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l. SUMMARY

Most energy discharge power supplies obtain their bursts of
power from the energy stored in charged capacitors when it is
suddenly released into a load.

This note describes the design of a similar small 800 Joules
energy discharge type power supply and magnet. The magnet gap is
2"x2"x25-1/2" long and produces about 4.4 kGauss-meters at a rate
of 12 pulses per minute. Each pulse is current regulated at the top
for a duration of 6 msec. and varies less than 0.6% of set value.
Current regulation at flattop is obtained by switching a resistor in
and out of the discharge circuit with an IGBT at a rate of about 5 kHz.

Most energy discharge systems produce half sine wave pulses,
and current regulation is obtained by controlling the charge voltage
at the energy storage capacitor, resulting only in a controlled peak
current value of the half sine wave pulse. The current value at the
top changes substantially during 6 msec. depending on the operating
frequency.

Pulse peak current and voltage are 200A at 600V,

Automatic charge recovery makes it possible to operate the
power supply from a 120V, 20A source.

The magnet is made from standard Silectron cores with a 2"
gap cut into them. This type of magnet construction is economical to
make and provides excellent frequency response. The magnet
flattop field ripple can be substantially reduced by covering each
pole face with a 1/32 thick aluminum sheet. Tests showing the
effects of various metal thicknesses have been made. Magnet field
ripple reductions of a factor of 4 are possible without making the
magnet response too sluggish. The magnet has no vacuum tube.

The power supply and magnet are matched to allow the
selection of easily available industrial electrical components. An
interesting conclusion is that a long magnet at a low field requires
less stored energy and is a better choice in this case.

The distance between the load and the power supply is about
125 ft. The power connection to the load is made with a 12/c  #12



cable by connecting the three

inner conductors to one magnet

terminal and the nine outer conductors to the other magnet terminal.
A multiconductor cable can be used as a very flexible "power coaxial

cable” up to several kilovolts.

2. EQUIPMENT PARAMETERS

2.1 Magnet

Gap

Peak Current

RMS Current, Tested
Peak Voltage

Coil Insulation Class
Field

Field

Coil Turns

Coil Resistance
Magnet Inductance
Stored Energy
Magnet Weight
Coil Hipot Test

2.2 Power |
Type

Max. Stored Energy
Input

Output Pulse
Operating Discharge
Frequency

Pulse Rate

Pulse Rate Limit Set
Current Regulation
Envelope peak to
peak

Control Loc/Remote

Readback
Firing pulse, remote
Delay from firing

2"Hx2-1/16"Wx25.5"L
200A

18A at 100°C hot spot, 40°C amb.
600V

1550C

6.7 kG at 200A

4.4 kGm at 200A

140, AWG #9, ESSEX HGP
0.503 Ohm at 200 C
16.5x103 H

330 Joules at 200A

400 Lbs

2000 VDC

Pulsed, flattop current regulated,
energy discharge

800 Joules

120V, 20A, 1 Phase

200A at 600V

16Hz with 2.1

1 Pulse per 5 sec. continuous
at 400C ambient

1 pulse per 4 sec.

0.6% of set value including peak
to peak ripple, from 20A to

200A during 6 millisecond

20A/V, same as standard

beamline DC power supply

20 A/V, updates every pulse

+5V, TTL, 1 psec. wide



pulse to flattop start - 10.2 msec.

Recovered Energy ~  40%

Size - R. Rack, 24"Wx30"Dx72"H
Additional Info - See test results, page 21

3. REQUESTED DESIGN REQUIREMENTS

Design and build a magnet and power supply that will produce 4
kGauss-meter pulses, 4 millisecond long. The magnet gap must be 2"x2",
and the total magnet length can not exceed 36". The magnetic field needs
to be regulated to within 1% during the 4 msec. period. There will be 6
pulses per minute, spaced 5 seconds apart. Each pulse has to be
completed within a 200 msec. window between 5 second long slow spill
periods.

The system will be used for neutrino fast extraction to the NK
beamline for Experiment 782, and is popularly referred to as "Gordon's
Ping".

4. CIRCUIT AND COMPONENT CHOICES

Let us first choose a circuit and then decide whether to use low
voltage high current pulses, or high voltage and low current pulses, which
will yield the same field integral BL. Several circuits were considered,
but the circuit of Fig. 1 below, looks very attractive and simple, if we can
do it.
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Figure 1
Current Regulated Energy Discharge Circuit

Here is how it works. Capacitor C is charged from a small DC
charging supply. S1, §2 and S3 are switches. When S1 and S2 close C
discharges into load L and the load current rises like a damped half
sine wave until it reaches the required set value. At that time, switch



S3 opens and inserts R into the discharge loop, which makes the
current drop. When the current gets too low, S3 closes again. If we do
this fast enough (about 1kHz to 5kHz) than the discharge current
looks like a half sine wave with the top sliced off and less than 1%
top ripple. When the capacitor voltage is close to zero switches S1
and S2 open and the stored energy, which is now in the magnet, will
flow back to C, except for the losses,

For switches S1, §2 and S3 we can use IGBT's (insulated gate
bipolar transistors) which are available at ratings of 1000V and
several hundred amp. at switching speeds in the order of 10 kHz.
They are voltage controlled devices, requiring about + and - 17 VDC
for on-off control. IGBT's are ideal for this circuit, as long as we can
stay within their ratings. Fortunately, we have a lot of flexibility
because the magnet design is not fixed at this time.

What can we conclude about the discharge frequency? The half sine
wave discharge current must fit within the 200 msec. window and the
flattop must be about 6 msec.

Thus: 2.5Hz<f<83 Hz. Frequencies higher than 24Hz are not practical.
This is discussed later.

Note: The current of a 6Hz sine wave would fit within the 200 msec.
window and stay within 1% for about 6 msec. around the peak. This low
frequency operation requires a large L and C. This approach has not been
further investigated, but it is probably feasible to make such a system.

We will continue with Fig. 1 and choose an operating frequency
somewhere between 3Hz and 24Hz. The frequency choice will be
goverened by practical choices for C, L, and the operating voltage. The
peak current should be such that the flattop current value is about 0.9
times the unregulated peak current value. This is the case when the
flattop duration t; is 500 electrical degrees long. The natural discharge
frequency should therefore be about:

A 6 msec, flattop requires therefore a natural discharge frequency
of about f = 24 Hz or less. Higher operating frequencies are not too
practical because the natural peak discharge current and thus the stored
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energy in the power supply, would have to be too high to cover the
required flattop period. The frequency should therefore be 3Hz<f<24Hz.

What can we tell about the magnet? The gap is 2"x2", less than 36"
long, and produces 4 kG-m. Thus, a 36" long magnet needs about 4 kG
field and a 12" long magnet needs 12 kG. A high field magnet however,
requires more ampere turns and more stored energy for the same Bdl.
How can that be true? The stored energy of a magnet is:

1 1 N®
5L i2 = 2 @ = magnet flux

If we ignore the leakage field we can write:

1 1
ELi2 = 5 NBAi A = gap area
B = field strength
Further we can write:
B = wo H H = Amp Turn/y,
Ni
H = & G = Gap height
This yields:
G B
i = —MoN

We can now express the stored energy as a function of the gap volume
and field strength




1
SL i2 = S V = gap volume

From this we can conclude that a short magnet requires more stored
energy for the same Bdl, Say that a 1’ magnet requires a field 3B
with gap volume V and a 3' magnet a field B with a gap volume 3V.
The 1' short magnet has stored energy:

2
1 L i2 = 1 OGB)YY Joules
2 2 Ko
1 B2V
EL i2 = 45 === Joules
Ho

The long magnet has stored energy:

1 1 B23V
=L i2 =z — Joules
2 2 po
1 . B2V
EL i2 = 15 Joules
Ho

There is a factor of 3 difference in stored energy.

Increasing the length of a magnet by a factor x decreases the
stored energy by a factor 1/x for the same Bdl. This is important
because we can control the required stored energy by choosing a
different magnet length. Generally, we are better off choosing a
longer magnet and thus a lower B, because we need less ampere



turns and substantially less stored energy. It takes however more
magnet steel, but for the chosen design this was only about $40 per
inch magnet length.

A 25.5" (64.77 cm) long gap, 2" (5.08 c¢cm) high and 2-1/16" (5.24
cm) wide at 6.18 kGauss produces 4 kGm and has a stored energy of:

1 1 B2V
—_— :2 — —_—
2 Li T2 T,
10.6182x0.6477x0.0524x0.0508
= 3 Anx 107 = 262 Joules

This amount of energy, multiplied by 1.25 for current regulation,
times 1.25 for a Bdl safety factor of 10% and times 1.2 for losses amounts
to about 500 Joules, which needs to be stored in the energy storage
capacitor. It appears, also from final test results, that for this type of
current regulated discharge system the power supply stored energy
needs to be at least 2 times the magnet stored energy, to allow for
regulation, losses, and a safety factor for stray fields, etc. We will use this
for a preliminary estimate. Storing the energy at around 500V allows the
use of a 1000V IGBT with a voltage safety factor of 2. The size of C can
now be estimated, assuming we need to store 500 Joules.

1/2 C 5002 = 500
C  =0004F
C = 4000 uF

C = 4000 pF puts us in the ballpark. We have 2230, 1000 pF, 1000 V peak
capacitors, as leftovers from another project, and will use 2 of these in
parallel.

We have now chosen the amount of stored energy to be about 500
Joules and thus the magnet has to be about 25" long at 6.2 kGauss at 260
Joules.



The thing left to do now is to find out how many turns the magnet
needs and to design the coil. A maximum current limit of 200A is
required by the IGBT rating. The magnet gap is 2". We will make the
magnet from commercially available tape wound Silectron cores, which
are a catalogue item from Arnold Engineering. Arnold will cut a 2' gap in
each core. Four cores in a row will make a 25.5" long magnet and require
6.18 kG for 4 kGm. We can now calculate the required gap ampere turns
AT for 6.18KG as follows:

B = poH
618
H = 2ox 107 = 491788 AT/
AT/ inch = 24,982
N = 140

The ampere turns for the magnet steel are negligible.

i = 178.5 A (10% safety factor for currents to
200A)

No

L = —_—
|

L = 16.5x 10-3H

The operating frequency of the discharge circuit is about:
1
1

1
f = 2E\[16.5x10~3x4460x10-6

f = 18.6Hz.
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All these choices indicate that we can build the circuit of Fig. 1
using IGBT's rated 1000V, 200A.

We must now choose the coil wire size so that it will not run hot.
The coil needs 140 turns and receives 6 pulses per minute at 200A peak.
Let us be conservative and say that the coil receives 6 square wave
pulses per minute, 20 msec. long at 200A peak. The equivalent RMS
value of such a pulse train is:

X

Irms = 200 60.

IRMS 8.9 Amp

Thus the coil must be able to handle 8.9 Amp DC continuous. Each
coil must not be higher than 1-3/4", otherwise we cannot slip it through
the 2" magnet gap for installation, but must be taller than 1" for
mounting support to the side of the pole.

The current density in the coil wire determines the losses and thus
the temperature rise. How do we choose? The current sheet around the
gap carries 140 x 8.9 = 1246 Amp. From publication, "Anaconda: Copper
metal e¢lectrical conductors, C-25" we find that 1/2 x 3 copper,
rectangular bus bars in free still air rise 30°C at 1230 Amp. This will
have to be the approximate coil shape. The coil will run hotter because its
surface is partially covered by supports and insulation. If 50% of the coil
surface is covered it will run twice as hot. The 1/2x3 bar at 1230 Amp.
runs at a current density of 820 Ajn.p? at 30°C temperature rise.

We may estimate that half the coil surface is covered by supports
and the coil is expected to run at about 60°C rise at a current density of
820A/incn2. The coil wire cross section must be about:

820 S = 8.9
S = 0.01085 inch2.

Choose coil wire AWG #9 square, ESSEX HGP200, 200°C, polyester amide,
imide, film insulated, with 0.0131 inch? cross section. The final coil cross
section is about (SH 1 B) 3-1/2"x3/4". The coil will be put together with
Scotchply, Armorflex and Epoxy, which have a finished temperature class
rating of 155°C. The hottest operating spot in the coil is estimated to be:
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400C (ambient)+60°C(rise)+200°C(hot spot allowance) = 120°C.

This is well below the finished coil temperature class. We will install a
90oC klixon at the coil surface for an overtemperature interlock.

The value of resistor R has not been chosen. Obvicusly R has to be
larger than O, but smaller than 3 Q if we want to preserve a voltage
safety factor of 2 for switch 3. At worst we could lose control at 200A
and all the current would have to go through R, creating 200R volts.
Ignoring the circuit resistance we can say that for the lower limit, at the
instant we go into flattop, the iR drop has to equal at least the remaining

di |
charge voltage at C, because the magnet L T than zero.

The remaining charge is the highest at 200A operation. At the
beginning of 200A flattop:

;_ L2 = %—16.5 x 10-3 x 2002
L.
-2-- le = 330 JOUleS

has been transferred from the storage capacitor to the magnet. The
storage capacitor needs to have about 2 times more stored energy than
the magnet to allow for flattop current regulation and losses. There is
thus about 300 Joules left in the capacitor at a charge voltage V of:

1/2x4460 x10-6 V2 = 300

v 370 Volt.

]

The resistor R should therefore be larger than 1.85 Q and smaller than 3
Q. The resistor R should be non-inductive and conservatively rated so

that it will not fail open. R was chosen to be 1.67 Q, 300 Watt with a good
snubber at switch 3.

We have now chosen all the major building blocks. Attached
drawings on pages 1A, 1B and 2 show the final choices and calculated
values. The magnet shown on page 1A shows that it is made from C-
shaped Silectron cores. These are standard size transformer cores as
made by Arnold Engineering and probably various other core
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manufacturers. The manufacturer cut the 2" gap in it at a total cost per
core of less than $200 each. The cores are epoxy cast in a cradle for gap
alignment after which the saddle coil is installed. A saddle coil is used to
keep the stray field around the gap as small as practical. The coil needs to
be securely supported because it is pulsed. This type of magnet steel
construction could possibly be used to construct economical beamline
trim magnets with a 4" wide gap, by installing the cores back to back.
There are small variations (.1/32") in the gap of the cores we received,
but this could be improved by better cutting techniques. For many
applications it does not matter.

The coils were built in-house on a small fixture. It took about 2
man-weeks per set after we learned how to do it.

The drawing on page 2 shows the final circuit and calculated values.
The ringing frequency of an RLC circuit is calculated as:

f_l_\/T_ e
T 28 NLC T 4L2

7 a
2L
: - &= e
1 "
z -
] T
E Pal
O . 4 sy e
orrte i
Ik faa ks B\ \
i\
b a2
Figure 2

The instantaneous value of current in an oscillatory RLC circuit, as shown
in Fig. 2, is:
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i = 2nfCVexp[-F;—EJsin 2rft,
where 2zfCV = undamped peak current
Rt :
exp|-57| = damping factor (8)

sin 2nft = oscillatory function
t = time

The peak discharge current occurs at 1/4 the period of the circuit
ringing frequency. At peak current the oscillatory function is unity, and
the expression for peak current is:

I peak = 21thVexp[-'é'?_"f‘)

The total resistance of the discharge circuit is calculated to be 0.67
Q and it has a calculated ringing frequency of 18.2 Hz. For a peak
discharge current of 220 Amp. we can estimate a charge voltage of 560
volts. These values are all within the previously discussed limits.

The current is measured with a LEM current transductor. An
external (or internal) reference determines the operating current and
also controls the level of the charge voltage at Cl. This is necessary
because with a high charge voltage and low demand current, the resistor
R = 1.67 Q would be too small to make the current drop at the start of
flattop. The tracking is such, that the charge at Cl would yield about a
10% larger unregulated peak current than the programmed flattop value.
This tracking is automatically maintained over the full range of flattop
currents.

If the reference voltage is substantially reduced between pulses,
than the power supply will not regulate for a few pulses because of the
excessive recovered charge. This is not a problem for this application. The
power supply and load ringing frequency determine the elapsed time
(10.2 msec.) between the firing pulse and the start of flattop. The
duration of flattop can be slightly adjusted by changing the charge
voltage. It is set up to yield about 6 msec. flattop. The turn-off time of
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switches 1 and 2 is internally set to occur close to zero C1 charge voltage.
At that time the remaining C1 charge cannot escape anymore. The
magnetically stored energy will then automatically be added to the
remaining C1 charge at the correct polarity via the diodes. Charge
recovery rteduces the required operating power drastically, so that the
power supply can be operated from a 115V, 20A single phase circuit. The
DC charging supply always remains connected to Cl1 via 100 Q isolation
resistors and makes up the system losses during the 5 second rest period.
The D.C. pulsed power is fransmitted to the load via a multiconductor
cable, in this case, a 12/c #12. The 3 inner wires and 9 outer wires can be
used as a very convenient coaxial transmission line. Cables with a higher
number of conductors or larger conductors could be used for larger
distances. It should be possible to operate 600 VAC cables like this up to
about 5 kV. They are very handy because of their flexibility and
economy. The power supply is equipped with overcurrent, overtemp, and
a ground fault detector. Current readout is available from a sample and
hold. The control layout is the same as for a standard beamline power
supply, with a scale factor of 20A/V. The only extra command we use, is
the firing pulse to start the discharge. Firing pulses within a 4 second
window will be ignored.

Detailed power supply schematics are shown on drawing sheets 2
through 12. A number of component choices were made because they
were available as leftovers from other jobs, or we wanted to match
existing parts (spares) in other equipment.

5. CIRCUIT COMMENTS

The circuit components around C1 in a bridge configuration need
attention, although it looks very simple. Switches 1 and 2 are basically
operated in series, and must switch simultaneously. Voltage sharing
during switching may not be perfect. It is therefore, that we choose to
switch them off at a low leftover voltage on C1l. Good snubbers should be
installed. The voltage to ground (input to firing circuit of opto-coupler) S2
changes very rapidly (.1000V/ sec.) Capacitive coupling between the
opto-coupler input to output can cause switching (oscillation) of IGBT's 1
and 2. The spec's on some opto-couplers are not always clear in this
respect. Good shielded opto couplers should be used. Fiber optics or
magnetic coupling is recommended for higher operating voltages. We had
lost 2 IGBT's at higher voltages until we understood what was happening.
A better opto coupler cured the problem. Voltage sharing between IGBT 1
and 2 seems very good, but each is rated to handle the full charge voltage
with a voltage safety factor of 2.

15



Each diode has to block the full charge voltage when IGBT 1 and 2
switch on. Care should be taken to build the least amount of stray
inductance into the discharge circuit. The bypass circuit around IGBT 3
must have very low inductance, and an effective snubber must be
installed. The wire wound, inductive, snubber resistors have a small
jacket of Cu foil installed around them which makes them practically
non-inductive. In general, we had very little trouble with this circuit. A
lot of testing can be done at low power levels. The opto coupler problem
was the hardest to solve because it showed up only at the higher power
levels where it could destroy an IGBT.

Some comments about another possible circuit are mentioned
hereafter.

The circuit of Fig. 1 could be developed into a more powerful
system using SCR's and IGBT's as in Fig 3.

1500V, 3000A

Figure 3

C is charged forward from one small power supply and reverse from
another. Start out with C being charged forward and fire all 4 SCR's at the
same time. C will now discharge through the load and recover in reverse.
The reverse supply adds the losses, fire all 4 SCR's again and C discharges
into the load in the same direction but will now recover in the forward
direction, etc. Much more powerful SCR's than IGBT's can be economically
purchased.
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For each direction we would need to fire only 2 SCR's, but firing all
4 is much simpler to control. Only the forward biased SCR's will conduct.
The regulating IGBT could be coupled into the load with an additional
turn(s) if the currents are too large. This is an interesting circuit for
powerful applications.

6. TEST RESULTS

All three magnets and power supplies have been tested and
perform the same. The power supplies perform well within the required
performance limits. Attached Fig. 4 shows a picture of the magnet during
construction. The magnet coil surface temperature rises 110C with a
continuous 200A pulse every 5 sec. Running the magnet for a day at
18ADC causes a coil resistance increase of 17%, or an average AT = 43°C.
This can be calculated from:

N Ryor =  ReoLp (1+0.004AT).

The hottest spot in the coil is 40° (ambient) + 43°C (rise) + 200
C.(hot spot allowance) ~ 100°C at 18A RMS. The coil design is thus
conservative for this application.

Page 20 shows the magnet field distribution in the gap. At 200A we
reach 6.7 kG as figured. This is a somewhat complicated test because the
field lasts only 6 msec.

The power supply and magnet performance are tabulated on page
21 The required charge voltage for 200A is about 100V more than
figured. The total peak to peak flattop variation is less than 0.6%. Power
supply "set to" repeatability and temperature regulation are excellent
and the overall system performs well within the 1% requirement.
Operation at currents lower than 20A is unreliable.

Page 22 shows a number of very interesting power supply current
and voltage pictures. The peak to peak current ripplle is about 0.4% and
also shows up at the same magnitude in the magnet field as shown on
page 23 in the field ripple for bare poles. We had to make some fast
electronics around a Hall chip in order to make the magnet field ripple
tests. There is some noise pickup due to the fast switching voltages.
Remember that the field rises to about 6KG in a few msec. and that we
want to be able to see a few Gauss changes during the 6 msec. flattop.
The actual field ripple is indicated by the term "TRUE RIPPLE" on pages
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23 and 24. The magnet field and current ripple look very much the same,
as shown for a bare pole at 160A, pages 23 and 24. The field ripple can
be reduced by covering the poles with a thin metal plate. Eddy currents
in the plates will try to cancel magnet field variations. A thick plate will
ruin the magnet pulse response, but thinner plates will act like a low pass
magnetic field filter. There is some very interesting test data on pages 23
and 24 showing the effects of various pole face cover thicknesses. It is
possible to reduce the magnet field ripple a factor of 4 with 1/32 thick
aluminum sheet metal installed at each pole face. Thicker covers make
the magnet pulse response too slow, so that there is no flattop field left.

The first power supply was run on and off for several months at
full power, in between various tests. The equipment seems to be very
reliable.

7. ACKNOWLEDGEMENTS

No equipment can perform better than the way it is put together,
tested and developed. It takes time and effort to bring an idea to a
successful operating system. Walt Jaskierny deserves a lot of credit for
many improvements to the electronics, the packaging and testing. I am
also very grateful for the help of the mechanical technicians, supervised
by Don Carpenter, for their help in building the magnets and coils. This
was strictly an EED effort.

8. OPERATING PROCEDURES

The power supply is operated from local or remote like a standard
beamline D.C. power supply. In addition, it needs a 5V firing pulse to get
started. Every firing pulse gives one power supply output pulse. The
power supply has a built-in pulse rate limit. Firing pulses less than 4
seconds apart do not come through.

It takes time (10.2 msec.) for the power supply to reach the
programmed flattop current value.

1 et th wer ly_firin 1 11 msec. ahe f the start

of the fast spill beamn pulse,

2. Each power supply flattop pulse is 6 msec. long.
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3. Set the required current at 20A/vieferencer 180A (9V

reference) yields 4kGmeter. The power supply operating range is 20A to
200A.

4, The power supply samples the center value of each flattop
current with a "sample and hold" and provides 1V/3pa flauop for remote
readback. The readback updates every pulse.

CAUTION

The power supply contains a lethal amount of stored energy. This
stored energy is automatically removed when the power supply doors
are opened. A capacitor shorting/grounding stick is provided and must be
applied before working on the equipment. Power supply lock-out
facilities are provided at the circuit breaker of the charging supply.

Fermilab safety lock-out procedures must be followed, when
servicing the equipment.
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