© 1973 |EEE. Personal use of this material is permitted. However, permission to reprint/republish this material
for advertising or promotional purposes or for creating new collective works for resale or redistribution to servers
or lists, or to reuse any copyrighted component of thiswork in other works must be obtained from the IEEE.

POWER SUPPLY FOR NAIL MAIN RING SYSTENM
R. Cassel i
ATadim~mal Amnanlamat~rn T aharat~ng
Ndtriliial aAAavucici alul LalJul EI.LULJ’

Introduction

The NAL main accelerator power system is one
of the largest, most powerful, and most sophisticated

power supply systems ever developed for accelerators,

s pulsed power directly from
the power lines without the use of ENnergy storage.
The power is converted through a large number of
widely separated individual phase controlled rectifier
supplies and regulated to the accuracy of a reference
type supply. [t is the hardware, operation, and reg-
ulation of this power supply system that is described
in this paper.

The system derives it's

When evaluating an engineering system, especially

one as complicated as the NAL main ring power sys-
tem, it is important to understand the criteria under
which the system was designed, to put into perspec—
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tive the technigues used in the design.
iz a list of some of the criteria used in developing
the system.

1) Generate a basic guide field for the accelerator,
2) Utilize the flexibility of the separated function as-
pect of the magnet system by sevarate controls of

the bendineg and focussine magnets,

he bending and ussing magnet:
Regulate the bending magnet fields at injection to
better than , 01%, synchronize with the booster,
and maintain a repeatability of , 1%, AB/B for the
rest of the accelerating cycle.
Track the quadrupoles to the bending magnet fi
to about %, 05 in tune over the acce leratlng cycle,
and regulate the slow extraction tune to better than

. 003 in tune.
Aaintain a voltage to ground on all the magnets of
approximately 1000 volts rmaximum.
Pulse the system directly from the power lines

e

without the use of ro f;(—nng eguinment,

vithout the use of rotatin quipment

7y Make the power system from the power lines with-
out the use of rotating e juipment,

3Y Make it inexpensively.
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Duch of these requirements were molded into one
of the most powerful power systers in accelerators
todav, as well as a systerm which is very highly reg-
lated,

An overall prospective of the supply is indicated

in the “ollowing overall system response,
Llaximoam Wk nower 350 mecawatts
8 un WK power a
.‘.LL\LP‘um current 7000 amps
Maximum overall Em 00 el
57,000 volt

voltage no load

Maximum RMS power 120 megawatts

Lguipment

Muaonel Connections
i order to atilize the fexibility of a separated
Sanction aceelerator, the bending magnets are poweraed

i
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supply and clearing faults,

independently of the quadrupoles, The magnets are
connected in series to a folded bus located so as to
result in equal and opposite currents flowing in adja-
cent busses, The bending magnets are interlaced on
the two bending magnet busses to minimize the effect
of electrical standing waves on the proten beam and
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connected to the bus and at the same time maintain a
low voltage to ground with the same number of service
buildings. The quadrupoles are also connected to a
folded bus, The horizontal focussing quadrupoles are
connected to one of the quadrupole busses and the
vertical focussing quadrupoles to the other bus., This
allows for the possibility of splitting the tune of the
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accelerator by diverting current from one of the bus-
ses to the other across the fold.

Power supplies are installed in the 24 service
buildings and connected through knife switches to the
bus so that they may be removed or added to the cir-
cuit at will. The bending magnets have one supply
connected to the " upper'' bus and one supply to the
"lower' bus in every service building, This results
in 48 power supplies interlaced to provide equal num-
bers of magnets between each power supply. (See
The 1t
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Figure
Jquadrupoles are connected to a power supply at every
"2"" service buildings and the "lower'" bus or vertical
focussing quadrupoles to a supply in every ''3" service
buildings. This results in a total of 12 quadrupcle
power supplies
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The busses are all water cooled and serve the
function of not only providing a current conductor but
also the water supply for magnets and power supplies,
The isolating knife switch for the supplies serves as
an easy method of removal of supplieq as well as for
segmentation of the magnet

magnet strings
o D
isolation,

Power Supplies

The power supplies are 12 phase secondary phase-
controlled thyristor rectifier Fach supply is rated
for a no-load voltage of 250 vnlrs and a peak power of
6 megawatts at 7000 amps, The RMS rating of each
supply is 3 megawatts, The supplies consist of an
outdoor substation, indoor rectifier, passive filter,

and firing control, (See Figure 2) Supplies are also
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the current when the supply is not needed for gener-

ating power, The indoor rectifiers consist of a moed-
alar design for easy replacement of thyristors., The

modules, bus, and filter are all water cooled to min-

imize the size of the equipment and the cost,
door substation consists of two 1500 kV A
delta primary, wye secondary transformers in one
tank, phased to produce 12 phase rectification,
primary 5 13,8 ¥V 34 with a vacoum
connect, and fuses,

exkendcd

The
breaker, dis-
as the means of isolating the

The passive filter consists



of a series inductor and tuned trap network, tuned for
720 Hz and 1440 Hz,

Ground Monitoring System

Due to the large number of power supplies and
their interchangeability, it is difficult to establish and
maintain a fixed ground point in the magnet string. A
fixed ground is usually used to insure that the voltage
to ground on the magnets remains as low as possible
and acts as a means of detecting ground faults, To
get around the fixed ground problem, a so called
" Floating Ground System'' is used. Rather than
grounding one point in the ring, all terminals of each
power supply (after the isolating knife switch) are tied
to a common wire via a 50 k resistor. The common
wire runs all the way around the ring and is terminated
to ground through a ground relay, If the average volt-
age to ground of all the power supplies is zero, then
no current will flow from the common wire to ground.
This, of course, is the case when there are no grounds
in the magnet system, [If, however, a ground develops,
the average voltage to ground will not be zero at some
time in the cycle, resulting in ground current and a
ground trip. The present system is adjusted to trip
with an average voltage of 20 volts off ground., This
allows for the detection of grounds at one point in the
ring of less than 5000 ohms.

The common wire is also an excellent means of
high-potting, High-potting the common wire and
opening the bus at one point results in a voltage to
ground pattern around the ring in which the location
of the ground fault can be pin-pointed,

Power Syvstem

Individual power supplies are combined at the
13,8 kV side at each service building, and fed by
direct puried 750 MCM tri-plexed aluminum cable,
Fach half of the ring is fed from a 40/53 /66 MVA
master substation transformer connected to a 345 kV
tie line to Illinois' Commonwealth Edison Comapny's
power grid, (See Figure 2) The 345 kV line was used
to minimize the effect of the pulsating load on the
power lines, 2

The 345 kV line has a short circuit capacity in ex~-
cess of 13000 MV A, resulting from a souarce lmpedance
of . ¢6Q resistance and 9. 1502 reactive, Thiz means
that the effect of the pulsation lead on the 345 &V line
in terms of voltage drops, is primarily determined by
tne reactive components of the power,

Controel

IJach sower supply is remotely controlled from
the main contrel room.  Individaal supplies may be
turned on, off, or reset individually or aggroegately
from the main control computer, (See Figure 3) Also
indicated remotely is whether a supply has over-
carrented or w er the supply is locked out of the
circult by use of the knife switches and disconnect,
The phase angle, and therefore the voltage, at which
the phased hack sapply 12 to operate, Is sct by a digit-
The only analog sional is a 60 Hz

al firing penerator. 3
synehronizing signal,  The all digital system was used
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to reduce the possibility of noise in the system and
provide for more exact firing pulses than are nor-
mally obtained by conventional firing circuit, Phase
angles can be set by this firing circuit to an accuracy
of . % electrical degrees with a jitter of approximately
+. 2 electrical degrees. The digital nature of the firing
generator makes it also directly compatable with the
main ring digital multpliex system.3 All supplies,
except the fine control supplies, are equipped with an
all digital waveform generator designed to generate a
simple waveform of a rectify, bypass, and invert
from fixed breakpoints, (See Figure 4) Breakpoints
for this waveform generator are sent through the main
ring multiplex system by the use of the main ring
computor,

Fine Control

The fields in the magnets are monitored by a
three foot bending magnet installed in service buildings
AZ and F3, one for the bending magnets, and one for
quadrupoles. The injection field is monitored by a
second harmonic field probe. 4 The probe, as well as
a hall probe, is mounted in a bucking coil and placed
in the three foot magnet's gap. (See Figure 5) The
second harmonic probe has a full range of +4 pauss
and a stability of +, 005 gauss. The hall probe is
adjusted to read 300 gauss full scale, The bucking
coil is powered by a highly regulated current refer-
ence supply capable of maintaining a long term stabil-
ity of . 005%. The bucking field is set to cancel only
the nominal injection fields, thereby allowing the
second harmonic and the hall probe to operate at
about zero field, Pick-up coils are also inserted
into the 3 foot magnet and connected to integrators.
One coil is used to monitor the absolute field and
another to give the difference between the bending
magnets and the juadrupole fields, Stability of the
integration is . 01% over the nominal pulse width, The
integrators are zeroed at injection, while the field is
being monitored by the second harmonic probes. When
the second harrmonic probe runs out of range, the in-
tegrators take over, The hall probe is used when
returning to the injection field as a method of stabil-
izing into the 2nd harmonics operating region, The
analog output of each probe is connected to a multi-
plexed 15 bit + sign A/D. The selection of the probe
to be converted and the transmission of the data to
the control room is accomplished by a separated series
multiplex system between A2, F3, and the control
room. The upper bus F3 and the lower bus A2 supplies
are used as fine control supplies, and they are phase
conirolled directly threugh the same multiplex syaterm,
The quadrupcle supplies at A2 and F3 are likewise
fine phase controlled,

Regulation and Control

~ed lleld, and at “he same
by the power lines

» nhased 1o

To pgenerate the de
time keep the reactive power s
to a minimum, each sapply is indi
full output voltage before phasing
of bypass, That is, in order to generate the voltage
reuired for ramping the lields of the mapgnets, in-
dividual supplies are phased full " on"
urder,  In general, one sply will be phused
the rest will either boe fully

wnother supply out

i1 -equential

Gpoand
phased on or bypassed.



The order of turn-on is determined by voltage to
ground consideration on the magnets, By so doing,
the reactive component of the power rejuired is
mirimized in all cases, thereby creating the least
interference with the power lines. A second reason
for turning supplies "on'' in sequence is that of reg~
ulation, Since the limits of regulation are related to
the power line fluctuations, the regulation is related

to the number of supplies that are on at the time of
flhion FligmtFiqeadt r1‘ -t e moaurar linma Flies . &.Aﬂn ol
the fluctuation. That is, power line fluctuations result

in a \roltage fluctuatlo n the magnets of: the number
of supplies phased out of bypass, times the magnitude of
the fluctuation. If, therefere, the minimum number

of supplies are out of bypass at the time of the fluctu-
ation, the magnet voltage fluctuation will be minimized
and thereby the field fluctuation will be minimized,

the better the

The smaller the number of sunnlieg

LA NEe gmalicelr ine numaobey sSUppiies,

regulation to line fluctuations.

Determining the power supply turn-on order to
minimize the voltage to ground is complicated, there-
fore, a computer program was developed to determine
the best turn-on order from the available power
supplies. (See Figure 6) Another program calculated
the breakpoints required by the waveform generators
from the desired currents and the impedances of the
magnetic circuit, All these breakpoint perimeters
are calculated off-line, stored, and then sent upon
command to the appropriate wav i
the order selected by the voltage to ground program,
The results of the waveform calculation is a field
which is good to about £3%, depending primarily on
the power line voltage and magnet temperature. The
breakpoint perimeter calculations also generate a
desired field program consisting of numbers repre-
senting in as small as , 004
gauss in a time slot of 6 milliseconds., (See Figure 7)
The waveform program is transferred to a MAC 16
minicomputer which is the fine control regulator,

crimental changes of field

enting inc

T AC computer acts as th c
link with the field probes and the fine control power
supplies as well as the feedback network. The com-
puter is run in real time by interrupts, which occur at
at 720 Hz rate, A reset pulse from the main ring
cycle timer drives an interrupt level to synchronize
the program with the booster. As a result of every
720 Hz 1 n‘rnr\wm:’r ites Hna iA\.lA

0 Hz interru rogat 1d
probes, which monitor the sending magnet and juad-
runole fields, converts the data into gauss (depending
upon the probe being used), and takes care of the off-
sets In the integrators, The field measurements
obtained are subiracied from ihe desired program
field, resulting ir an error signal, The digital
nambers are manipulated in double procession in order
to venerate an error signal that contains the accuracy
of the probe being used to monitor the field, The
error =signal is then normalized to the injection field
,wuh the lowest or‘xlvr bit in the comiouter error signal
seing 0037 > The 1 i
srror signal is gain compensated and sent directly to
the appropriate fine control supplies in terms of ¢
Iiring phase angle, The quadrupeles are handled in a
simvilar manner with the field measurements being the
HHTeresnce between the bending magnet field and the
pole fields, and the program being a percentage

magnet field, The percoentage o
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can be modified by a tune program either in terms of
energy, corresponding to saturation effects in the

m r in terms £ 4+im fadinagtm +a the tiine
magnets, or in terms of time fadjusiments in the tune

for extraction or tune bumps for better beam survival),
The open loop gain from the all-computerized feed-
back systems is fairly low in the frequency range of
interest. A gain of about 20 for the fast feedback is
about what is obtained. Such a low gain feedback
system would never be sufficient for the type of reg-
To gbtain hette

olldin ggue

alation roqn:r-aﬂ hv the accelerator,
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regulation, a " self correcting function generator'

technique is used. It is known as the '"update” system.
There is also an output simulator program, known as
'profile" , incorporated in the MAC computer's cal-
culations, Updating or self-correcting function gen-
erator is a process of utilizing the repetition proper—
oandwmlth or overall feedback galn. That is, by
looking at the error signal, over many pulses, sim-
ulates the repeatable part of the error signal, and
adding this simulated signal to the incoming error
signal,
and the desired field can thereby be reduced toward
zero. The limit of this system is related to the low
bit accuracy of the update system and the magnitude
and frequency of the non-repeating fluctuations, In
the NAL case, the low bit accuracy of the measuring
A /D, and the firing circuit bit size, is the limiting

factor, a program that remembhers the

dClCT prograin tilal rememoaers the

gross characteristics of the fine control phasing pro-
gram, It is generated at the discretion of the operator
and is used as a backup to the updates, Since it is an
output phase program, it does not have the same
stability problems of a feedback network,

+lha vmaal Aiffarammeran lhatiuraarm +h o
the real difference between the measured field

The nrofile is

3

The main accelerator has been operated at 2C0,
300, and a small amount of time at 400 GeV operating
levels, The operation of the accelerator at levels of
reater than 300 GeV is hampered by two things, at
present. The contract with the Commonwealth Edison
Company only allows for joint power studies at levels
greater than 300 GeV, From studies over 300 GeV,
the voltage fluctuation on the 345 kV lines is in excess
of the power company's recomrmrendations. The second
reason 1s that the master substation transformers are
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not rated for the pulsed load regyuired at 400 GeV and
beyond., 500 GeV operation would, at present, require

more real power out of the substation than it can
presently deliver. (See Figure 3) Operation at a
300 GeV level has been continuing for several months
and seems te be a reliatle mode of operation,

Regulation

The regulation of the flat-top condition has been
better than originally desigred in terms of the bending
magnets, The field values have been able to be main-

tained at £2 gauss for nearly L'd ene Flevels, This
is primarily due to the A/D n mum bit size, nolse

roduced when changing
infegrators, At
rable to the design

mi
in the A/D, and the errors intr
from the second harmonic to th
injection, the regulation is compa
requirements of ., 05 in tune for the quadrupocle reguia-
tion and ., 017 {or the hending, if the mtorpr(mztmn e
that , 019

means syvnohrnnize with the b
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Figure 9) However, at present the magnet's remnant @‘;ﬁﬁgg S on
fields, that is the average remnant field, seem to

differ, depending upon the exact way in which injection
is approached from the invert or the recovery portion
of the magnet field waveform. At present, the re-
sponse to the invert pertion of the program is not as
reliable as could be expected. Noise has been inter-
ferring with the bypass portion of the firing generators
in some of the supplies, resulting in erratic behavior
in the invert conditions.

At present, the program that calculates the
turn-on order has some difficulties in the invert se-
quence in exactly calculating the invert waveform
generator breakpoint times., These problems result
in an invert part of the waveform that does not have
the stability desired, The instabilities change the way
in which injection is approached, and thereby the aver-
age injection field in comparison with the one point
measurement at the monitoring magnets, At present,
this invert instability rejuires nearly .3 seconds to
recover to injection, The flat-top regulation, although
it is within the . 01% for both the bending and guad-
rupole fields, still presents difliculties with resonant MAIN ACCELERATOR POWER SUPFPLY DISTRIBUTION
slow extraction. A very small amount of tune change
results in large modulations in the slow extracted
beam. Active filters have been installed on all of the
quadrupole power supplies in order to reduce the slow
extraction ripple. ® Due to the separated function
nature of the accelerator, and the fact that the RF is
turned off during extraction, the tune is primarily
determined by the quadrupoles and not the ratio be-
tween the quadrupoles and the bending magnets,
Therefore, during extraction, the measurement of the
quadrupoles is switched from that of the difference
between the bending and quadrupoles to just the gquad-
rupole fields. An integrator with a resolution of 5
times that of the difference integrator is used, Un-
fortunately, however, the sextupole component of the
bending magnets is not as yet corrected during extrac-
tion, resulting in tune changes due to variation in the
bending magnet's fields, More work will still be
required to reduce the modulation of the slow extrac-
ted beam.,

FIGURE 1
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; FIGURE 5. 2ND HARMONIC PROBE ASSEMBLY
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