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Abstract

Phase-locking the Low Energy Booster to the Medium En-
ergy Booster using “Trip-plan” approach is under develop-
ment. With this scheme it is possible to phase lock the two
machines at any time while ramping, even with wide fre-
quency range in the low energy machine. This loop also
has the potential to damp the phase oscillations and keep
the beamn in orbit by using the Low Energy Booster beam
signal and a master clock as two moving references. A brief
description of the bench test loop set up and the experi-
mental results are shown in this paper to demonstrate the
idea. We have investigated the ability of the loop to damp
oscillations and also synchronize reference bunches, With
the use of special algorithms it looks possible to operate
the machine without the radial and beam phase loop. The
implementation of such a scheme depends on the computa-
tional speed of the processors and the ability of fast Direct
Digital Synthesizers to produce the guiding RF signal.

1 INTRODUCTION

Global beamn control loops used for circular machines nor-
mally consists of (i) radial loop, (ii) damping loop (also
called phase loop) and (1) synchronization loop. In many
accelerators the synchronization loop operates close to the
end of the acceleration cycle. During the synchronization
period the radial loop is disabled to maneuver the longitu-
dinal phase of the reference bunch in the lower energy ma-
chine to match with the reference bucket of the higher en-
ergy machine. When the synchronization loop of the type
discussed in Reference [1] is used, then it is possible to close
this loop any time during the acceleration cycle. Since the
new synchronization loop is conceptually a method to lock
to a predetermined trajectory of a reference bunch in the
lower energy machine, it seems possible to use this loop
to even damp the coherent dipole oscillations in the beam
and also contain the beam radius within the prescribed
limits. We show in this paper how it can be achieved with
a limited hardware and with an increased sophistication
in the software. Only theoretical studies are presented on
the Low Energy Booster (LEB). The experimental results
demonstrating the “proof of principle” of the synchroniza-
tion hardware 1s shown. With improved computing power,
the hardware presented in this paper can be implemented.
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Since the hardware uses a Digital Signal Processor, the
control algorithm can be implemented with assembly code
in real time. If this idea works on the real accelerator,
then the advantages are indeed quite attractive for normal
operation. There will be no need to build a radial and
phase loop strictly for normal machine runs, but it may
be required during machine development studies. In par-
ticular, the reliability of the beam control electronics will
improve a great deal due to reduced hardware and hence
reduce failures associated with 1t.

2 SYNCHRONIZATION LOOP
“PROOF OF PRINCIPLE”

In Figure 1, a loop diagram is sketched which was used to
demonstrate the “proof of principle” of the programined
synchronization loop. It uses a Direct Digital Synthe-
sizer (DDS) as the frequency source and is coupled to a
divider that divides the DDS frequency by 108. The out-
put of the divider is coupled to a stop input of a time-
to-digital converter (‘T'DC). A fixed frequency, such as the
MEB (Medium Energy Booster) DDS provides an output
to a divider that divides the MEB synthesizer frequency
by 792. The dividers were chosen to represent the revolu-
tion frequencies for the rf signals appearing at the mput
end of the TDC. The TDC measures the time interval
between every start pulse and the first stop pulse. The
output of the TDC is a parameter having units of “tirme”
which is read into a Digital Signal Processor (DSP}. This
time measurement is then multiplied with a velocity profile
of the bunch, which was prestored in the DSP memory and
recalled to define the velocity of the bunches at each mea-
surement point. The multiplier output is subtracted from
the pre-calculated values known as the trip-plan data [1].
The output of the multiplier is processed in the controller
which converts the phase error to frequency shift in a linear
or non-linear relationship in a manner to reduce the phase
error. The frequency shift is applied to the DDS which
is already sweeping the frequency. In other words, at the
end of the trip-plan, the actual phase and the ideal phase
are identical, thereby assuring synchronism and alignment.
In Figure 2 we show the phase error data for the com-
plete the acceleration cycle. The loop was closed after
1400 MEB turns with each MEB turn corresponding to
13.249 psec. Convergence of the phase error from the time
the loop was closed proves that the loop was working. The
rf wave with an offset of 169 meters from the trip-plan at
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Figure 1: Synchronization loop diagram.
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Figure 2: Measured synchronization phase error from the
test bench of Figure 1.

the time of clasing the loop is decreased to zero, hence the
coincidence with the trip-plan data. Now by readjusting
the trip-plan data appropriately and then locking would
give the required synchronism.

3 BASIC IDEA OF A SINGLE
GLOBAL LOOP

The idea that will be discussed in this paper assumes that
a time-varying control model is known for the LEB. In Ref-
erence [1] a state space model was derived for low-intensity
operation by ignoring the beam loading effects. The linear
state equation is shown below by assuming z, as the syn-
chronization phase error, x4 as the radial orbit deviation
from the central orbit, x5 the dipole beam phase oscilla-
tions, and u as the frequency shift generated by the feed-
back loop. Since we will be using only the synchronization
loop, the general control model shown in Reference [1] can
be simplified to the following matrix form:

Ly ayy  ap2 0 T
I = 0  azp asga s
Ia 0 azx O 3
0 0 90 0
+ 0 0 0 0 (1)

0 0 ba u

>z=Az+Bu (2)

The coefficients of the systemn matrix, A4, and the input
matrix, B, are in terms of machine parameters and are
listed in Reference [1]. From the control model it is clear
that by measuring the states a suitable control, u can be
generated so that the loop remains stable. On the other
hand, by measuring z, alone and then estimating the re-
maining states from the control model with a real time
estimation algorithm, the control u can be obtained. Such
an algorithm will be hard to implement in analog hardware
for fast cycling machines due to the time-varying nature
of the system matrix. Before discussing the design of the
state estimators we show the expected performance of the
loop without the radial and beam phase loops and with
the measurement of z, with a proportional feedback alone.
We then compare the performance with the introduction
of the state estimating algorithm.

4 SYNCHRONIZATION LOOP WITH
PROPORTIONAL FEEDBACK

In this case, the synchronization phase error z; is mul-
tiplied by the gain k; in the controller of Figure 1. A
suitable frequency shift, u, is generated without knowing
the phase error, r3, or the radial position, z;. The loop is
closed and the expected performance is shown in Figure 3
for the LEB in the presence of field errors. Clearly, the
synchronism is not very good (Figure 3(a)) and the phase
oscillations are way too high (Figure 3(c)).
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Figure 3: Simulation results with simple proportional feed-
back.

5 SYNCHRONIZATION LOOP WITH
STATE FEEDBACK USING STATE
ESTIMATOR APPROACH

5.1 State Estimator Algorithm

There are standard techniques available in the automatic
control engineering literature to estimate the states from



the state space model. The state estimator is known as
the observer. Since our control model for the LEB is time-
varying and the measurement of the state, x;, would con-
tain errors, a kalman filter would be a more suitable ob-
server. However, for simplicity, we use a standard closed
loop Luenberger observer. To design the observer let us
first represent the control model of the system Eq. 1 with
an additional output equation as follows:

2 = Az+Bu
y = Tz (3)
with
_Q_T = [1 OO] and _:{J_T = [x1 o) :53].

Let z;, £, and Z3 be the estimated state variables. Since
y = z; is the measured output and §} = &, the estimated
output we can write the following estimator of the form

7 = apzy +aps +hi(y —g)
Iy = axZy+apisz+b(y—y)
T3 = azfy+byu+ iy —3) (4(a))
t o= Ar+Bu+l(y-CTz) (4(b))

where
M=l
where {1, I, and [3 are the observer feedback gains. The

error between the real states and the estimated states is
given by

= i-2=Az—2) - 1CT(z—3)
(A—-1C7)e (5)

"

-

and
e(0) = z(0) — 2(0).

For a stable closed loop observer the characteristic equa-
tion of the error state vector (s{ — A+ {QT) must, have
cigenvalues on the left half of the s-plane, or must satisfy
RH stability criteria for given values of observer feedback
gains. The natural frequency of oscillations on the esti-
mated state vectors are the eigenvalues of A — {CT and
must be selected to keep out of the synchrotron frequency
region, by suitably choosing I, I, and I3,

Clearly, Eq. 4(b) is the observer algorithm in mathemat-
ical form.

5.2 Controller Algorithm

Once the states are known, control section is now open to
a simple state feedback or to even a more complex algo-
rithm with additional dynamics. The state feedback design
technigues can be used to fix the gains in three loops. The
control law is now equal to

w = —(ky 3y + kaky + kaig). (6)

The estimated states are used in the controller algorithm.
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The simulation studies with observer and state feed-
back controller are shown in Figure 4. Clearly, compar-
ison between Figure 3 and Figure 4 show that the phase
oscillations are damped considerably and also the synchro-
nization to the trip-plan has improved. Careful selection
of observer gains, I}, I3 and I3 is important for proper
damping of the phase oscillations. In the LEB case we se-
lected §} = 10%, I = —0.2877 and I3 = —6805 so that the
observer eigenvalues turned out to be negative. Further-
more, the controller gains were chosen as follows: k; = 30,
k2 = 5000 and k3 = 2000. The integration steps have to
be selected as small as possible while estimating the radial
position and the phase oscillations.
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Figure 4: Simulation studies with observer/controller al-
gorithm.

6 CONCLUSION

Theoretical results are presented to demonstrate the fea-
sibility of running the Low Energy Booster using a new
synchronization loop with the trip-plan approach. The
phase loop and radial loop behavior is estimated from the
synchronization phase error and then a suitable frequency
shift is generated to control dipole oscillations, synchro-
nization phase and the radial position. The estimation of
dipole oscillations and the radial positions are done using
a simple Luenberger observer algorithm. Since the LERB
is a time-varying machine, a Kalman filter in place of a
Luenberger observer would be a good choice. The imple-
mentation of the control algorithm needs special hardware
such as the Digital Signal Processors and the Direct Digital
Synthesizers.
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