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Abstract 
The Advanced Photon Source (APS) booster ramp 

cycle is completed within 250ms and repeated at 2Hz, 
accelerating positrons from 400MeV to 7GeV. Phase-con- 
trolled power supplies deliver current to each of the dipole, 
quadrupole, and sextupole magnet families. In order to 
maintain constant transverse tunes and chromaticity while 
the beam is accelerated, quadrupole and sextupole magnet 
currents must closely track the current in the dipole mag- 
nets. This is achieved using a conventional regulator in the 
power supply together with cycle-cycle corrections applied 
to the reference waveforms. The system and its perfor- 
mance is described and tuning dgorithms are discussed. 
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1 INTRODUCTION 

Zero Crossing (ms) 

The A P S  booster uses a simple FODO magnet lattice 
consisting of 68 dipole, 80 quadrupole, and 64 sextupole 
magnets. The quadrupole magnets are connected in chains 
of 40 magnets creating ‘focusing’ and ‘defocusing’ fami- 
lies. Sextupoles families are connected as 32 magnets per 
family. The power supplies are based around a 12-pulse 
group of wye-connected thyristor-controlled rectifiers [ 13. 

In order to meet the accelerator requirements, current 
is ramped at -4Nms in the dipole magnets and at -2.5N 
ms in the quadrupole magnets. Beam is injected at a dipole 
current of -5OA and extracted at -9OOA corresponding to 
energies of 4OOMeV and 7GeV. respectively: the ramp is 
linear throughout the acceleration cycle. Tracking and sta- 
bility specifications for the power supplies are derived 
from the stability requirements of the transverse tunes in 
the accelerator. Tolerances are defined in terms of the 
slope and zero-intercept time of a linear fit to the output 
current and in terms of the AI/I error within each cycle. 
The target worst-case errors for dipole and quadrupole 
magnets obtained by this analysis are given in Table 1. 
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Table 1 : Target Errors for Dipole and Quadrupole Magnets 

I RampSIope(Nms) I 2.49 1 0.003 I 
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2 CONTROL OVERVIEW ’.-: 
As explained in [ 11, the tracking and stability require- 

ments cannot be met using a conventional power supply 
regulator alone because of power supply transients and 
limitations in the available bandwidth from both the power 
circuit and the load inductance. However, for a given refer- 
ence waveform, the output current is very repeatable from 
cycle to cycle, so errors can be used to update the refer- 
ence waveforms for future cycles. At A P S ,  updates are 
applied to the reference waveform shape in order to 
improve the ramp linearity and to the reference waveform 
amplitude and trigger time in order to compensate for drift. 

Each power supply can operate either in voltage or 
current mode; in both cases the objective being to control 
the output current. In voltage mode the power supply regu- 
lates the voltage across the load and the computer-based 
control system ensures that the appropriate output current 
is produced. In current mode, the power supply is also 
given the current reference waveform which the reguIator 
attempts to follow. In both modes updates are applied to 
the voltage reference waveform to correct for residual 
errors in the output current. 

Great care has been taken to ensure clean current 
monitoring which is crucial to the success of this system. 
Both reference waveforms and measured currents are digi- 
tized to 16 bits with greater than 14 bits of usable signal. 

Stability and tracking requirements have been met 
using voltage mode; this is the standard configuration 
when running beam. Current mode is in the commission- 
ing phase; it provides even greater stability and simplifies 
the process of running different ramping profiles. 

3 VOLTAGE MODE 
In  this mode the power supply regulator attempts to 

control the voltage across the magnet according to the sup- 
plied reference waveform. The control system is responsi- 
ble for generating and maintaining the required output 
current. The control scheme is shown in Figure 1. 
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Figure 1 : Control Scheme for Voltage Mode 
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At the end of each cycle, a kast-squares linear fit is 
applied to the measured current waveform from each mag- 
net family. Deviations from the required slopes and zero- 
intercepts are corrected automatically by adjusting the 
amplitude and trigger time of each voltage reference wave- 
form reducing the effect of slow drift in the power sup- 
plies, AC power line, and magnet systems. The bandwidth 
for these control loops is limited to around 1/10 per cycle 
in order to filter out random fluctuations. 

Figure 2 shows the slope and zero-intercept for the 
focusing quadrupole magnets over a 24-hour period. 
Residual errors are dominated by random fluctuations with 
drift being eliminated by the cycle-cycle feedback. 
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Figure 2: Deviations from Nominal Values over 24 Hours 
(dotted lines indicate target worst-case errors) 

The same data is shown as a histogram in Figure 3 
along with the equivalent dipole parameters. The larger 
magnet inductance helps to stabilize the dipole parameters. 

2.4905 - - 
E 

2.4900 - 
v 

x 
2.4895- 

I. 0 

I J 
0 5 10 15 20 25 

TirneOfDoy (h) 

7.13 
'.14 t 

7061 I I 
0 5 10 15 20 25 

T~meO'>oy ( h )  

Figure 3: Measured Ramp Stability over a 24-hour Period 
The stability of the slopes is well within target perfor- 

mance for all the magnets and, for the zero-intercepts, 
meets target performance 90% of the time. 

It has been found that the ramp tracking is very stable 
when the cycle-cycle feedback is active. and frequent 

updates to the reference shape have been unnecessary 
(often, no updates are needed over a period of many days). 

4 CURRENTMODE 
In this mode the power supply receives both voltage 

and current reference waveforms. The power supply regu- 
lator has two nested loops where the outer loop controls 
current and drives an inner voltage loop. The voltage refer- 
ence provides feedforward to this inner loop. 

The attraction of current mode is that it can dynami- 
cally reduce errors within each cycle thereby improving 
the cycle-cycle stability, whereas the computer control 
system can at best only operate on the next cycle. 

The computer control system performs the same tasks 
as in voltage mode; cycle-cycle drift is managed by adjust- 
ments to the amplitude and trigger time of the voltage ref- 
erence waveform, and residual errors in the output current 
are used to update the voltage reference shape. Changing 
the amplitude and trigger time has a different effect com- 
pared with voltage mode; the trigger time has the most 
effect early in the ramp, and the amplitude changes the 
later part of the ramp. These effects are coupled and tend 
to fight each other. In the future the influence matrix will 
be diagonalized and the algorithm modified to operate cor- 
rectly on the relevant eigenmodes. 

About a factor two improvement in cycle-cycle stabil- 
ity is obtained over voltage mode. Histograms of short- 
term stability for the two modes is shown in Figure 4. This 
data was taken over a 15-minute period; in voltage mode 
cycle-cycle feedback on and in current mode cycle-cycle 
feedback off. 
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Figure 4: Deviations from Nominal Values for Quadruple 
Long-term drift is also improved in current mode and, 

even with cycle-cycle feedback off is comparable to that 
achieved in voltage mode with the cycle-cycle feedback 
active. Significant improvements are anticipated once the 
cycle-cycle feedback is operational for current mode. 

5 RAMPTUNING 
Ideally the voltage reference waveform would be the 

'LdYdt + iR' voltage needed to drive the output current at a 
constant rate of rise through the magnet load. In practice, it 
is necessary to modify this ideal voitage reference in order 
to compensate for the actual response of the power supply. 
Ramp tuning involves measuring the output current error 
and using it to generate a small voltage correction which is 
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added to the voltage reference waveform. The process is 
repeated until errors are within tolerance [2]. 

In order to generate a voltage correction signal from a 
current error, a model is required of the inverse of the sys- 
tem response of the output current to a change in the volt- 
age reference. In voltage mode, the system is modeled as a 
single pole (originating from the load), and the inverse 
model is a single zero together with an empirically deter- 
mined time delay (added to compensate for oversimplifica- 
tion of the forward model). 

Once tuned, ramp quality is very stable over time pro- 
vided that the cycle-cycle feedback is active, and original 
intentions to implement frequent automatic ramp tuning 
have been unnecessary. Figure 5 shows the measured peak 
AI/I for the quadrupole magnet over a 24-hour period. 
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Figure 5:  Peak Quadrupole AIJI over a 24-hour Period 
The response characteristics are significantly different 

in current mode, and the same model cannot be used for 
tuning the ramps. A very simple first-order model is to 
generate the voltage correction from a scaled version of 
the current error. However, this model is only marginally 
stable and oscillations appear at the start of the ramp if too 
many corrections are applied. Nevertheless, adequate 
ramps have been successfully tuned using this algorithm. 

6 SYSTEM IDENTIFICATION 
In order to improve the forward and inverse models of 

the system for the ramp-tuning algorithms, attempts have 
been made to measure the small-signal response of the 
current to a change in the voltage reference. This is com- 
plicated by the need to complete each measurement within 
the acceleration part of the ramp cycle (220ms) and by 
having to avoid disturbing the current at the peak of the 
ramp, since this affects the starting point for the next cycle. 

Frequency response measurements have been made 
by applying small sinusoids to the voltage reference wave- 
form and fitting a sinusoid of the appropriate frequency to 
the current difference. The results are shown in Figure 6. 
The technique works well above a few tens of Hertz but 
measurements below 20Hz are difficult to make. The tech- 
nique has good frequency resolution and has identified a 
null in the response at 180Hz caused by the power circuit. 
The problem is to identify the low frequency response 
which is needed to generate a ramp-tuning algorithm. 

An alternative is to add a small zero-mean random 
signal to the reference waveform and measure the resulting 
change in output current. Using least-squares correlation 
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Figure 6: Frequency Response Measured using Sinewaves 

techniques such as Wiener Filter or Prediction Error Filter 
design [3], both forward and inverse models can be gener- 
ated. The advantages of this approach are that a complete 
measurement can be made in a single cycle and that the 
time-domain response is generated directly. Impulse 
responses from an FIR Wiener design are shown in Figure 
7 and the corresponding frequency responses in Figure 8. 
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Figure 7: Impulse Response of Wiener Filter Forward Models 
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Figure 8: Frequency Responses of Wiener Filter Models 
Inverse models generated using these techniques are 
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to be incorporated into the ramp-tuning algorithms. 
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