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ABSTRACT

This paper describes the design and simulation of power
circuits for the 4 Advanced Photon Source (APS) pulsed
septum magnets which will be transformer type or transformer
coupled to their switching circuits. Three are for synchrotron
injection, extraction and Storage Ring injection, operating at a
2 Hz pulse rate; one is for the Positron Accumulator Ring
(PAR) operating at a 60 Hz pulse rate for both injection and
extraction. The septum current pulse is approximately a half-
sine-wave with a base width of approximately 1/3 ms and a
peak current, repealable within £ 0.05%, in the transformer
primary between 3.5 kA and 4.7 kA. The septum magnets
have a primary inductance between 16 pH and 23 pH. Circuit
design considerations of the switching, logic and simulations
are presented. )
1. INTRODUCTION

The transformer septum magnets must be pulsed at a 60
Hz rate to inject beam from a 450 MeV positron linac into
the PAR and extract beam. Of the 60 pulses per second, the
first 24 are used for injection, 25 through 29 are not used and
30is used for extraction.

The other 3 septum magnets will be operated at a

repetition-rate of 2 Hz. Two of the magnets are identical
transformer type septum magnets which operate at the same
values. These are the synchrotron extraction and the storage
ring injection magnets with a primary inductance of 23 yH
and resistance of 6.3 mQ, and must be pulsed at 2 Hz 1o

extract beam from the synchrotron and inject beam into the -

storage ring at 7.7 GeV. The third septum magnet is used to
inject elecirons into the synchrotron at 650 MeV or positrons
at 450 MeV, and is also a transformer septum magnet, with a
primary inductance of 21 uH, a resistance of 6.7 m<, and
must be pulsed at 2 Hz.

The power supplies are designed 10 produce pulses of
approximately a half-sine-wave having a base width of about
1/3 ms and peak currents repeatable within £0.05% and
adjustable from 470 A to 4.7 kA. A few ms after the forward
current pulse, the magnet steel is reset by a half-sine pulse of
reverse polarity. Use of a transformer design minimizes the
cost of the capacitors used for energy storage.

During injection and extraction from the PAR and the
synchrotron, as well as injection into the storage ring, the
septum magnets must be pulsed. The combined rise and fall
time of the pulse should be < 1/3 ms with a flat-top time of
>1 us. These requirements can be met with a capacitor
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discharge circuit that is resonant with the septum magnet at a
frequency of approximately 1500 Hz. The peak currents in the
transformer primarics range from 3800 A 10 4227 A and ranges
from 11400 A to 16888 A in the secondaries.

These requirements can be met with a half sine-wave
pulse. This is accomplished by discharging the energy stored
in capacitor bank C2 into the magnet as illustrated in Figs. 1a
and 1b. On triggering the forward thyristor S3, the energy
stored in C2 between pulses is discharged into the magnet
circuit. S3 tums off at the end of the first half-cycle of the
damped oscillation. C3 is then left with a smaller charge of
opposite polarity until reverse thyristor S4 is triggered and the
second half-cycle takes place with current flowing in the
opposite direction. The difference between the initial and the
final charges is furnished by the charging supply between
septum pulses.
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Fig. 1a. Magnet pulse switching circuit

2000 ]m
| - =
)
3000 lm
I im
%0 o
00
00

Ec2 /’-m
. ¥ il kY
2 o &« n = 0

3000 .
=
2000 1

Fig. 1b. Magnet current and voltage waveforms
II. SWITCHING CIRCUITS

Circuit Equgti

The switching circuits for these 4 septum magnels operate
the same.[!] When capacitor Cj of Fig. 1a is discharged into
the load, an oscillatory current will result, provided the total
resistance in the circuit is sufficiently low.
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The resonant fraquency of the circuit is:

fr = B/2r, sh o
where 8= (nCD R AL, ]

C2 = capacitor bank [F]

L = total circuit inductance M}

Rpm = total circuit resistance. [l
The current at any time is:

i= (ERLp) e ¥ sin bt Al @
where  t=time after discharge starts, [s]

a=Rp?2Lm. sl

The required voltage on Cp for the different peak operating
currents is:

M 6

The time where the current reaches its first peak is:

E¢2 = iBLpye " sin B,

tp=1/Btan’| Ba. 8 @

The first current peak does mot occur at precisely the first
quarter period of the discharge cycle, but at a time before. The
term tan”! B/a describes the phase angle at which the peak

current OCCuUrs. .
In this application, Ry, is made appreciably less than the

value for crifical damping. With 1/LyC2 >Rm? f4Lm2, we
can write B= YLuC2™.

. CONTROLLED CHARGING-CHOKE CIRCUIT

Fig. 2 shows the controlled charging-choke circuit
and the capacitor discharge circuit of Fig. 1a combined.
Discharge capacitor C is charged and recharged to make up the
circuit losses incurred by pulsing the magnet. These losses are

made up from an unregulated de power supply powered from a
3-phase line, for the PAR scptum power supply. A
commercial 1kW regulated dc power supply PS1 and capacitor
bank C is used for the other 3 septum power supplies. PS1
has constant voltage and constant current mode of operation
with automatic crossover. This allows the direct connection 10
Cy, as PS1 will operate in (he conslant current mode uniil
crossover occurs at the output voltage setpoint. Capacitor
bank Cy allows the losses to be made up at a fixed time before
the next pulse of the main switching circuit. The controlled
charging circuit is comprised of Ly, C2, S1 and S2. Gating
on of §1 starts the charging of C2 from the dc power supply.
At time 19 the supply voltage Ea begins 10 drive an essentially
sinusoidal current through the charging circuit.

t
E=iRy+Lo@i)+ (UCD ], izt V] (9
Attime t), the current is at its peak and L) difdt =0,

1
E=iR2 + (1/C2) Iol icz dt. M ®

Between t) and t) the decaying charging current generates a
voltage L2 (di/dt) which aids the supply voltage to charge

capacitor C2 to a voltage larger than Ea, In the case where R
is 0, this voliage will be, at time 1,

ec2=E +L (di/di)=2E. M O

By providing a thyristor across the charging choke as shown in
Fig. 2, the charging cycle can be terminated at any instant
between times t) and ty. A fraction of capacitor voltage ec2

is compared with a reference voliage. When the capacitor
voltage is 2 to the supply voltage at time ty, a pulse can be
generated which tums on S5. With S5 conducting, driving

voltage L2 (di/dt) is removed from the circuit and capacitor
voltage €¢2 is larger than the power supply voliage Ea,
thyristor Sy is back-biased and charging current i5 stops.
The current ip 5 flowing in choke L, at time t, will decay with
a time constant Ly/R,, where R, is the resistance of the choke
and thyristor S, circuit. Thyristor S, remains on until §; is
gated on stanting the charge cycle again or until the choke
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Fig. 2. Complete power switching circuit and magnet




current decays to 0. The current if  flowing in the choke
when S, is turned off will aid in charging capacitor C5 (the
energy 0.5Ly i]_.z2 is returned 10 the circuit). This makes the
circuit very efficient.

It should be noted that the Q of the discharge circuit in

Fig. 1a must be <S for this charging circuit to operate
properly. As the Q increases, current flowing in choke L2

will decrease. This decreases the operating range of the
charging circuoit.

Pulsing the M Without R ing the C

Heat losses in the magnet can be cut as much as 1/3 by
not gating S4, but the magnet core will not be reset. This
mode of operation allows the dc power supply and filter to
operate at’'a lower voltage. Also, the circuit Q could be

at 2 Hz are shown in Figs. 5a, 5b and 5c. The simulated
waveforms have a varied time axis so that they show in detail
what happens during the charge and discharge of C,.
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increased, thus increasing the operating efficiency. Fig. 3 Fig. 5a.” Simulation of éurrent in inductor IL2, épxim ct

shows the change in charging time for the first 6 charge cycles
of capacitor C2 with S4 gated, and Fig. 4 shows the first 9
charge cycles without S4 gated. It should be noted the first
charge cycle is the longest in both cases, and the second is
next longest without $4 gated and the shortest with 54 gated.
Steady-state requires between 6 and 20 pulses, depending on
the circuit Q.
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Fig. 4. Charging of C2 without S4 gated
VI SIMULATION RESULTS

All 4 of the septum magnet and power supply circuits
were simulated with a piecewise simulation program.[2
Typical waveforms for the pulsed septum magnets operating
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Fig. 5b. Simulation of voltages across capacitors Cf and C2
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Fig. 5c. Simulation of current in inductor ILm and
capacitor Cf
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