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FEEDBACK DESIGN METHOD REVIEW AND COMPARISON

E. Onillon, BNL, Upton, NY

Abstract

Different methods for feedback designs are compared.

These includes classical Proportional Integral Derivative
(P. I. D.), state variable based methods like pole
placement, Linear Quadratic Regulator (L. Q. R.),
H_infinity and y-analysis. These methods are then
applied for the design and analysis of the RHIC phase and
radial loop, yielding a performance, stability and
robustness comparison.

1 INTRODUCTION

In the last two decades, new developments in control
theory have been made, particularly in the field of state
space based techniques like H* or H ~. The RHIC phase

and radial loop have been designed using an Hz

approach (L. Q. R.), the state variables being beam phase,
radius and the integral of the radius error. Studies, based
on an H. approach, have been performed for a new

design approach for those loops.

2 DESCRIPTION OF THE SYSTEM

The main variables used to describe the system are [1]:
qJ the instantaneous phase deviation of the bunch from the
synchronous phase, t3R the variations of the beam radius

and ~ the RF frequency deviation, b a scaling factor).

The cavity transfer function is assumed to be the identity
These variables are related by the two following transfer

b
and B~ =~:

s +0:

Figure 1: Block diagram
The system represented in Fig. 1 can be described using

{

X,=X2=9

two state variables RI
—= —ti,f‘2 = b S2+O:

JA third one, X3 = (R –R SW,)dt, is introduced to force

the radius to follow its reference R U=,. These state

variables, which are all observed, lead to the state space
representation

3 H- AND MIXED SENSITIVITY

APPROACH

3.1 Sensitivity Functions and Loop Shaping

If we consider the following block diagram [2] where
K(s) is a feedback controller and G(s) the transfer matrix
of the system.

Figure 2 Sensitivity Function diagram

the transfer matrices relating the reference to the error s
and to the output y are respectively

S(s) = (I+ G(s)K(s)~’ and

T(s) = (I+ G(s)K(s)}lG(s)~(s) = ~ –S(s)

S(s) and T(s) are known respectively as the sensitivity
function and the complementary sensitivity function.
From that diagram, one can see that

a good reference tracking and a good rejection of the
perturbation pert are obtained when S and SG are
small
the command effort is small when KS is small
a good noise rejection is obtained when T is small

The gain of a mnsfer matrix, at a given frequency 6.),will

be characterized by its upper ; and lower ~ singular

values.

A transfer matrix G will be characterised by its H. norm

defined as its biggest singular value

[[GIL :=sup:(@j6))).
6,

To design a feedback matrix K that matches the
performance and robustness criteria, one will try to
minimize S at low frequency (S behaves like the identity
at high frequencies), and T at high frequency (T behaves
like the identity at low frequencies), by choosing two
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Figure 2: Integral of gap voltage without beam.
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Figure3: Gapvoltage with beam and beam current. The
feedforward on the KEK cavity is optimized.

in the BNTL waveform is at the cavity resonant frequency
with a decay rate consistent with the measured Q. The

bunch contained 8.5 x 10IZ protons; about the number re-
quired for the barrier cavity rf system to compete with the
traditional rf system. F@re 4 shows the voltage integrals
with beam.

3 MULTIPLE TRANSFERS

Controls for the barrier bucket system zdlowed multiple
transfers, time dependent adjustment of the relative phase

of the barriers, and amplitude modulation of the KEK
waveform. Figure 5 shows a mountain range plot of cav-

ity voltage used to accumulate five (5) Booster transfers.
The BNL cavity was pulsed at the revolution frequency.

The KEK cavity had a programmed delay and its ampli-
tude was modulated to minimize emittance growth during
coalescence. The first (bottom most) trace was taken about
100 ms after the first Booster transfer. There was 150 ms
between transfers. Figure 6 shows the beam current for
the same cycle as Figure 5. The ripples evident during

debunching of the first transfer are due to the ripples in
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Figure 4: Integral of gap voltage with beam.

Figure 5: Mountain range plot of gap voltage for five trans-
fers

the BNL waveform, while the tendency for the beam to
bunch toward later times is due to the asymmetry in the
KEK waveform. Aft:r five transfers were accumulated the
beam was rebunched at h = 6. These bunches had a large

longitudinal emittam:e and large transition losses occurred
when the beam was acce1erated[4].
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Figure 6: Mountain range plot of beam current “for five
transfers.

4 CONCLUSIONS

The successful operation of a barrier bucket rf system ap-
pears to have several requirements. The barrier voltage
pulses must closely approximate single periods of isolated

sine waves. Overshoot and ripple will keep the beam from
debunching or cause significant emittance growth during
the process. The integral of the voltage as in Figures 2 and
4 may be more useful than the voltage itself. A well com-
pensated voltage divider at the cavity is helpful.

Another key feature is the ability to modulate the ampli-
tude of the barrier voltage. Rapidly turning off the wave-
form results in an emittance growth equal to the product of
the width of the barrier and the energy spread of the stored

beam.

For emittance conservation the barriers must form a
matched bucket for the injected beam. This places con-

straints on the voltage and frequency that can be more se-
vere than the momentum spread requirements of the de-

bunched beam. Conversely, narrow barriers can place un-
acceptable constraints on the injection kicker magnet pulse,
which was 800 ns in our case.

At moderate to high intensity the effects of beam loading
become severe. For a low Q cavity a feedforward system
may be adequate but for high Q it is likely that some sort

of feedback will be required. Since the barrier voltage is
broad band there is no analogy to detuning in a harmonilc rf

system. To cancel the beam induced voltage the power am-
plifier must be able to deliver the full beam current per ac-

celerating gap. Let 61 = 15 – Jf be the difference between

the beam current and feedback/feedforward current. In a
linear system 61(u) = T(w) 16(w ) where T is the trans-

fer function for voltage correction. For an RLC resonator
with steady state beam loading the mean square error in the

integral of the voltage is given by

()R 2= l!r(nuo)lb(nti,)}~
<W2>=2 —

Quo x~=1 (n/Q)’+ (?zQ/h- by-’
(2)

where h = wr/tio is the generalized harmonic number.

The peak drive current needed to create a barrier voltage
V is given by[l, 2, 3] Ip = V(Q + I)/Ii which, fortixed

1P and V, implies R/Q= V,(1 + l/Q)/lp.
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Figure 7: Sum in eq(2) with T. In = 1 initially and then
removing the largest 0,1,2, and 4 elements. The harmonic
number was h = 7.5.

For perfect correction T. = O while T. = 1 for uncor-
rected lines. To illustrate the interplay of Q with feedback

the elements of the sum in equation (2) were calculated
with TnIn = 1, and the value of R/Q was chosen so that

the voltage and peak drive current were constant. The sum
using all the elements was calculated as were sums with
the largest 1,2, or 4 elements set to zero. Figure 7 shows
the modified sums versus Q for the four conditions. The

optimal value of Q increases with the number of lines cor-
rected.
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DISCLAIMER

This report was prepared as an account of work sponsored
by an agency of the United States Government. Neither
the United States Government nor any agency thereof, nor
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