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Abstract - The Advanced Photon Source, at Argonne National
Laboratory will produce the world's brightest x-ray beams when it is
complete. A number of correction magnets are used to maintain
proper beam position. Basically, two different types of bipolar power
supplies are used for all the correction magnets: one requires dc
correction only, and the other requires dc and ac correction.
Normally linear-mode power amplifiers would be used for the
bipolar power supplies. However, linear-mode power amplifiers
dissipate a substantial amount of power as heat, resulting in poor
efficiency for their large size. In addition, most commercial bipolar
power supplies are linear-mode and available for lower power levels.
Therefore, for higher power levels it was necessary to design a
bipolar power supply that uses switch-mode power conversion. This
paper describes a control technique for a pulse-widlh-modulated
bipolar power supply, which can deliver a controlled current, dc plus
ac. to a correction magnet. A design example of a I50A bipolar
power supply is presented.

I. INTRODUCTION

Argonne National Laboratory's (ANL) Advanced Photon Source
(APS), currently under construction, will produce the world's
brightest x-ray beams. In order to maintain the beam's proper
position, a number of correction magnets are used [1,2]. In the
Storage Ring, displacement of the quadrupole magnets due to low
frequency vibration below 25 Hz is the most significant factor
affecting the stability of the positron closed orbit. The primary

J .external source of low-frequency vibration is the ground motion of
/approximately 20jtm amplitude, with frequency components

(j concentrated below 1() Hz. These low-frequency vibrations can be
corrected by using correction magnets, whose field strengths are
controlled individually through the feedback loop comprising the
beam position monitoring system.

The correction field required could be either positive or
negative. Thus for all the correction magnets, bipolar power
supplies (BPSs) are required to produce both polarities of
correction fields. Basically, two different types of bipolar power
supplies arc used for all the APS correction magnets. One requires
dc correction only, and the other requires dc and ac correction. For
example, the correction magnet current for the Storage Ring consists
of a dc component and an ac component as shown in Fig. 1.
Normally a linear-mode power amplifier would be used for the BPS.
Since the linear-mode power amplifier dissipates a substantial
amount of power as heat, the efficiency is very poor and the size of
the amplifier is large. Most commercial BPSs are linear-type and
available for lower power levels (under 400W). Therefore, it was
necessrjy to design BPSs using the switch-mode power conversion
for the higher power levels required at ANL. There are a number of

articles for current-controlled pulse-width-modulated (PWM)
inverters mainly for motor drive applications [3 - 8]. It is noted that
to generate beams in accelerator applications, high performance
magnet power supplies are required. In reference [9], a bipolar
power supply is configured with two half-bridge filtered PWM
current sources operating in the master-slave mode. One half-bridge
delivers a positive current and the other delivers a negative current.
One base unit, a master and a slave, delivers 20A output current.
Using a single master, up to 20 slaves can be driven for higher
power applications. The control of this BPS is rather complex. In
order to maximize reliability, the goal was to make the BPS as
simple as possible. This paper deals with the design and development
of a BPS using switch-mode power conversion for a magnet load. A
150A BPS has been designed, prototyped, and tested, and
approximately 650 units are being manufactured. The design
example and key experimental results are provided.

II. CIRCUIT DESCRIPTION AND OPERATION PRINCIPLE

Figure 2 shows the simplified circuit configuration of a bipolar
power supply considered here. The topology is a full-bridge
converter/inverter, which can be a dc-to-dc converter foi dc
operation or a dc-tc-ac inverter for ac operation. A set of switches,
Ql and Q4, is used for one direction of the load current (say positive
current), and the other set of switches, Q2 and Q3, for a negative
portion of the load current. L,,, and Rm represent the inductance and
resistance of a correction magnet. Since the inductance value of a
magnet is relatively large in our particular application, no output
filter is considered. In a typical voltage source inverter, switches Ql
and Q4 (Q2 and Q3) are switched on and off simultaneously
according to PWM signals, resulting in switching losses for two
switches. However, in order to reduce switching losses, it is
preferable to control only one switch at a time rather than
controlling both upper and lower switches (i. e., Ql & Q4 or Q2 &
Q3) simultaneously.

A. DC operation

for dc operation, there are two modes of onera|jon. and the
operation pfincTpIe is exactly the same as a dc/dc Buck convener.
For a positive magnet current, switches Ql and Q4 are closed to
deliver power to the load for a period of Ton (Mode 1). The circuit
for Mode 1 operation and its equivalent circuit are shown in Fig. 3.
After the period of T^, the upper switch Ql is opened for a period
of Tjjr, while the lower switch Q4 remains closed (Mode 2). Figure
4 shows Mode 2 operation and its equivalent circuit. When Ql is
opened for TQ^, the magnet current freewheels through the still
closed switch Q4 and diode D3. For a negative magnet current,
switches Q2 and Q3 and diode D4 are operated in a symmetrically
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Fig. 1: Example of a correction magnet current.
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Fig. 2: Simplified circuit of a bipolar power supply.

opposite manner. It is noted that by controlling only one switch at a
time according to the PWM signal, not only can we reduce the
switching loss by half but we can also maintain the Buck converter
operation principle. In other words, if Ql and Q4 are opened
simultaneously, then the stored energy in the magnet will be returned
back to the source during the off time, T ^ . Hence, the converter
does not operate as a Buck converter.

B. AC operation

For ac operation, there is an additional mode of ogeratiorh For
j h e positive aVaTu is operated in the same manner as dc operation
explained above. In order to increase the magnet current, the ON
time of the upper switch Ql (Q2) is in general longer than its OFF
time (i.e., Ton > Ton;). On the other hand, for the negative di/dt, the
OFF time of the upper switch Ql (Q2) is longer than the on time
(i.e.. Toff > Ton) in order to decrease the magnet current. It is
pointed out that even with 100% off time (i.e., Ql is completely
OFF with Q4 ON), the magnet current does not decay fast enough
to follow the reference signal due to the large time constant of the
magnet. Figure 6 shows the magnet current decay with Ql (Q2)
OI;I- and Q4 (Q3) ON ( Ton = 0). Therefore, it is necessary to
iniroducc another mode of operation (Mode 3) by opening the
switch Q4 (Q3). Hence, in Mode 3 operation, as shown in Fig. 5, the
stored energy in the magnet returns to the source via diodes D2 and
D3, resulting in faster decay of the magnet current. Figuie 7 shows
ihe magnet current decay with both Ql (Q2) and Q4 (Q3) OFF
simultaneously. Note (hat in this ac operation (Fig. 8) only upper
switch Ql (Q2) is controlled according to the PWM signal until the
magnet current no longer keeps tracking the reference signal while
lower switch Q4 (Q3) remains ON, and only lower switch Q4 (Q3)
is controlled while upper switch Ql (Q2) remains OFF. Hence, only
one switch is controlled at a time for the ac operation, too.

The unregulated dc input bus voltage, Vjn, is the minimum
required value to reduce the output ripple current without using any
output filter, and is determined by the following expression:

Vin
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Fig. 3: Mode 1 operation and its equivalent circuit.
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Fig. 4: Mode 2 operation and its equivalent circuit.
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Fig. 5 : Mode 3 operation and its equivalent circuit.

sin (OK

where Ipjj = peak value of the ac current and
a) = 2 jt f (f = reference frequency).

m. ANALYSIS

Referring to Fig. 2, the sieady-state analysis of the circuit for a
positive magnet current is carried out in the following manner.

A. Mode 1 operation:

For 0 5 t £ Ton: (Ton = the conduction time of both switches QI
andQ4)

Figure 3 (b) shows the equivalent circuit when switches Ql and
Q4 are closed. Then, a differential equation for the period can be
written as:

Vin = L n , ^ + R m « t ) + 2VQ (2)

where VQ = forward voltage drop of a switch.

By solving (2) for the current i(t), we get
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Fig. 6 : Magnet current for negative di/dt with Ql OFF

and Q4 ON.
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Fig. 7 : Magnet current for negative di/dt with both

QlandQ4OFF.
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Fig. 8 : Switching actions for AC operation

(5)

lLl = magnet current at t = Ton.where

The average voltage of the magnet, V ^ ) , for a dc operation is
determined by:

Vo(dc) = (Vin " 2VQ) 5 - (VQ + VD)(1 - S)
(V + V V ) 8 ( V + V ) (6)

(3)

where 8 = duty ratio = T ^ /(Ton+ Tofr).

C. Mode 3 operation:

During this period both switches Ql and Q4 remain OFF and
the anti-parallel diodes D2 and D3 are conducting. Thus the stored
energy in the magnet returns to the source, resulting in the faster
decay of the magnet current. From the equivalent circuit as shown
in Fig. 5(b), a differential equation for this period can be written as:

(7)

where ILo = initial magnet current at t = 0 and X = r-"1 •

B. Mode 2 operation:

For Ton < t < Ts: (Ts = Ton + Tofr= one switching period )

During this period switch Q4 remains ON and the anti-parallel
diode D3 is conducting. Then the magnet current freewheels, and
the equivalent circuit is shown in Fig. 4 (b). Thus, a differential
equation for the period can be written as:

(4)

where VD = forward voltage drop of a diode.

The solution of (4) for i(t) is given by

By solving (7) for the current i(t), we get

Vin - 2Vn

where ILQ = initial condition.

IV. DESIGN EXAMPLE

An example of design and development of a 150A BPS is given
in this section. The design criteria are as follows:

a. Input dc bus voltage :
b. Maximum output current:

* Maximum ac component :
* dc offset current :

c. Magnet inductance :
d. Magnet resistance :

70V +10%/-15%
150A bipolar =1^
75A(peak)
-15OA-+15OA
4mH
130mfi
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Fig. 9: Simplified block diagram of the BPS.

e. Maximum dc output voltage :
f. Maximum output power:
g. Ripple current:
h. Stability :
i. Reference resolution :

20V
3kW
0.15 A (peak-to-peak)
+/-300ppm of IOtmax

16-bit

A. System Description

Figure 9 shows the simplified block diagram of a bipolar power
supply designed at ANL. It consists of a power modulator (main
power section), four Euro-cards for the regulator, digital-to-analog
and analog-to-digital converters (DAG/ADC), converter and magnet
monitoring and interlocks, and a control (or auxiliary) power supply
board. This BPS is water-cooled; The power supply control unit
(PSCU) contains the intelligence that interfaces directly to each
power supply hardware for control, monitoring, and communicating
to the host computer. One PSCU can control as many as eight BPSs.

B. Main Power Section

Figure 10 shows the simplified main power section of the BPS.
The switching frequency is 20 kHz synchronized with the main
system clock. The regulation is achieved by the pulse-width-
modulation (PWM) method. Two dual packages of Insulated Gate
Bipolar Transistors (IGBTs) are used for the switching devices due
to their ruggedness and simple drive requirement. The IGBT body
diodes are utilized for the anti-parallel diodes. L,,, and Rm represent
the inductance and resistance of a correction magnet. The required
magnet cunent consists of a dc component and an ac component.
The amplitude of the ac component varies from 0 to 75A (peak) and
its frequency varies from 0 to 25 Hz. The dc component could be
from 0 to +/-150A, depending on the ac component. The total
magnitude of dc and ac current does not exceed 150A.

In order to regulate the magnet current, the ramp comparison
method and PI controller are used. The magnet current information
is fed back to an error amplifier input via a current measuring device
as the feedback signal, Vf, and is compared with the reference
voltage, Vr, which is provided by a digital-to-analog converter
(DAC). A 2mii shunt resistor is used for the current measuring
device. Since the current loop responds slowly lo the input voltage
variation due to the large time constant of a correction magnet, the
voltage-feedforward technique, which varies the ramp slope, is used

Fig. 10: Main power section.

in the regulator circuit for constant volt-second operation to the
input variation. The required dc input bus voltage is determined from
(1) as follows and is provided by a separate ac/dc rectifier.

Vin = 75 [(2 JI x 25 x 0.004)2 + 0.132]1/2 sin (tot + <{.) + 75 x 0.13
= 75[0.64] + 9.75 = 58 [V]

C. Regulator

Figure 11 shows the simplified regulator circuit used to generate
gating signals. The reference signal, Vr, from a DAC is 0 to +10V
for the positive magnet current and 0 to -10V for the negative
current. A polarity signal, which determines a set of switches to be
controlled, is derived from the error voltage signal by using a
comparator. A logic high signal, which selects switches Qt and Q4>
is obtained for a positive value. Similarly, a logic low signal, which
selects switches Q2 and Q3, is obtained for a negative value. The
feedback signal, Vf, is provided from a current measuring device.
The voltage developed across a TxnCl shunt resistor is amplified by
an isolation amplifier to produce +10V (-10V) for maximum positive
(negative) current, "î ic output of the error amplifier, Ve, is
compared with a 10V ramp signal, Vs, at a comparator generating a
pulse train. This PWM signal is combined with the polarity signal
using an AND gate to determine which switch, Ql or Q2, is to be
controlled. The maximum duty cycle could be 100%, including dc
offset current and ac current.

D. DAC/ADC

The reference signal for the regulator card is provided by a 16-
bit DAC, and the magnet current information (feedback voltage) is
convened to digital information by a 20-bit ADC to be used for
monitoring. The DACs input values are set by an input counter,
which has three optically coupled input signals: one to reset it to
zero for soft start, a second to increment it one bit at a time, and a
third to decrement it one bit at a time. These input values are from
the PSCU which also serially clocks out the 16 most significant bits
from the DAC. For dynamic correction, the DAC is loaded directly
by the control computer in a serial-to-parallel manner.

E. Control for Correction Magnets

Figure 12 shows the simplified block diagram of a control
scheme of correction magnet power supplies for the storage ring.
The PSCU communicates to each power supply using optically
coupled digital signals and differential shielded twisted pairs for
analog signal transmission [ 10].
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A 16-bit DAC is used for the reference signal generation. The
host computer can communicate with the DAC by the PSCU or via a
control computer as shown in Fig. 12. In the case where
communication is by PSCU the host computer provides a current
value to the PSCU which sends out a serial pulse train to count the
DAC up-or-down at 250kHz rate. In the other case, the host
computer transfers control to the control computer and setting is
done with an open loop. The control computer will sense the beam
position using a number of beam position monitors, and manipulate
the information to compensate for the attenuation and phase delay
due IO the eddy current effect of the vacuum chamber. The control
computer communicates directly with the DAC and can generate any
new DAC setting at a 4kHz rate for dynamic beam correction.

F. Drive Consideration

Although the drive requirements for IGBTs are relatively simple
compared with the equivalent bipolar transistors, some
considerations are needed for high-current power IGBTs. The input
capacitances of high-current power IGBTs are quite large; for
example, approximately 20 nF for a 200-A IGBT. This is perhaps an
order of magnitude higher than the typical TO-3 or TO-220 power
IGBT, and it has a definite impact on the driver design. Moreover,
when high currents are switched at high speed, the parasitic circuit
inductances in a practical circuit become significant. At collector
currents greater than 50A, a di/dt on the order of 5 A/ns is readily
achievable. At this speed, parasitic circuit inductances become first-
order determinants of performance for 200-A IGBTs. As collector
current is increased, di/dt increases also. Consequently, the higher
di/dt causes a larger voltage to develop across the parasitic circuit
inductance. At turn-off, this voltage positively biases the gate, and
hence increases crossover time. If the voltage developed across the
parasitic circuit inductances is countered by a negative gate bias, the
crossover time is decreased. Therefore, a negative gate bias of -10 V
is applied to all the switches during OFF time.

G. Monitoring and Interlocks

There are two Euro-cards provided in the BPS chassis for
monitoring and interlocks, one for the converter (BPS) and the other
for the magnet. The converter interlock card can monitor and
interlock five temperatures for two IGBT modules, an input
capacitor, return water, and control power supply heat sink using
PN junctions as temperature sensors over the range of 0 to 100 °C
and three voltage signals for the magnet current, input bus, and
control-power-supply failure. The magnet interlock card monitors
and interlocks four temperatures for the magnet and its return water.

Each of the signals is compared to a fixed reference and the
output of the comparator is used to set a flip/flop that latches the

Fig. 12 : Simplified block diagram of a control scheme for
storage ring correction magnets.

interlock until reset by a local or external reset pulse. All of these
analog signals are buffered and sent to the PSCU for monitoring.
The analog signals for each interlock card are ORed, and the ORed
output signals are sent out to the regulator card. The ORed output
signals from the converter and magnet interlock cards arc combined
by an AND gate to generate a shut down signal. This causes the
IGBT gate signals at the output of the regulator to be clamped in
case any of the failure signals activates.

V. EXPERIMENTAL RESULTS

Six hundred fifty-one (651) units of the 150A BPS have been
manufactured, tested, and are being installed around the APS
Storage Ring. Figures 13 and 14 show dc stability test results of a
unit at +150Adc and -150Adc. Note that magnet currents variations
are less than 10mA peak-to-peak for approximately three hours and
both results are well within the specification limit (90mA). A
measured magnet current waveform with its command signal, which
is 25Hz sinusoidal at 75A (peak), is shown in Fig. 15. Also, Fig. 16
shows a measured magnet current waveform with its command
signal, which is 25Hz sinusoidal at 75A (peak) plus +75A dc current.
Note that the magnet currents follow their command signals very
accurately.

VI. CONCLUSION

In this paper a current-controlled PWM bipolar power supply for
a magnet load has been presented. A current control method has
been shown and, based on that method, a straightforward design
example of a 150A BPS is provided. Key experimental results are
included. It has been shown that the conventional linear-mode
power amplifier can be replaced by a properly designed PWM power
amplifier for a magnet load which requires a high performance
bipolar power supply.
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