
amplifier, summing amplifier and driver amplifier
which ig flat in the

H

area

have a f'r*nqnnnr\v response
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the gains of these sections may be combined
The closed-loop response of

interest,
with a constant value M,

the negative feedback filter is then given by Eq. (1),
ot ! (1)
Ei(s) 1 - MA3(S)A4(S)A615)

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-
2llel handrnaaga {' lters tuned to the first 2

allel bandpass filters tuned to the first 3
of the power supply ripple. Fast, high and low fre-
quency, gain roll-off is provided by the bandpass

circuits with a minimum of phase shift to the system
For ease of adjustment, a negative immittance con-
verter realization of the bandpass circuit is used. 2
Using the NIC circuits, the transfer function for the

harmoeonics
Aarimonics

fre juency selective amplifier is given by Eg. (2}
-~ -K(RC) s
Als) =), — L (2
- n=1,2,3 g (RC)_+ s(RC) (2-K} + 1
n n

where K< 2 and (RC)y (RC), , and {RC)3 correspond
to the [irst 3 harmonics in the power sapply ripple
output,

A lead compensating network is used to improve
the filter's response to guad power sapply output
veltage ramp. The transfer function for the lead

circuit iz given by Eq (3), where T' corresponds to
the low freguency cutoff point.
T's
A, - TS 13)
Amplifier A6 represents the Low Cediar-

act
resistors and output
(4) defines

eristic of the equivalent power transistor enu‘rh'r‘
transformer primary inductunce.
fq.
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:\é(s) where N = Transformer voltage turns ratio, L =
Transformer primary inductance, and R = Equivalent

transistor emitter resistance. The e juivalent emitter
resistance changes with the number of power modules

which are on, causing a change in the response given

by Eq. (4).

Substituting Eqs. (2), (3), and {4) into Eq, (1)
nrovides the comrlete expression for closed-loop gain
of the active filter., The closed-loop gain expression
can be simvlified to Eq. (5) at the first 3 harmonic
fre juencies.
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Ie) ~ 2 -K _ 5
5 = __MNK n=1,2, or?3 (5)
1 .
f
n
Typically K =1.96, M = 0,1, and N = 5,25 A plot of

the active filter's closed-loop response is shown in
Figure 3,

Of concern in the filter design was the filter
response to the power supply's voltage ramp during
beam acceleration. For a ramp of 104 V/sec 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 kias current does not occur, allowing the filter to
operate normally throughout the entire power supply
cycle,

Experimental Results

During a quad power supply pulse cycle, the nar-
monic content of the power supply output changes,
Also, the harmonic content changes with the current
in the jguadrupole bus (energy level) due to power
supply phase overlap. In all cases which have been
observed, however, the predominant components are
the 15t 2™ and 379 harmonics.

Figure 4a shows a 18t and 379 harmonic ripple
rresent in the unfiltered power supply output during
extraction at 300 GeV, The filtered output for the
same time and energy level is shown in Figure 4h,
When all of the gquadrupole power supplies are filtered
as shown inFigure 4, the corresponding quadrupocle
magnet current ripple is proportionately reduced.
With the active filters operating at 300 GeV, the
harmonic current ripple at 720, 1440, and 2160 Hz
iz found to be on the order of 1 ,/105 or less.
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Figure 1 - Active Filter Block Diagram
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Figure 2 - Active Filter Feedback Block Diagram
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Figure 3 - Active Filter Closed-Loop Response
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