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Abstract-Four 10 MW, highly-stabilized power supply 
modules have been installed at  the National High Magnetic Field 
Laboratory in Tallahassee, FL, to energize water-cooled, 
resistive, high-field research magnets. The power supply 
modules achieve a long term current stability of 10 ppm over a 
12 h period with a short term ripple and noise variation of 4 0  
ppm over a time period of one cycle. The power supply modules 
can operate independently, feeding four separate magnets, or 
two, three or four modules can operate in parallel. Each power 
supply module consists of a 12.5 kV vacuum circuit breaker, two 
three-winding, step-down transformers, a 24-pulse rectifie! with 
interphase reactors, and a passive and a n  active filter. Two 
different transformer tap settings allow rated dc supply output 
voltages of 400 and 500 1’. The rated current of a supply module 
is 17 kA and each supply module has a one-hour overload 
capability of 20 kA. The isolated output terminals of each power 
supply module are connected to a reversing switch. An 
extensive high-current bus system allows the modules to be 
connected to 16 magnet cells. 

This paper presents the detailed design of the power supply 
components. Various test results taken during the commis- 
sioning phase with a 10 MW resistive load and results taken 
with the research magnets are shown. The effects of the 
modules on the electrical supply system and the operational 
behavior of the power factor correctionharmonic filters are 
described. Included also are results of a power supply module 
feeding a superconducting magnet during quench propagation 
tests. Problems with the power supply design and solutions are 
presented. Some suggestions on how to improve the perfor- 
mance of these supplies are outlined. 

I. INTRODUCTION 

In August of 1990, the National Science Foundation 
awarded a contract to a consortium of three institutions, 
Florida State University at Tallahassee, FL, the University of 
Florida at Gainesville, FL, and the Los Alamos National 
Laboratory at Los Alamos, NM, to build a new National High 
Magnetic Field Laboratory (NHMFL). The mission of the 
laboratory was defined as two-fold: to provide a user facility 
with a wide variety of high-field magnets and to advance the 
state of the art in magnet technology. The high field magnets 
are built in support of institutional and private sector research 
and development in solid-state physics, biology, chemistry, 
geology, material science and medicine. The main laboratory 
facilities are established in Tallahassee, with additional 
facilities in Gainesville and Los Alamos. Once the NHMFL 
at Tallahassee is fully operational, a wide variety of magnets, 

such as water-cooled, resistive magnets with fields up to 40 T 
in a 32 mm bore, a 45 T hybrid magnet with a 15 T 
superconducting outsert and a 30 T water-cooled insert and 
several 20 T superconducting magnets will be operational. In 
addition, magnets for electron paramagnetic resonance 
studies, for high resolution nuclear magnetic resonance 
spectrometry, for ion cyclotron resonance mass spectrometry 
and for small animal magnetic resonance imaging will be 
available for the researchers[ I ] .  

The water-cooled magnets are the most widely used 
magnets in the laboratory. They are of the Bitter type design 
and require large amounts of power[2]. They are designed as 
expendable magnets with a limited operational lifetime of 
about 1000 hours. Many expcrirnents require extremely high 
and constant magnetic fields. Therefore i t  is important to 
energize the magnets from highly-stabilized power supplies. 
The water-cooled magnets are desirable by many researchers 
because they provide high magnetic fields and fast changing 
magnetic fields. 

For the water-cooled magnets four 10 MW, highly- 
stabilized power supply modules, that are capable of 
providing less than 10 ppm current ripple and noise over a 12 
h period, have been installed and are fully operational since 
the early summer of 1994. Up to four 10 MW magnets can 
operate simultaneously, or two 20 MW magnets, or one 40 
MW magnet. The magnets are installed in 16 magnet cells, 
each being equipped with a water cooling capacity of up to 
400 l/s (6400 gpm) of deionized, 7 OC chilled water. A 
failure in the magnet is often catastrophic and the power 
supplies are not only expected to survive such a failure in 
form of a short circuit, but also to minimize the damage by 
rapidly, in a few ms, turning off the power to the failing 
magnet. 

The power supply was specified to obtain the best 
performance available today at  the given high power level 
and with as high an availability as expected from industrial 
supplies. The power supply modules operate 14.5 h per day, 
five days a week, year round. 

At the present time the following Bitter-type magnets are 
operational: two 20 T magnets with a 50 mm bore and two 27 
and 30 T magnets with a 32 mm bore. Each 20 T magnet 
requires two power supply modules, each feeding an 
independent coil of the magnet. The total power requirement 
for one 20 T magnet is 7.9 MW(2x13.5 kA, 292 V). Each 27 
T magnet requires two power supply modules running in 



parallel, connected to one common coil set, at a combined 
power of 13.5 MW(2x17.6 kA, 384 V). Each 30 T magnet 
also uses two parallel power supply modules at 15.4 
MW(2xI 7.5 kA, 438 V). Higher field resistive magnets are 
being designed and i t  is expected that with existing 
conductors fields of 40 T can be achieved in  a 32 mm bore 
with the 40 MW power supply. 

11. SPECIFICATIONS 

Listed below are the most important specifications for each 
power supply module: 

TABLE 1 
POWER SUPPLY MODULE SPECIFICATIONS 

Ripple and noise 
Precision 
Stability, including ripple 
Repeatability, including ripple 
Regulation 
Accuracy 
Ramp tracking error at 0-500 A / s  
Efficiency 

All four power supplies are fed from one incoming power 
system. An oil-cooled, 30/40/50 MVA station transformer. 
which is located in a substation about 500 m away from the 
laboratory, provides the power to the laboratory. The short 
circuit impedance of the transformer is 5%, based on 30 
MVA. The transformer's primary winding is connected to the 
115 kV transmission system. The secondary voltage is 12.5 
kV. A +IO% tap changer at the transformer high voltage side 
allows slow voltage adjustments in 5/8% steps. Two sets of 
underground cables connect the substation to the laboratory. 
Each cable set, consisting of three 750 MCM(380 mm') 
conductors per phase, is connected to a 12.5 kV feeder 
vacuum breaker. Each feeder breaker in turn feeds two 
power supply modules and half of the approximately 7 MW 
laboratory base load, such as chillers, water pumps and the 
building air conditioning load. Two 6.3 MVAR combined 
capacitor banks and harmonic filters are also connected to 
each feeder breaker. The combined reactive/harmonic filter 
banks are switched in  manually, together with the power 
supply modules, to guarantee a power factor higher than 0.95 
for the total laboratory load under all load conditions. 

A. Power Circuit Breaker and Transforrners 

10ppm 
lo PPm 
100 pprn 
100 ppm 
100 ppm 
1000 ppm 
loo ppm 
>90%. 

The following dcfinitions were agreed upon between thc 
NHMFL and the supplier, assuming a 20 ms time constant of 
the load: 
ripple aim' noise: the peak variation of the output current over 
a one cycle tiinc pcriod; precisiori: the difference between 
adjacent steps i n  the current set point; stability: the difference 
between the maximum and mimimum output current over a 
12 h period of time with the current set point fixed; 
regularion: peak variation in output current with a + I O %  line 
voltage variation, a 30% load variation and a 30 O C  ambient 
temperature variation over a 24 h period; accuracy: the 
difference between the output current and a NHMFL 
standard. These specifications should also be met with two, 
three or four supplies running in parallel. It should be 
pointed out that no national or international standard exists 
for the precise measurement of high dc currents. For the user 
of a facility such as the NHMFL it is more important to be 
able to precisely reproduce the experimental results than to be 
provided with current values which are correct in the absolute 
sense. Extremely precise absolute field measurements do not 
rely on current measurements, but use Nuclear Magnetic 
Resonance probes. 

111. POWER SUPPLY DESIGN 

The power supply modules were designed with the 
philosophy of using, as far as possible, industrially proven 
equipment to obtain the high reliability desired for a user 
facility. The four identical modules use a thyristorized 
preregulator, which is a 24-pulse, line-commutated converter, 
followed by a passive filter and an active filter in form of a 
series transistor regulator. Fig. 1 shows the schematic of one 
power supply module. 

Each I O  MW power supply module is protected by a 1200 
A. 12.5 kV vacuum circuit breaker, which is equipped with 
electronic metering equipment. Real and reactive power. 
currents, voltages and power factor for each power supply 
module are displayed in the main control room and are 
available for archiving. Data are available for recordin? 
every second. 

Two 5260 kVA, water-cooled transformers step the voltage 
down to a secondary voltage of 442 V. The conductors are 
made of copper. The transformer short-circuit impedance is 
8.610 and the insulation class is F. Water cooling was chosen 
over a dry-type construction because of the lower cost and the 
easy availability of cooling water. Oil cooling was not 
considered because the transformers are installed indoors. 
Indoor installation was necessary to obtain short connections 
between the high current side of the transformer and the 
converters. The primary winding of each transformer is 
connected as an extended delta winding, with one secondary 
winding in delta and the other one in wye. The primary 
winding is outfitted with an 80% voltage tap. Tap changing 
is accomplished by manually reconnecting certain jumpers. 
The four secondary windings of both transformers form four 
symmetrical, three-phase systems, each with an angle 
displacement of 7.5 degrees. An electrostatic, grounded 
shield is placed between the primary and each secondary 
winding to reduce the capacitive coupling between primary 
and secondary windings. Because of practical Iimitations in 
winding turns combinations and manufacturing tolerances. a 
one percent variation in the no-load voltage between the delta 
and the wye secondary voltage exists. Fig. 2 shows the 
winding configuration for one three-winding transformer. 
The figure includes the number of turns(T) and the tap 
changing position to achieve the two output voltage levels. 



30,60 Hz 
CB 

12.5 kV 

1200 A L-- 

1 _ - -  
I 46.5 pH 

I RECT. 1 
#2 .- 1 

Passive 
Filter Active Filter 

Reversing 

1 - 
I * #3 - I 465pH -- 
I 

' I 

4 1 I '  I ,, 46.5 pH 
A-7 5' I C o ~ ~ ; e r t e r  IPT I -  

CONTROL 
SYSTEM 

RECT.+. 

t [REF 
i - k  #4 --  I 
L A - -  J, 

. ~FDBK 

I I 02562 

Fig. 1. Circuit diagram of 10 MW power supply module. 

The transformer coils are epoxy impregnated and the 
secondary conductors are directly water cooled. The primary 
conductors are indirectly water cooled. The transformers are 
designed for an increase in average water cooling temperature 
of 15 O C  under rated conditions with a water flow rate of 30 
gpm. Water-cooled copper pipes conduct the transformer 
secondary current to the four rectifiers of each supply. The 
rectifiers are located on the second floor, right above the 
transformers. 

B. Power Factos Corsecrioti cud Hut-tnoizic Filters 

Power factor correction for each power supply is provided 
by an individual capacitor bank operating at 12.5 kV. 
Harmonic filtering is accomplished by tuning the capacitor 
bank with an inductor and parallel resistor in series with the 
capacitors. Power factor correction is designed to achieve at 
least 95% lagging for rectifier operation at 500 Vdc and with 
the given plant loads. Each capacitor bank consists of 
twenty-four 500 kVAR, 9960 Vac capacitor units which 
provide 6270 kVAR at the operating voltage of 7.2 kV. The 
filter design was determined by a system harmonic study. 
Although the 24-pulse rectifier would normally have only the 
23rd and 25th harmonics as dominant, the filter design 
included allowances for lower frequency harmonics which 
will be present due to unbalances in the system, i.e. 
differences in rectifier transformer impedances and winding 
ratios. The filter is tuned to 4.85 times the fundamental 
frequency (29 1Hz) to provide optimum reduction in 
harmonic distortion. The inductor is sized at 2.8 mH and the 
parallel resistor was selected to provide a Q=50. Total 
harmonic distortion is expected to be less than 2.5% and 

individual harmonic distortion levels are expected to be less 
than 1.6%. 

C. Rectifiers 

The four water-cooled, 6-pulse rectifiers, which form the 
24-pulse preregulator. use a new mechanical layout design, 
which is very similar to a design already used in 
commercially available, lower power rectifiers for dc motor 
drive applications. Each rectifier has a no-load voltage of 
594 V and a current rating of 4.25 kA, with a one-hour 
overload rating of 5 kA. The rectifiers use two parallel, 
fused, water-cooled. 1800 V, 3000 A, 77 mm thyristors per 
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Fig. 2. Winding configuration of a six-phase transformer. 



leg. The two thyristors, which operate in parallel without 
current sharing resistors, provide 100% current redundancy 
for the given application. The specifications called for +lo% 
current sharing in  the parallel thyristors without special 
device matching. A common bridge snubber provides 
transient overvoltage protection for each 6-pulse rectifier. 
Two 6-pulse bridges are connected in  parallel through an 
interphase reactor, resulting in a 12-pulse converter. The two 
12-pulse bridges are tied together through chokes placed in 
the four terminal leads of the two 12-pulse converters for a 
24-pulse power supply module. The individual 6-pulse 
bridges use a commercially proven, microprocessor based, 
digital control system with a 0.28 degree resolution for the 
firing angle control. A permanent, 40 R resistive load is 
connected across each 12-pulse converter output. This load 
c guarantees converter turn-on for highly inductive loads. 

D. Passive Filter 

A passive and an active filter connected in series reduce, to 
acceptable values, the voltage ripple, which is generated by 
the switching mechanism of the thyristor preregulator. 

The output of the 24-pulse converter is connected to an L-C 
filter network, consisting of a 46.5 pH reactor in each 12- 
pulse converter output terminal i n  parallel with a-0.68 F 
capacitor bank. All the capacitors are computer-grade, 
aluminum electrolytic capacitors, allowing high ripple 
currents. Each individual capacitor has a voltage rating of 
350 V, a capacitance of I O  mF and an energy rating at full 
voltage of 612 J. Two capacitors are always connected i n  
series to provide the voltase capability of nearly 600 V, as 
determined by the converter no-load voltage. The passive 
filter has a resonance frequency of 30 Hz. The passive filter 
is designed to give a maximum peak-to-peak ripple of 5 V for 
the 24-pulse converter output voltage. 

E. Active Filter 

In the initial stage of the active filter design a transformer 
coupled regulator, which would remove the ac ripple 
components of the dc supply, was considered. This design 
has the advantage that a considerably smaller transistor 
regulator could have been chosen. This scheme, however, 
cannot regulate slow drifts or provide for the required set 
point precision. It was decided to use the more conventional 
and proven approach with a pass bank transistor regulator and 
an industrial type, digitally controlled preregulator. This 
approach resulted in a very reliable, instrument quality power 

Each transistor regulator, using a classic emitter follower 
circuit[3], consists of 336 disk-type, 400 V, 200 A transistors 
(Powerex D7ST). Fig. 3 shows a simplified diagram of the 
transistor filter. The 300 passing transistors are driven by 
several stages of Dadington-connected drivers. Specifically, 
the 300 transistors of the last stage are driven by 31 
transistors, which in turn are driven by 4 transistors. A single 
transistor is the driver for the four transistors. Each transistor 
has its own I5 mR emitter resistor to aid in  current sharing. 

SUPP1Y. 

Fig. 3. Circuit diagram of transitor filter. 

The transistors are water cooled and individually fused. 
The transistors are physically arranged to aid in  the current 
balancing. Fig. 4 shows the arrangement of the transistors. 
The photograph depicts a front view of the four transistor 
cabinets. The remaining transistors are installed in the back 
of three of the cabinets. In the lower left corner is shown the 
core of the dc current transformer(DCCT). 

Because each volt of drop across the transistor circuit is 
equal to 20 kW of losses at 20 kA, special attention was 
given to minimize the voltage drops i n  the system. The 
transistor bank operates between 5 and 22 V in the controlled 
region, requesting the preregulator to adjust its output voltage 
so that the transistor voltage is kept at about 12 V. According 

Q4 Drive Q2 Drive Qg Drive 
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Fig. 4. View of transitor mounting in cabinets. 
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to the power supply specifications, forward voltage drop 
matching of the thristors or transistors was not acceptable to 
achieve adequate current sharing. A special requirement with 
respect to the allowable spread in current sharing was not set 
for the transistors of the active filter, except that no transistor 
should exceed its rating. The emitter resistor contributes to 
the current sharing. 

Three 1400 V, 77 mm parallel diodes are connected at the 
output of the active filter as free-wheeling diodes. They 
provide a path for the load's inductive energy and prevent the 
output voltage from going negative. In addition, 575 V MOV 
devices are mounted across the output to prevent transient 
overvoltage stresses created from the load circuit. 

The transistor regulator is designed to be short-circuit 
proof. In the case of a solid short right at the output terminals 
of the active filter, two energy sources will contribute to the 
short-circuit current. One is the stored energy in  the 
capacitors of the passive filter. The other source is the 
incoming line, whose voltage effect can be reduced to zero 
after a deadtime of 2 ms by means of phase control. The 
current contribution from the capacitors is estimated to be a 
half-wave sinusoidal current with an amplitude of 110 kA 
and a base time of 1 ms. The peak short-circuit current is 
decreased below 50 kA, if the short circuit occurs at the 
nearest magnet cell, because of the added bus impedance. 
The current amplitude and shape are determined by the 
capacitor of the passive filter, the resistance of the transistor 
including the emitter resistor and the bus inductance. 
Assuming that 5% of the pass transistors have previously 
failed, each of the remaining 285 transistors conducts a 
current of 386 A, well below the allowable current of 500 A 
for 10 nis. The contribution from the source through the 
rectifier is a linearly increasing currrent with a rate of 
approximately 10 kA/nis. This current is primarily limited by 
the choke of the passive filter. In about 4 to 6 ms the driving 
voltage for this current can be reduced to zero. 

The transistor current and voltage increase rapidly when a 
short occurs. Once the transistor voltage reaches the 
clamping voltage, the transistor is turned on hard, reducing its 
voltage, thus keeping the dissipation low. The transistor 
regulator is controlled by a primarily digital controller, which 
also controls the preregulator[4]. However, several high 
precision, analog amplifiers are also employed. An 18 bit 
digital to analog converter is used for the current reference 
signal and a 20 bit, analog to digital converter to digitize the 
actual current signal. This signal is obtained from a high 
precision 20 kA zero-flux current transformer. The controller 
has an RS-422 serial port that easily connects into the main 
digital control system (DCS) of the laboratory. Over this port 
the DCS can send up to 90 commands or queries io the power 

A "by-pass'' link can be installed to remove the active filter 
from the circuit. This mode of operation allows a power 
supply module to function only with the passive filter. 
Taking the active filter out of the circuit results in higher 
ripple and worse regulation. In this mode of operation, the 
current command signal, which otherwise connects to the 
transistors, instead connects to the preregulator. 

SUPPIY- 

F. Active Filter Coritrol 

For the active filter to operate in its linear region, the 
collector-emitter voltage of the transistors must be controlled 
between the transistor saturation voltage(5 V)  and the 
clamping voltage(22 V). The clamping voltage is determined 
by an installed Zener diode. The value was chosen to limit 
the maximum power dissipation of each transistor to about 
1.7 kW at full load current. Therefore, the main control 
objective of the preregulator is to maintain the transistor 
voltage near the center of the voltage band. The voltage 
controller of the preregulator is followed by a fast current 
control loop in each 6-pulse bridge. The current controllers 
guarantee equal current sharing between bridges. The voltage 
window between saturation and clamping voltage can be used 
in the active filter to quickly absorb the voltage ripple. This 
ability allows the unit  to remove the ripple and allows for any 
fast changes in  load characteristics. The instantaneous 
transistor voltage is the difference between the output voltage 
of the passive filter , which has ripples up to 5 Vpeak to peak, 
and the nearly ideal load voltage. The digital control system 
of the preregulator can select a set point with 15 bit 
resolution, which relates to approximately 0.6 A output 
current. Any current resolution smaller than this value must 
be regulated by the active filter. Fig. 5 shows the major 
control loops of the power supply. The voltage control loop 
of the preregulator shown i n  dashed lines was eliminated for 
better results. 

G. De Curretif Measureriietil 

The precise measurement of high dc current levels is an art, 
and very few companies provide an adequate, commercial 
product, in particular for currents above I O  kA. Shunts were 
ruled out for several reasons. In theory, by maintaining the 
temperature constant, errors caused by the temperature varia- 
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Fig. 5. Power supply module control diagram-overview. 



tion can be eliminated. However, because the device will 
produce several kilowatts of self-heating during current 
ramps, the precise temperature control becomes difficult. 
Moreover, any instantaneous temperature deviations produce 
linearity and thermocouple problems, both unacceptable 
sources of errors. The device selected for the Tallahassee 
supply modules uses the zero-flux principleE51. The  
measurement is based on obtaining a perfect balance between 
the magnetic flux generated by the high current in the lead of 
the power supply module inserted in a toroidal core and the 
low current in the control winding around the toroid. The 
control winding is fed from a small, precisely known current. 
When the zero-flux condition is reached, the current to be 
determined is equal to the turns ratio times the known control 
current. A zero-flux current transformer has the additional 
advantage of providing high voltage isolation. The main 
features of the zero-flux current transformer are a resolution 
and linearity of less than 10 ppm, a long term stability of 20 
ppm over a year with up to 20 OC ambient temperature 
variation, a low ripple of less than 5 ppm and a small signal 
bandwidth of up to 10 kHz. 

H. Bus Distribution aid Powei- Supply Switching System 

The output terminals of the power supply modules are 
connected to air operated, air-cooled, industrial type, 
reversing switches. These no-load type switches have a 
steady-state rating of 20 kA and are designed for 1600 V 
voltage isolation. The 8 terminals of the four power supply 
modules reversing switches are connected to 70 in long, 
isolated buses running along the center of the magnet cell 
building. Each bus consists of four 355 mm by 19 mm (14" 
by 0.75") air-cooled aluminum conductors. The current 
density is 0.74 A/mm2(480 A/inch2) at 20 kA in the bus. 
Each 6 m long prefabricated section of all eight conductors 
mounted on the support structure, weighing 4500 kg, were 
transported to the site and welded together. Flexible 
conductor links installed every 12 m allow for thermal 
expansion and slip joints for movement of the conductors 
with respect to the mechanical frame support. Eight bus 
cross pieces are welded to each longitudinal bus to feed 
power into the magnet cells. Air operated disconnect 
switches at the end of the cross buses can isolate the cell from 
the power supply. Fig. 6 shows a view into the bus tunnel. A 
longitudinal bus, the cross buses and a row of disconnect 
switches can be seen. The final connection from the 
disconnect switches to the magnet terminals is made by 3000 
MCM (1520 mm*), flexible, water-cooled, copper cables. 
Except for the transformers and the aluminum bus all other 
components of the power supply modules are installed in air 
conditioned rooms. 

Iv. PRECOMMISSIONING TESTS 

A. Component Testing 

Components, planned for use in the power supply and not 
previously tested, were subjected to tests which resembled 

Fig. 6. View of bus tunnel. 

the real load conditions as closely as possible. Potential 
deficiencies of the design were thus eliminated. A 
transformer coil, consisting of the primary and two secondary 
windings, was exposed to the expected full  short-circuit 
current in  an independent high-power testing laboratory. 
Based on the test results, modifications on the winding end 
supports were made. A disconnect switch was tested at 240 
kA to assure that i t  can carry a short circuit current as might 
occur when the input of a magnet shorts. The parallel fuse 
arrangement for the thyristors in  the rectifiers was exposed to 
the expected short-circuit currents to guarantee current 
interruption. Each of the installed transistors were subjected 
to a burn-in test for one minute at 30 V and 75 A, exceeding 
the expected power rating. . ,  

B. Heat Run Test 

Before the power supply components were shipped to 
Tallahassee, one complete power supply module, including a 
6 m bus section, was assembled and tested in the 
manufacturer's plant. The unit was exposed to a low voltage, 
full current test. For a 40 h heat run test, current sharing of 
thyristors and transistors was measured and extensive 
temperature measurements on all the components were taken. 
Coarse tuning of the control loops was accomplished. During 
the heat run test it was found that in several pairs of thyristors 
only one thyristor was conducting. In discussion with the 
thyristor manufacturer the problem was identified as the 
thyristors having different "finger" voltages. The 
manufacturer shipped new devices with more matched finger 



matched finger voltages for the remaining modules and as 
replacements for the non-firing devices in the supply module 
under test. The test with the nonfiring thyristors, however, 
proved that the converter was designed with 100% 
redundancy. Excluding the mentioned semiconductor 
problem, the equipment performed to full satisfaction and 
only minor modifications were necessary before the 
equipment was shipped to the NHMFL. 

C. Load Resistor 

It was decided very early in the project, that a 10 MW load 
was necessary to properly test the power supplies and ensure 
that the guaranteed specifications were met. A water-cooled 
resistor was built to allow full power testing of the power 
supplies up to 20 kA and 500 V. A 4 in. (101.6 mm), 
schedule 10, stainless steel pipe (wall thickness, 3 mm) of 52 
m length, shaped in a meander line, has been mounted on a 
wall of a magnet cell. The resistor is electrically isolated 
from the building piping by means of two washers and 
insulated bolts. Deionized cooling water, at a flow rate of up 
to 100 I l s  (1585 gpm) passes through the pipe and cools the 
electrically heated pipe wall. The resistor has 6 current 
connection taps, which allow several discrete resistance 
values to be chosen between 1.2 and 34 mi2. The different 
resistance values allow full power testing at both 400 and 500 
V output voltages. 

v. COMMISSIONING A N D  OPERATIONAL TESTS 

A. General Conziiienrs 

All four power supply modules(A, B, C, D) were exposed 
to a rigorous test procedure, including a 12 hour-long 
performance test and a short-time overload test near 20 kA. 
The no-load voltage of the preregulator was measured at the 
input of the active filter to be 475 V and 594 V at a phase 
delay angle of I O  degrees for the 400 V and 500 V tap 
setting, respectively. The magnetic, semiconductor, bus and 
switch components experienced a temperature rise below the 
designed values, except for two minor problems which could 
be easily corrected. The cross bracing in the passive filter 
chokes showed excessive temperatures. By insulating the 
bracing to prevent circulatory currents, the temperature could 
be reduced to acceptable values. In a similar way, the 
transformer housing panels had localized hot spots in the 
vicinity of the high current conductors, which could cause 
injury to personnel when touching the housing during 
maintenance. This problem also was resolved by connecting 
the transformer housing panels to the frame with 
nonconducting screws. 

The overall efficiency for each power supply module was 
measured under 114, 112, 314 and full load condition(4.25, 
8.5, 12.75 and 17 kA). In Table I1 results are listed for 
module A. At full current and output voltage of 471 V the 
efficiency is 92.9%, close to 3% higher than requested 
according to the specifications. 

B. Prinlaq Power Results 

A number of measurements of primary power conditions 
was made during the current stability tests. Typical results 
are tabu la red be I ow: 

TABLE I1 
PRIMARY POWER DATA FOR DIFFERENT LOAD CONDiTIONS 

Uncorrected Power Supply THD 
% Load Power Factor Efficiency Voltage Current 
25% 0.25 72.6% 0.9% 4.1% 
50% 0.44 85.9% 1.9% 4.9% 
75% 0.63 90.5% 2.5% 5.2% 
100% 0.90 92.9% 2.0% 4.8% 

The distribution of current harmonics is shown in Fig. 7. 
The power supply current shows characteristic 23rd and 25th 
harmonics. The harmonic filter currents are highest at the 5th 
harmonic for which it is tuned and provides relatively modest 
attenuation of the higher order harmonics. The harmonic 
filter draws 5th harmonic current from the line. The highest 
individual line voltage harmonics are the 25th at 1.3% and 
the 49th at I .4%. 

C. Current Sliaring 

The currents in  the four parallel bridges of the preregulator 
are well balanced(<l% difference). Current sharing of the 
thyristors at different current levels was measured in all 
preregulators. As expccred, while at lower currents (6 kA) 
the current sharing is not so balanced, at 12 kA the thyristors 
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Fig. 7. Current harmonics under different load conditions. 



share currents within a+.lO% band. At 16.9 kA the deviation 
in  the worst balanced set of all the 24 thyristor sets is 7.6% of 
the average current level in power supply module B. The 
currents were measured in  the individual thyristors as voltage 
drop across the series-connected fuse. The given results are 
typical for all four preregulators. 

The current variation in the 300 pass bank transistors of 
power supply module are shown in Fig. 8. As expected, a 
wider current variation occurs, compared to the thyristors. 
All of the transistors carry below rated current. It appears 
that the current variation is device dependent and not 
dependent on the location of the device in the cabinets, 
although the transistors are installed over an 8 m2 area. 

D. Current Stability 

Considerable effort and time was spent to achieve the 
required performance specifications. The transistor regulator 
has very high gains at DC, this equates to very good line, load 
and ripple rejections. However, as the frequency increases 
above DC, the gains are reduced. Moderate to higher 
frequencies are  attenuated by the passive filter. 
Unfortunately, the commutation process of the preregulator 
precisely generates the fast voltage variations, which even the 
passive filter could not remove. It is necessary to prevent 
high frequency voltage changes with the capacitor of the 
passive filter. Any inductance within the capacitor branch 
has a negative effect on the voltage ripple. From a design 
standpoint it is imperative to have the capacitors physically 
installed as closely as possible to the active filter to avoid 
lead inductances. Fig. 9 shows the effect of the active filter. 
The top trace in Fig. 9, which depicts the ripple voltage of the 
active filter input voltage, shows the voltage ripple of 1 
Vpeak to peak for an average dc voltage of 468 V at 17 kA. 
It can clearly be seen that t h e  active filter output 
voltage(bottom trace) still shows voltage ripple at times of 
fast input voltage changes, while the slower components, 
especially the 1440 Hz component, are completely eliminated 
by &he transistor filter. These results were measured after 
0.12 F of the passive filter capacitor were physically mounted 
at the input of the active filter to achieve lower circuit 
inductances. A certain amount of voltage variation caused by 
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Fig. 8. Current distribution in 300 transistors of the active 
filter at a total current of 16.75 kA. 

commutation dips can not be avoided because the lead 
inductance and the internal capacitor inductance cannot be 
completely eliminated. The time constant of the water- 
cooled magnets, which is in the order of 20 to 30 rns, causes 
the current variations to be significantly smaller than the 
voltage variations. 

Another problem which occurred and which was 
considerably more difficult to cure was the fact that each 
power supply module began to oscillate at load currents of 
13.5 to 15 kA when connected to a resistive load. While the 
instability was immediately suspected to be a ringing in the 
transistor control circuit, i t  took considerable effort to trace 
the cause of the ringing down to the clamping Zener diode. 
A 0.22 pF capacitor connected in parallel with the Zener 
diode stabilized the control circuit and the power supply 
modules have not shown any instabilities for currents up to 
20 kA. 

During the 12 h performance run for each power supply 
module the ripple and noise level in the current was measured 
with a dc zero flux transformer in the module and with one 
installed next to the load. The latter current measuring device 
acts as the "standard" in the laboratory. During the run the 
ambient temperature of the room which houses the 
preregulator and filter of the power supply module was varied 
by about 5 O C .  The load resistance was changed by about the 
same amount by varying the water flow. The temperature 
and resistance changes had no effect on the current stability. 
The results of a 12 h run with power supply module B are 
shown i n  Fig. 10. The difference of maximum to minimum 
current over the 12 h period is 160 mA at a current of 17 kA. 
The curve was generated by digitizing approximately every 
second the analog output voltage of the dc current 
transformer with an 8 1/2 digit, digital voltmeter(HP 3458A) 
and displaying all points, using the LabVIEW program[6]. 

The ultimate test of the power supply is the ripple content 
in the magnetic field of a magnet. This has been measured 
using a pick-up coil and a spectrum analyzer and the results 
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Fig. 9. Voltage ripple in power supply module B 
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Fig. 10. Current stability in  power supply module B during a 
12 h run. 

are shown in  Fig. 1 1  for a 20 T magnet energized by two 
modules at 13.5 kA each. First, third and fifth harmonics 
dominate. A substantial portion of the first harmonic may be 
due to stray 60 Hz fields present in  the vicinity of the magnet. 
Direct measurements of currcnt ripple at high sampling rates 
have been difficult because of the ambient noise created by 
the high power rectifiers. 

E. Coritt-ol 

Several control modifications were made to meet or exceed 
the required performance specifications. 

It was found experimentally that the preregulator was 
unstable at low currents. The reason for the instability was 
that at low currents the transistors present a widely variable 
load to the preregulator. For example, in the case of a I amp 
load current, the final load might be 24 mQ for a load voltage 
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Fig. 11. Field ripple spectrum of 20 T magnet. 

of 24 mV. However, the preregulator load would see 24 mV 
plus 12 V as the ever-present collector-emitter voltage. 
Under this condition the load looks like an equivalent 12.024 
Iz load to the preregulator. It was necessary to add a 
minimum load to the preregulator, to minimize the wide load 
changes. Two resistors were installed across the output of 
each 12-pulse converter. The first resistor(0.1 Iz) is 
disconnected at 17 V and higher and the second resistor(0.2 
Q) at 28 V and higher. The speed of the active filter is 
sufficient to regulate for constant output currents during the 
voltage discontinuity of the preregulator, while the resistor is 
switched in or out of the circuit. 

Originally, each 6-pulse bridge had a free-wheeling diode 
connected across its output to improve the voltage ripple at 
the low voltage end. However, during the commissioning it 
was found that without the diode the line-commutated 
converter could be better controlled. Without the diode, the 
converter has one transfer function over the full operating 
range from zero to peak voltage. With the free-wheeling 
diode in the circuit the converter has two different transfer 
functions. The capacitor of the passive filter is designed to 
absorb the additional ripple current caused by the higher 
voltage ripple without the diode. 
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Fig. 12. Parallel power supplies to achieve controllable small 
load currents: a) simplified circuit, b) current relationships. 
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Fig. 14. Current in  two parallel power supplies during ramp- 
ing at a rate of IO00 A / s  per supply. 

while the resistance increases. To avoid catastrophic failure 
of the conductor, it is mandatory to shut off the power supply 
quickly when the voltage drop in the  conductor reaches a 
certain limit. The Tallahassee power supplies have adjustable 
voltage and current trip limits which shut down the supply by 
controlling the converter into the inverter mode and opening 
the input breaker. In the preregulator the current limit can be 
adjusted between 0 and 20 kA and the voltage between 0 and 
500 V in 16348 steps. The adjustable voltage trip limit was 
used in the quench propagation tests. Fig. 15 shows results of 
such a test. The current is regulated to be constant at 6 kA. 
At time tq the heater is turned on for 10 ms and a section of 
the superconducting wire becomes normal. The heat 
generated in the normal zone causes the normal zone to 
propagate, although the initial heat pulse has been removed. 
The power supply increases its output voltage to keep the 
current constant at 6 kA, while the wire resistance increases. 
When the output voltage exceeds the predetermined trip level 
of 22 V, the supply is shut off, causing the current to decrease 
to zero. The total time elapsed from the beginning of the heat 
pulse to turning the supply off took 1.5 s for this wire test. 
Reducing the output voltage to zero after a trip command is 
achieved in 4 ms. The fast response time, adjustable trip 
levels and good current controllability over the entire voltage 
range are desirable features for the power supply modules and 
make them attractive for use in all different types of 
experiments. 
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Fig. 15. Voltage and current during quench propagation test. 

I. Short Circuit Test 

One power supply module has survived an unintentional 
solid short circuit at the terminals of a magnet. The current 
and voltage trip levels were set to 110% of rated voltage and 
current. The module survived this short circuit without any 
equipment damage. Unfortunately, because of the 
unexpected nature of the event, no detailed current 
measurement was recorded. 

VI. REMAINING PROBLEMS, SUGGESTED SOLUTIONS AND 
PERFORMANCE IMPROVEMENTS 

A few minor problems remain, which can be eliminated or 
improved. The output voltage of the preregulator shows, 
besides the 24-pulse ripple voltage, also a 120 Hz voltage 
component with an amplitude of about 1 V. The transistor 
filter eliminates the 120 Hz oscillation completely. It would 
be desirable to eliminate the parasitic oscillations using a 
bandpass filter, as has been suggested i n  the literature[7]. 
With the oscillation eliminated the power supply modules 
could run frequently with the transistor filter bypassed, thus 
eliminating a few hundred kW of losses. Only with the 
passive filter in the circuit and with a 3 mH magnet the short 
term current ripple would be less than 10 ppm, caused by the 
24-pulse ripple component. Under this condition, however, 
no long term stability or modulation capability can be 
guaranteed. The same filtering technique can be used to 
reduce the 60 Hz field ripple, which remains the dominant 
ripple harmonic of the field. 

The voltage ripple, still present in the output voltage of the 
active filter, can be directly traced to the commutation jumps 
of the preregulator. To reduce the voltage ripple, and thus 
improve the overall performance of the power supply, low 
inductance capacitors, such as film type capacitors, should 
replace some of the electrolytic capacitors in the passive 
filter. 

The number of transistors in the active filter could have 
been reduced almost by a factor of two by using a newly 



aew9oped 400 A transistor. However, at the time of 
manufacture the supplier lacked operational experience with 
the larger transistor and the 200 A transistor was selected. 

The short-term overload capability of the supplies is 
limited by the current carrying capability of the active filter. 
If' for future applications the modules are required to carry 
currents above 20 kA, the transistors would have to be 
selected for closer current sharing. I t  appears possible, 
admittingly with quite some effort, to run a power supply 
module for tens of seconds to currents up to 24 kA. Because 
of the 10% overcurrent limitation of the dc current measuring 
device, currents above 22 kA must be regulated using a 
different current metcr, such as a stabilized shunt. 

Although improvements of the ripple and stability to lppm 
are desirable, these improvements are very difficult to 
achieve with the given equipment at the I O  MW power level. 
An important issue in  achieving improved performance is 
elimination or control of electromagnetic interference with 
the controls and measuring circuits, and maintaining constant 
temperature of the measuring and control components. 
Another activity will be to improve control of the stray 
electromagnetic radiation from the rectifiers and from the DC 
distribution system. The large, extended system creates many 
high frequency resonances which are excited by the high 
speed switching transients of the rectifiers, particularly at low 
currents. These give rise to stray signals which can interfere 
with sensitive measurements. At the present time the supply 
output performance nearly equals the dc current measuring 
device perfomiance. 

VII. CONCLUSIONS 

Four highly-stabilized, 10 MW power supply modules have 
been installed at the NHMFL i n  Tallahassee, FL, and are 
operational. The modules energize resistive, high-field 
research magnets. They arc being used during two shifts per 
day, five days a week, year round. The availability of the 
modules is high. The power supply modules show current 
stability of 10 ppm over a 12 h period with a short term ripple 
and noise variation of < I O  ppm. The stability performance 
data are considerably better than specified. The flexibility, 
modularity, unique control features and user friendliness of 
the supply modules are highly appreciated by the users. The 
unique control capability of the modules has been used in 

experiments with unusual loads. The supply modules are 
well instrumented and over the last year considerable 
operating experience has been accumulated with the supplies. 
Presently, with two 30 T magnets running simultaneously all 
four modules operate at 90% of their steady-state rating. It is 
expected that in  the near future up to 40 T, water-cooled 
magnets will be operational using the full power rating of the 
power supply. 
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