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Abstract REGULATION (AI/lmax) 

There are 81 dipole magnets contained in the storage ring 
at the Advanced Photon Source (APS). These magnets are con- 
nected in series and are energized by only one 12-phase power 
supply. The eighty-first magnet is located in a temperature- 
controlled room with an NMR probe to monitor the magnetic 
field in the magnet and provide a reference signal for correction 
of the field drift due to aging of the components. The current 
in the magnets will be held at 497 A. The required current sta- 
bility of the power supply is *30 ppm, the current reproducibili- 
ty is *50 ppm, and the current ripple is f400 ppm. The voltage 
required to maintain such a current in the magnets is about 1700 
V. Different schemes for regulating current in the magnets are 
studied. Pspice software is used to simulate the behavior and 
the design of such a power supply under different conditions. 
The pros and cons of each scheme will be given and the proper 
power and regulating scheme will be selected. 
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III. DESIGN AND TOPOLOGY 

I. INTRODUCTION 

The storage ring of the Advance Photon Source (APS) at 
Argonne National Laboratory (ANL) contains 81 dipole mag- 
nets. These magnets are connected in series and fed by a 
1Zphase accurate and stable power supply. In order to provide 
a stable reference for the power supply, a 17-bit digital-to-ana- 
log converter (DAC) is programmed by the control computer. 
The 81st magnet is placed in a temperature-controlled room 
with an NMR probe to monitor the magnetic field in the magnet 
and provide the correction signal due to the aging of the compo- 
nents. The correction signal is sent to the DAC to modify the 
reference signal, The power supply is equipped with a passive 
L-C-R filter to reduce the ripple content of the output current. 
To regulate the current in the magnet, a high precision, low 
drift, zero flux current transductor is used. The transductor 
senses the magnet current and provides the controlling signals 
through the regulator. Several control loops are used to regulate 
the current in the magnet load. Fast correction for the line tran- 
sient is provided by a relatively fast response voltage loop con- 
trolled by a high gain slow response current loop. Different de- 
sign topologies are studied and will be given in the following. 

In order to provide current to the magnets, several types of 
power supplies are used. Phase-controlled thyristor rectifiers 
and switched-mode power supplies (SMPS) are the most com- 
mon types used to energized the magnets. In phase-controlled 
power supplies a low pass filter is used to somewhat filter the 
ripple current. The accuracy and the response of the output cur- 
rent depends on the number of silicon-controlled rectifiers 
(SCRs) used in the power bridge and the low-pass filter frequen- 
cy response. Due to the imperfection and imbalance in the pow- 
er transformers, the output current may contain ripple content 
with the line frequency. Several techniques have been sug- 
gested in the past [2] and currently being employed to regulate 
the output current. To compensate for the load disturbance and 
ripple in the output current, active filters such as transistor 
banks or coupled reactors are used. The use of transistor banks 
means an inherent reduction in the output voltage and, conse- 
quently, lower efficiency. Use of coupled reactors can reduce 
the output current ripple, but reduces the tracking speed of the 
power supply. 

The SMPSs, however, are highly efficient, quick to re- 
spond, and introduce high frequency ripple in the output current 
that can be filtered more easily than the low frequency ripples 
in the phase-controlled cases. On the other hand, the switched- 
mode power supplies can cause a high electromagnetic interfer- 
ence (EMI) due to their high di/dt and dv/dt [3]. In some cases, 
EMI filtering may be required to avoid perturbations to other 
equipment next to the power supply or the power line [4]. 

II. POWER SUPPLY SPECLFICATION 

The power supply must deliver 497 A continuously to a 
chain of 81 dipole magnets. The output voltage at full load op- 
eration is 1662 V [l]. 

Another technique uses the phase-controlled and switched- 
mode power supplies in series combination. Usually the phase- 
controlled section delivers 90% to 95% of the output power and 
the SMPS delivers the rest. The 5% to 10% of the output which 
is delivered by the SMPS is required for the regulation. Phase- 
controlled power supplies have limited bandwidth depending 
on the number of the SCRs used in the power bridges. For 
instance, in a 12-pulse phase-controlled power supply the band- 
width is limited to 720 Hz while the switched-mode power sup- 
ply can have very large bandwidth up to 500 kHz. The utiliza- 
tion of the SMPS allows fast and precise correction of the output 
current. 

*Work supported by U.S. Department of Energy, Office of Basic 
Energy Sciences under Contract No. W-3 1-109-ENG-38. The rubmltted manuscript has ken aurhored 

bv a contractor of the “. S. Government 

0-7803-1203-l/93$03.00 0 1993 IEEE 
1288 

Or reproduce the publtrhed form of this 
contribution, or allow others to do so, for 

PAC 1993



IV. DESIGN AND RESULTS 

A. Filter Design 

A filter with a cut-off frequency of 720 Hz was designed to 
eliminate the fundamental and higher harmonics of the current 
in the power supply. The transfer function of the filter is given 
in the following 121: 

e. sTz+ 1 
e; = s3T2L,C, + s2(T,Tz + L,C, + L,C,) + sCr,+ T, + T3) + 1 (1) 

where T1 = RiC,, Tz = R&Z, T3 = RIG ,. Li = 650 pH, 
Ci = 16200 p.F, Cz = 37800 pF, and R2 = 0.265 Q 

However, due to imbalances in the power transformers, the 
60-Hz component passes through the filter and is noticeable in 
the output current if it is not filtered. The use of a pass transistor 
between the filter and the output can act as an active filter. The 
base current for such a transistor is proportional to the output 
current. Care must be taken to ensure a limited amount of volt- 
age across the pass transistor. The pass transistor can fail due 
to high power dissipate or high voltage across it. Usually four 
or more control loops are used to ensure the safe and reliable 
operation of the pass transistor. One relatively slow but high 
gain current loop, a high gain output voltage loop, high gain 
voltage loop for AC line compensation, and a voltage loop to 
maintain certain voltage drop across the pass transistor are 
needed. Other loops may be used in conjunction with the above 
control loops. A feed forward loop is usually used for AC line 
voltage compensation. The limitation of this technique appears 
when a relatively high output voltage is required because the 
pass transistor must support the output voltage in the short cir- 
cuit situation. This configuration is shown in Figure 1. 

In order to test the above technique, a power supply with 
the following characteristics was prototyped. 

Max. Output Voltage 80 V 
Max. Output Current 1100 A 

Stability + 30x10” 
Reproducibility f 50x10-6 
Current Ripple IL 30x10” 

A 12-phase power supply with pass transistors was de- 
signed. A set of twelve parallel Powerex water-cooled transis- 
tors (D7ST) was used for the pass transistor bank. These tran- 
sistors are designed for switching applications; the voltage 
rating of these transistors is specified only for that purpose. In 
the linear application the voltage rating of the transistors must 
be drastically de-rated. In our case, the 400 V transistor was de- 
rated to 30 V application. Under a higher voltage application 
the transistor may fail. The failure under such a condition is a 
short circuit. In order to reduce the power drop across the tran- 
sistor bank, an adaptive control loop was designed to maintain 
a minimum power drop across the transistor bank under differ- 
ent load conditions. The voltage drop across the transistor bank 
decreases as the load current increases, thus result in a constant 

power drop for all load conditions. A certain minimum voltage 
across the transistor bank is always needed for the current regu- 
lation. In the prototype power supply the voltage drop across 
the bank varied from 25 V to 7 V and load currents from 10 A 
to 1100 A. For AC line voltage compensation a feed forward 
loop was used. Measurements were taken at full load condi- 
tions, and the ripple of 15 ppm and stability of 45 ppm was mea- 
sured. 
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Figure 1 Block diagram for storage ring dipole power supply us- 
ing phase-controlled and pass transistor. 

A second alternative to the above design is the use of 
switched-mode power supply in conjunction with the phase- 
controlled power supply. The phase-controlled part delivers the 
main power and the switched-mode part performs the regula- 
tion and the fine tuning of the output current. The switched- 
mode power supplies have a relatively larger bandwidth than 
the phase-controlled ones, thus the correction of the current is 
fast and a low ripple current can be obtained easily. For this 
scheme, usually about 10% of the output voltage must be deliv- 
ered by the SMPS and the other 90% is delivered via the phase- 
controlled power supply. The switched-mode power supply 
must carry the output current which is a drawback of this 
scheme. The instantaneous output voltage of the total power 
supply is used to determine the transistor switching, while the 
output voltage of the SMPS is used to determine the firing angle 
of the thyristors. Since the output voltage of the SMPS is 
compared against a fixed voltage reference, the SMPS always 
maintains a certain portion of the output voltage. This configu- 
ration is shown in Figure 2. The switching transistor in the 
SMPS must be protected against the di/dt and dv/dt due to the 
output filter and the magnetic load. The SMPS in Figure 2 is fed 
from bridge rectifier with a typical R-L-C filter. The filter char- 
acteristic may cause oscillation in conjunction with the SMPS 
and its load. The filter is usually designed to be near critically 
damped to improve the overall efficiency. The R-L-C filter can 
give rise to low frequency oscillations at its output when it is 
subject to periodic load changes, e.g. when supplying power to 
an SMPS. In order to avoid such a problem, the inductance in 
the R-L-C filter must be reduced and the R and C increased 1.51. 
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Figure 2 Block diagram for storage ring power supply using 
phase-controlled and switched-mode power supply 

V. CONCLUSION 
Different configurations for the power supply of the stor- 

age ring dipole magnets were studied. In order to eliminate the 
output current ripple, an active filter was needed. Use of a pass 
transistor as the active filter was investigated and it was con- 
cluded that complicated control circuitries are needed to make 
such a scheme work. It was also concluded that under high out- 
put voltage, the pass transistor may fail. A prototype was built 
to investigate the operation of such a configuration, and the re- 
sults indicate almost one order magnitude better performance 
than the required regulation. 

The use of SMPS in conjunction with phase-controlled 
power supply was also investigated and the required control 
loops were shown. The SMPS may cause oscillation when the 
input filter inductance is relatively high. The switching transis- 
tor must be protected against di/dt and dv/dt due to the output 
filter and load inductances. 
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