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Summar

The design of a homopolar generator power supply
for_ :be Tex@s Experimental Tokamak (TEXT) is presented.
Four setles—connémf“a"axsi'2}pe hcmopo-ér machines
serve as inertial energy storage and conversion devices
to supply 50-70 MW peak power to the toroidal field
coil and ohmic neating coil circuits. The system is
nominally operated at 150 MJ, 430°V to provide a 0.5
sec flat top, 160 kA TF current pulse and a 0.3 sec,

10 kA OH current pulse every 2.0 min on a continuous
basis. The system has a maximum capacity of 200 MJ at
a maximum open circuit voltage of 500 V.

The homopolar machine design is described. The
vertical shaft generators are excited by water-ccoled,
copper field coils and have ferromagnetic rotors. The
magnetic reluctance toraue tends to tilt the rotor bet-
ween the cast steel pole pieces and hydrostatic journal
bzarings have been designed to maintain the angular
position of the rotor. The rotor is suspended by a
Kingsbury type hydrodynamic thrust bearing. The main
ac powered oil supply system is backed by a completely
redundant dc drive oil supply which is powered by
station batteries. Control power is provided by a non-
interruptible battery-inverter supply. The generators
are driven by SCR controlled, variable speed dc motor
drives which are equipped with contactors and resistors
for dynamic braking. Internal generators losses are
removed by a combination of forced air vertilation and
water cooling. The forced air system has provisions
for the collection of brush wear debris. The overall
generator configuraticn is designed to reguire minimum
down. time for brush maintenance.

The TEXT homopolar generator system was designed
under funding support provided by the U.S. Energy Pe-
search and Development Administration (ERDA).

Introducticn

A conceptual design of a TEXT pulsed power supply
consisting of four homopolar generators and auxiliaries,
a mechanical making switch, and a variable liquid re-
sistor/interrupter has been described previously.l:2
The design has been modified as additional engineering
trade offs and detail design decisions have been made.
The state~of-the system and machine design as a August
1977 is described in the following pages.

The pulsed power supply is designed to meet the
fellowing reguirements:

157 kA (5.0 T)

1. Toroidal field current

2. Time to peak current 1.3 sec

3. TF current flat top pulse width 0.5 sec

4. Continuous repetition rate 30 puises/hr
5. OH coil cufrent 10 kA

6. OH current pulse width 0.3 sec

7. Minimum generator bus voltage 225 V

8. Minimum generator brush life 10,000 pulses
9, Maximum pulses per year 40,000

Additional constraints are imposed by the laboratory
locaticn, the university utility system, and the cper-
ating pnilosphy of the fusion plasma research faciiitcy.
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1. 8' x 16' hatch accaess to basement laboratoery

2. 40 ton crane overhead lift capacicty

3. Maximum power available ~ 3.5 MW

4. Peak pulse power demand without levelling -
1.3 MVA

5. Capability to continue experiments during
brush maintenance periods

6. Capacity to drive TF coil to 4.0 T

System Design

homopolar generator iocad consists of the
toroidal field coil circuit and the ohmic heating
circuit. The OH coil voltage is controlled by a dc
chopper and filter inseries with the homopolar gener-
ator bus. The product of JH current and effective OH
circuit resistance limits the minimum voltage of the
homopolar machine bus to approximately 225 V. The
toroidal field coil consist= of 16 segments, each nav-
ing six turns for a total of 96 turns. The coil induct-
ance is 2.0 mH and the dc resistance is 1.2 m2. ({Ac-
counting for the transmission line, swizch, and
generator impedances the total TF circuit inductance
is approximately 2.1 mH, and the circuit resistance is
1.5 m2.) Neglecting mechanical losses, magnetic sat-
uration and current diffusion of the rotor, the homo-
polar generators model electrically as a 1800 F
capacitor (6400 + 4) in series with 2 small resistance
and inductance.

The

The generator voltage and energy required for a
natural RLC discharge are shown in Figure 1 for the
nominal and maximum current cases. The minimum cap-
acitance of the system is 1400 F, kased on a 1.0%
variation in current during the 0.5 sec flat tcp.

.- 209 WA
— 187 €A
v
s00 [ " man__ E -7 300
LT L Tl P N - S
Vae “——_§__‘—" =
- I b -
- - >
_g_aoo L v "—’ d 1502
e L L i £
> P z
- w
- — ] a
300 | —1 4 Ganeratern . < 200 &
|-~ €aroree 2
"
E 2
3 Gensretery E
200 Estoras %o 3
100 100
400 MO0 WCO 2000 2200 2400 2600 2800 3000 3200
C (Faradn)

TEXT Power Supply Energy and
Voltage Reguirements

Figure 1.

Note that the proposed generator system is sufficient
to aprroach the 4.0 T case. Also, if ons generater is
down for routire brush maintenznce, the svstem is still
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more than ample o provide 3.0 T. Normally, however.
a natural RLC discharge is not used. Instead the
generators are run to a higher speed and voltage than
is required for the natural circuit. A variable
rosistance liquid resistor/switch is inserted into
the circuit to control the current waveshape and to
later interrupt the generator current. The proposed
system schematic diagram is shown in Figure 2. The
waveshaping resistor scheme is desirable for several
reasons:

1. The time required to reach maximum current
is reduced

2. Less i%R heat 1s ultimately deposited ia
the coil

3. Generator brush wear and internal heating
are reduced

4, DC drive motor pcwer is reduced for the

same duty cycle.

TF
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Figure 2. TEXT Homopolar Generator Circuit Diagram
Sample wave forms are shown in Figure 3. and discharge
parameters for three basic casas are given in Table 1.
The energy balance given in Table 1 is at the time

the generator brusnes are lifted frowm the rubbing
surface after the discharge current has been interrupt-
ed. The nominal operating case represents a cComprc-
rise between coil i2R heating and generator brush wear.

A block diacram of the homopolar generator system
1s shown in Figurs 4. The system is sequentially
interlocked and designed te shut down safely in the
event of laboratory power failure or main bearing oil
supply failure. The station battery bank is sized to
allow a 1.0 hr coast down from maximum operating speed
with full bearing supply pressure and fiow. However,
to reducr the probapil:ity of a high speed rub, the
generators are supplied with two braking systems. The
dc drive motor supplies are furnished with auxiliary
contac:ors and resistors to serve as a load to absorb
the irertial enerqy stored in the rotors in 5.0 min.
In adcition a dump resistor and switch are connected
to the generator bus to stop the machines in 30 sec in

the event of a severe fault elsewhere in the laboratory.

Hain oil supplies and auxiliaries are cooled with cocl~
ing tower water, but em.rgency oil supplies and
auxiliaries are cooled with building water. The major
jenerator subsystems and auxiliaries are descrited in
the following sections.

G2nerator Desig:i
A cutaway view of an individual generater is

shown in Figure £. The Jenerator is a sirngle pass
disk type machine with water-cooled copper excitation
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Discharge Waveforms
Table 1. TEXT Homopolar Generator System Discharge
Circuit Parameters & Enargy Balance
i 3 GENEMATORS 4 CENERATORS | 4 GENERATORS
PARAMETER YROM 2480 RPM ! FROM 2215 RPN | FROmM 2560 RPM
LROM 2213 RPN
DISCMARGE TIME (sec) 2.8 2.1 2.%
PEAK QUTPUT POWER (W) t 42 56 T2
MAXTIOM GEMERATOR CURMNEMT (XA} { 167 167 20
INITIAL OPEM CIRCUIT VOLTAGE {(volts) ! E1x} 433 500
RESIDUAL SPEED (rpm) ' 1540 1540 1819
AOTOR BRUSH WEAR/SHOT (1:%) ' 1.3 L9 1.1
MAKIMOM HAGNETIC DMESGY IN COIL {M3) ' 26 % @
INITIAL ENERGY STOME (W) ‘ 141 150 200
THERGY SACANCE AT BRUSK LIPT (KN):
Brush Priction and Contact Drop | 2.0 2.6 3.0
Bearings and Windasge 0.4 0.3 Q.4
armatuze 12p 1.6 1.6 3.1
Total Generator Losaes 4.0 4.5 7.3
on Circuit | 1.0 1.0 1.0
vaveshaping Mesiator 17m [ 2.8 ..? 6.2 '
Crowbar Dioda Iin \ - i - -
Aamasning Magnetic Energy . 16.0 16.0 .2
cail 12 , §2.3) 4.4 X}
Total Energy Deliversd tao Loads 0.1 na 122.9
Fasidual Inertial Energy sl | 72.4 Y
GENERATCR nxscrw&z EPPICIENCY n*(8) ! 1) ' k) 94

oy » INE7GY Delivered ro Loads

A Inertial Energy
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Figure 4. Block Diagram TEXT Homopolar
Generator System

coils and a ferromagnetic rotor. The field coils are
split to allow radial access to the rotor brushes
through an arrangement of six hingeé doors. The arm-
aturz current conductors are also water-ccoled, and
the rotor tip, shaft slip rings, and brush rigging are
.cooled by forced air ventilation. The brushes are
ccnstructed of sintered copper graphite material and
are pneumatically actuated. The rotor is suspended
£rom a Kinasbury type thrust bearing and the radial
suppert is maintaired at all speeds by hydrostatic
journal bearings.

)

Figure 5. Cutaway View of TEXT Homopolar 3Generator
Yoke

Each generator yoke is constructed of a lower
carbon content cast alloy steel to obtain favorable
magnetic permeability. The casting is poured in two

18,000 kg, 2.7 m diameter halves, wnich are shaped for

a 1.5 T average flux density. The casting is poured
so that the pole faces are the highest gquality zone of
the casting. Access to rotor brushes is through six
ninged 900 kg doors which are 28x%43x89 cm. The doors
are equipped with jackscrews for opening and are
slightly tapered to minimze the air gap in series with
the main magnetic circuit. The design replaces the
circular port concept which was originally proposed.
The door design results in a lower reluctance path and
simplifies the routing of cooling air ducts. Each
yoke half is equipped with manually operated jack
screws which support and/or fix the position of the
rotor during shipping and assembly.

The excitation coil 1s constructed in two pieces,
each constructed of three water-cooled pancake coils.
The pancake coils are wound of extruded 1.6 cm square Cu
(OFHC #102) with a 1.0 cm circular coolant passage. The
die is commercially available so that a special tooling
charge is not required. Each conductor is insulated
by a half lap wrap of 0.2 x 2.5 cm fiberglass tape which
is vacuum impregnated with epoxy. The coil insulation
chickness is determined by mechanical and thermal re-
quirements rather than the turn~-to~turn voltage. The
number of turns and coolling passages are determined bv
the maximum coolént head loss. The design is a compro-
mise between power supply costs and coil :insulation and
winding costs. The coil set of one generator i3 descrid~

ed by:

Total turns 132
Total cooling passages 6
Coolant flow per passage (&/min) 1.3
Maximum pressure drop (Mpa) 0.5

' Total pumping power (W) ° 450
Inlet coolant temperature ( C) 35
Maximum temperature rise ( C) 20
Hot spot temperature (°c) 70
Coolant passage length (m) 130
Coil ©.D. (m) 2.1
Coil I.D. (m} 1.7
Half coil width (cm) 12
Nominal current (A) 750
Nominal power (kW) 46.4
Maximum current (A) 350
Maximum power (kW) 62.4

Rotor and Shaft Assembiy

The rovor is manufactured from a solid 4340 steel
forging which has been stress relieved and heat treated
to provide a minimun tensile strength of 1975 Mpa, yield
strencgtn of 1858 Mpa, and a fatigue strength of 685 Mpa
{100 Ksi). The rotor is shrunk fit onts a 304 stain-
lesc steel shai* with an inteiference sufficient tc in-
sure a 42 Mpa interface pressure at the maximum operac=~
ing speed and greater than 92 at 120% maximum speed.
Rotor and shaft parameters are:

Rotor O.D. (m) 1.63
Rotor thickress (m) 0.25
Shaft diameter (m) 0.33
shaft length (m) 2.03
Finished assembly mass (kg) 4,980

Maximum stress (Mpa) 523
Dynamic unbalance per plane (m-nt) 3.23

Other 434C steei sleeves are shrurk fit on the shaft
as brush sliprings and as bearing journals. The shafe
iz also aesigned with provisions for mounting tae
thrust bearing runner, split ring seal runner and slinc
er ring assembly, and an insulating coupling to the dc
drive motor. The top erd of the shaft is driiled and
topped as provision for a lifting eye for the assembly.

The critical assembly dimensions and tolerances are
rotor diameter concentricity and waviness, rotor-to-
shaft perpendicularity, and the bearing jocurnal cleaz-
ance, concentricity., taper, and surface finish. The
waviness is spec:fied as nfe< 1.6 mm, where n is the
number of waves along the periphery and e is the wave
amplitude. Concentricity is specified at .13 mm TIR.
These tolerances primarily affect brush dynamics. Tae
rotor/shaft perpendicularity =olerzn-e is critical be-
cause it influencas the magnitude of the tilting momant,
and is specified within 0.13 mm. Bearing journai con-
centricity and clearance are held wit* 12.7 unm.



Bearings

Each generator is equipped with two hydrostatic
journal bearings, a hydrodynamic thrust bearing and
associated oil supply pumps, reservoirs, and heat ex-
changers. The bearing stiffness is sized to maintain
system critical speeds at least 30% abcve the maximum
operating speed. The bearing(s) are sugpported by a
15 cm thick steel ring which is mounted on three
structual pads attached to each yoke half.

In a ferromagnetic rotor homopolar machine, the
magnetic thrust and tilt forces become significant when
the generator is built within practical mechanical

tolerances. An analysis of these forces is presented
in a companion paper.3 Nominal thrust bearing loads
are:
. 4
Rotor/shaft weight (nt) 4.9 x 10
Magnetic force (nt) £2.7 % 10% (0.5 mm
misalignment)
Impulse force (nt) 1.4 x 107 (210 kA
+5% discharge)

Nominal radial loads are:

2.3 % 107 (6.3 x 1074

radian angular mis-
alignment)
1.0 x 103

Yagnetic tilt force (nt)

Dynamic unbalance {(nt}

& 27 cm double-sided, self-equalizing type JYJ
Kingebury hLearing has been selected. The beasing has
a lo2d capacity of 9.6 x 104 nt at 2560 r/min with a
combined stiffness of 8.14 x 108 nt/m. 0il Elow is
45 Y/min at 0.1 Mpa, and the maximum viscous drag is
39.3 at-m at maximum speed. The bottom side of the
tecarina is equipped with nydrostatic lift pads for
daily starting and stopping the generator.

The radial bearing journals are reduced to 7.:20 m
in diameter to minimize rotational lcosses while main=~
taining load capacity and stiffness. Each journal
diametral clearance at temperature is 0.02 cm. Hydro-
statlc pressure is 6.9 Mpa at a flow rate of 35.4 Z/min
depending on shaft temperature {clearance}. The min~
imum load capacity 1s 2.8 x 10% nt per bearing at a
sti1ffness of 1.5 x 107 nt/m. The maximum drag torgue
is 84 nt-m per bearing at 2560 r/min.

All intermediate and nigh pressure oil supply
lines are run in guarded pipe. A non~flammable lubri-
carnt with properties similar to ASTM 215 oil is recom-
sended.,  The pearing oil supply system is complecely
redundant with the smergency gumps driven by dc moters
rnowered by statlon batteries. An in-line accumulator
is included in the supplv lire to maintain bearing
pressure during the changeover from primary to auxili~
ary pumps 1n an emergency.

Bearing support struct-ures are provided with jack-~
screws and wedges which are used to align the bearings.
Pocket pressures in four pockets per journal bearing
are used as feedback signals during the alignment gro-
cess, which is performed in a series of steps wita in-
creasing levels cf field current.

Seals

A total of five seals are reguired for each jener-
aror. Onre set of three 0.2 m split carbon rings,
randem, circumferential seals are provided to restr:ict
oil and o1l vapor o the bearirg sump areas and to
keep Yearing oil free of brush debris. Seal ncusings
are elaectrically insulated from other parts to prevent
pittine caused by circulating shaft currents. Rcta-

tional drag of each 01l seal is approximately l.31 rmrt-m.

The tandem seal design life is greater than 10,000 hrs
at full speed.

A second set of two seals is provided to restrict
the flow of air and wear debris into the generator
cavity. A partial vacuum is maintained at the rotor/
shaft interface area. Windage losses caused by flow
thrcugh are reduced. The 0.33 m diametar seals have a
drag torque of 2.3 nte-m and a design life of at least
5,000 hrs at full speed. A non~rubbing labyrinth type
screw seal is an alternative for this service.

Arntature Conductors

The generator armature circult consists of the
snhaft busbars, shaft brush ring, shunts and brushes,
shaft, rotor, rotor brushes, shunts and brush ring, disk
return conductors, cylinder return conductdrs, ana
rotor busbars. The circuit impedance also includes the
non-linear resistance of the sliding brush contacts.
Current diffusion is only important ir. che steel rotor.
The magnetic field of the radial discharge current also
tends to drive the edges of the rotor into saturation.
However, at current levels 200 XA anc less, this problem
is not significant.

The estimated internal impedance of 2ach genegator
is 20 ufl and the air gap and non-ferrcmagnetic induc-
tance 1s 25.2 nH. The estimate of the variable rotor
inductance is 1.0 uH, based on an unsaturé:zed rotor
carrying current in a 2.5 cm skin depth. Relative cir-
cuit resistance is given below.

Rotor brushes, shunts, and contact Jdrop 1B%
Shaft brushes, shunts, and contact drop 15%
Shart 14%
Rotor ¢ 7%
Return conductors 5%
Busbar 30%
Totzl: 1003

Conductors internal to the generator are braced
for a 2.0 MA per side fault and external bussar is
braced for a 1.0 MA ger side fault. The canerator
support structure is designed to take th2 torque of a
4.0 MA short circuit.

Internal conductors are made of 5061-T6 eluminum
and external busbars are made of 610i-T6 aluminum.
Brush shunts are made of copper. Aluminum-copper
joints are specially prepared with joint compaund to
reduce contact resistance. Depending on the effective-
ness of the compound, ccpper or silver plating of the
brush ring surface may be reguired. All other internas
jninte are welded.

Brushes

Rotor and shaft brushes are constructadé of a sin-
tered copper graphite material, Morganite CMIS. The
brushes are silver soldered to the coprer brush shunts.
Rotor brushes are supported by the cantilevered brush
shunt (solid 9.3 x 2.3 cm copger). 3ince the antici-~
pated kbrush wear 1is about 2.5 cm over the 10,0030-2C,000
pulse life of the brusn and stunt, th2 machanism is
designed to allow the 2.5 cm travel over the life by
indexing a ratchet and pawl. The brush shunt displace-
ment is limited to 5.3 cm ger shot to prevent cyclic
fatigue failure. The trush is loaded by a ¢.1-0.14 Mpa
spring force and is air retracted between shots to
minimize friction and wear. The alr c¢vlinder is double
acting so that down pressure is used to index the brush
mecranism as wear occurs. Shaft brush shuncs are a four
layer lamipate cernstructed of .8 mm ¢sprer strap.



At the nominal operating speed of 2215 r/min, the
rotor surface velocity is 180 m/sec. The brush temper-
ature rise due to frxctxon heating and contact voltage
drop is approximately 44% > per shot. Under worse case
cunditions the rotoyr crush temperature rise is ol °c
per shot. Although the shaft brushes run at a lower
velocity, the brushes are packed much tighter circum-
ferentially so that the brush slipring temperature rise
is 20% higher. The thermal diffusion time in steel as
long compared to the discharge time so that the majority
of the heat input to the rotor and shaft is deposited
in the outer 0.3 cm. The resulting thermal stress is
approximately 69 Mba,

Cooling System

Each homopolar generator is cooled by a combina-
tion of forced air ventilation and water cooling. The
forced air system is designed to reject brush relaced
losses and a fraction (=15%) of the rotor windage loss
The remainder of the windage and the armature iR
losses are rejected to the water cooled return con-
ductors. Field iR losses are removed by water which
is ~irculating through the six pancake coils. 3Bearin
and seal losses are rejectea tO the bearing oil.

Based on a tvpical 120 sec cycle the n.ominal
Jenerator average losses are2 given below:

3eal friction L.7 kW
Jiscous bearing drag 22.8 kW
Bearing pumpirg loss 10.9 kW
Wirdage 9.4 kW
Brusih friction 3.8 kW
Brush contact drop 1.2 kW
Armature i°R 3.2 kil
rield i®R 18.4 kW
Total 101.5 kW

Alr 1s circulated bty a positive displacement lobe
ovlowsr, and 15 filtered at inlet and outlet. The
.0 mizron outlet filter is usea to trap brush wear
debris. The relative humidity of the ccoling air is
controlled to eliminate brush dusting.

The relatively low voltage field and armature con-
ductors are cooled with distilled wacer provided by
the university power station. The distilled water has
3 resistivicy of 50,000 2d-cm and is actually the con~

densate frem steam turbines. A 760 ¢ fibherglass tank
and 400 < min 0.9 Mpa pump, and watertower heat ex-
changer are common to all machines.

rotoring 3vsten

Each homopolar genervator is provided with a 224 %
vertical shaft variable speed dc motor drive wnich is
z1zed to accelerate the rotors from 1540 romin to
2215 r/min :n 103 sec in a constant power mode. Speed
is controlled by fisld weakening. The systam does not
rejuire a gear box as the maximum motor speed is 2750
r/min. The armature and shunt field voltaces are SCR
controlled {300/300 V). Thz system meets the maximum
pulse power limit set by campus utilities. Otherwise,
constant power eguipment {resistor bank, etc.) would
be required. The motor drives are designed te sugply
150% rated torque fcor 1.0 min and can withstand :he
Jdeceleration torgues experienced without harm. The
motor-genserator shafts are joined by an insulating
coupling rated <o 2.0 kY.

The d¢ armature circuits ars =squirped with <ccn~
tactors and resistor carks to be used for dynamic
braking of the rotor. 3tandard dynamic breking g:zar
is designed to absorb up to ten times the mctror interiél
energy sec that 2 iarger resistor tanx is used.

Ut

Station Battery Bank

The station battery bank is desigred to grovide
power to the auxiliary oil supply system and all four
motor drive shunt field coils in the event of a labor-
atory power failure. The batteries are Exide type EC-19
and have a capacity of 800 A-h at an initial terminal
voltage under load of 240 V. The batteries will supply
460 A for 1.0 hr with a minimum final voltage cf 216 V.
The batteries are capable of sugpplying €50 A for 6.0 sec
when starting the dc motors for the auxiliary o1l pumps.
The battery banks are eguipped with interlocks and
alarms to indicats 1. nroper voltage, electrclyte level,
or loss of ac power.

The non~interruptiple power supply consists of a
battery bank and charger, inverter, f:l<ers, and other
necessary equipment. The batteries are Exide type CC-
and are designed to provide control powsr. for 1. 0 nr

The invert
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with a 92% final volitage.
nominally 115 ¥ ac, 60 Hz.

Conclusion

A homopolar gereratdr system has been designed to
meet the reguirements of the Texas Experimental Tokamak
toroidal field coills and ohmic¢ heating corls. The
Fystem can provide toroidal magnetic fields apgproaching
3.0 T at a 3.3 to 4.0 mi1in repetition rate, and th
rneminal 3.0 T field on a 2.0 min repetizicn rate. The
Garnerators are 3actively cooled and can re orerated on
4 continucus basis, up to 13,000 shcts petween brush
maintenance periods. The generator svszem was designed
for TEXT by the Center for EZlectromechenics, The
University of Texas at Austin, under funding of the
U.S. Energy Research and Development administraticn.
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