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Summary

Rntarlgg electrical machinea, and 1{in particular
commutator dc machines can merve as a high-power
energy-source for teamting large, pulsed msgnets. This
paper descrihea a pulsed power B8upply based on
traction motors which will be used to teat the LASL
prototype 20=-i4J @guperconducting tokamak induction
coil.

Introductian

Traction motors are a class of comnutator, de
electrical machine used ams propulsaion motors 1in
locomotives. They are usually operated as series
wound! machines, 1.e., machinea in whicn the field and
armature windinps are rconnected electrically in
ser{es. Tn the application described herr, the
windines are not reries connrcted but are nAcparately
axcitrd. The motors have a mechanical enmmutator
camponged nf carbon hrushes wipinpg copper aesgments
which provide direct current. Commutator flashover {a
a 1imit ra the maximum valuea of current and voltape
which the machine 1s capable of aupplying. Kinetie
enerey 19 atored tn the apinning rotor of a traction
motnr, and if the field current 1s fixed, the terminal
charartaristice are rhose of a capacitor. The fact
that rtraction motora, as all rotatine electrical
marhines, can hehave like larpe capacitors mnkes them
no_ant{ially usefal {n pulsed power supplies.

The particular motor discuased here. the
Ve tinghonse Flectric Companvy type 362 {s shown {n
Fip. 1. These mntors werr manufactured 1n large

Flp. 1
Twn tvee A2 traction matara confipured Snr toating.

numhers for use as drive matora 1in diesel electric
locomot:vea. They are no longer manufactured by
Westinpghouse but exiat 1in large numbera, and are
rebuilt and exchanged or Bsold by v.rious motor
rewinding companiea. Fquivalent motors are currently
manufactured hy the Flectromotive Division of General
Motors (typc D=79) and the General Flectric Company
(type 752).

A numher of characteristica make rractfon motors
attractive for use in pulsed power supplies. Their
mechauical construc:ion is e.tremely robust; they are
normally suspended from an axle, withiiy a truck
beneath a locomotive. They are subjected * frequent
switching transients, and are wused for dynamic
breaking 8o their windings are massive and well
braced. The'r terminal characteristics, energy
storage capn~ity, and availahle range of capacitance
are readonably well matched to many pulsed power test
applicationa. The overriding considerattion wvhich led
to the cholce of A traction motor based pulsed power
supply wam their ‘ow cosat: ~ $3.50/pulsed kVA, when
purchased as rebilt equipment.

The characteriatica of a typical type 362
traction motor are listed in Tahle T. Steadv state
characteriaties wvere provided by tndustrial
sources, 1'2 These valuea were checked and transient
characterfatics determined by teats performed at LASL.

TABLF. 1
TYPE 362
TRACTION MOTOR CHARACTFRISTICS

Parameter Value
Maximum speed (rpm) 2500
Maximum terminal voltage (V) AD0O
Continmious terminal current (A) 520
Starting dutv current (A) 1000
Rotor moment of fnertia (Nma®) 21.2
Armature reailstance (m) 19.4
Commutating field resiatance (mid) 13.0
Seriea finld resistance (miD) 12.7
Armature inductance at 20 Nz (mH) 4.8
Field tnductance., de (mi) 25.0
Field armature mutual (nductance (mit) Il.4
Armature reaction mitual {nductance (nHA™DY  1R9
Back {ron ti{me conatant (8) n.5

Armature coiln:

Wire nize (eopper) (In) 0.100 = 0.R6D

Turna per cotl 1

Miurher of colls 135

Numhur of commutator hars 158

Numher of npolen 4

Winding tvpe Wave
Maln field ecoll

Wire atze (coppeor)(in) 0,281 -« 1.00

Numhor of turne 22
Intorpole Finld orl)

Wirs aize (copper) (in) 01446 = 1.50

Tuens per cofl 25
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A eclrcuit for tegring the 2N=M] nratatvpe Quner-
condueting {nduction eni ! {s sghmwn {n Fip. 2.
Prineipal companenta are: a ANV, 50 kA dirret current
reveraabhle power supply; a supereonducting cntl, whose
prupertfea are Iiated 1n Table TI: a discharge
raaistor: a hank of traction mntora functieniner as a
larpe capacitor: a paver supply to hring the motnorg wup
to bBreed: and finally, awitehea ar each of the power
suprliea and hetween the rractinn motors and the enll.

TABLF T1

CHARACTERISTICS OF ?20=MJ COTL

Parameter Value
Superconducting matrrial NhTt
Feakr firld (T) 7.5
Maximum current (FA) 50
Induerance (m1) 1A.1R
Winding tvpe Parcaken
Nurser of pancakes R
Turna/pancake 25
Coil lenpth (em) 135.5
Coil bere (ecm) 60,0
Cotil outstde diameter (cm) 146.N0
Loas nar cvele n.7”
Yalt seennds 7

SOLID STATE REVERSING POWER SUPPLY

60V
— —
50kA

SUPERCONDUCTING & SWITCH
INDUCTION
CcolL {20MJ)

r—?RSIZ\JlQﬂﬁJLQJ"““‘

RESISTOR

b ——AAMA————

TRACTION '\ SWITCH
MOTORS }
_____ __® _—
#1

T
|

MOTOR CHARGING SWITCH
SUPPLY .
L _ S -
Fip. 2
Teat clfrenll Fop TASL 20 M1 coll, uafpg a tractien

matnr hank.

The purpras of tpe toct {a tn check all aspeats
nf the nofl’a parformancr when anhiected to A current
pulse  representative  of  an upassisted atart-np of a
trekamak. The tra~tion motar bank will provide a hipeh
peak-pawer pulse for magnetic field reverrsal.

The enurrent wave=arm used tn teat the cni! 18
ghown Iin Fig. 1. The nffect nf the clreuit 13 to
charge thr ¢coll to SO0 kKA, reverse the current tn
-SN kA In one to twn seconds, hold the current at
=50 kA tn vrrify that the cnfl has remained supercon-
ductinpg, 2nd then rto 2allow the eurrent tn decav. This
wavefoom doea not sirulate the presently propnaed FTF
tokamak induetion cnil enrrent wavefarm but 18 in faecr
a more severe teqt of the cni'. By suftable
alteration of the circuit, waveforma rupical of an FTF
tokamak or other futnure desfpns can he simulated.

A teat cycle hepina by charging the call with th.
S0 kA pawer aupplv and  charpineg the tractinn motor
hant rn the nppnsite palarity uaing the motor charging
aupply. DPuyring rhia phase nf the cyvcle, the top and
hottem sgwitches {n Fig. ? are closed and rhe middle
open. To {nitiate the resistive discharge phase, the
top switch 19 opened. At thia pnint the hotcom switch
19 alan opened and the motors allowed fto coast. At
the appropriate time the middle switch {s closed and
the current {8 reversed hy dischareing the traction
mnteor  hanb. The waveform 18 completed hy a [lat top
partinn and a reafativn discharpge.

Copmuraror d.: Machines as fapaclictors

A commitatnis de macking whose ahaft fa not
connected to  an ensrpy abhsorhinge nr nroductnp Adevice
extarnal ra the machine can he made tn function a9 A
canaciter in an elartrie eirrutt, This can he shown
quite aimplv uafne tha cladsleal equaricna  which
represent the operatinn of an unsaruratsed de =achine.

The terrinal voltape of an open circuited,

unsaturared, commutatar de machine Is propartional to
the speed of rotatlon and the field enrrent:

‘" Mfﬂ“Jf (1)

whore Me. {9 the ritnal {nductanee hetween the finld
and armature windings as liated tn Table I. The other
variahlns are defined {n Flp. 4.
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Fauni—alant cirenit of tra.cinn a motor.

Toraue produced hy the interaction of the field
AnA armature currente caumcs an acceleration of the
rotnr:

f, IX)

R I (

whars ] fiq the polar mana moment of fnertia of the
rotor ntus filvuheel. Theae equatinnA can he  comhlped

to rliminate w nntine that Y., and 1 are constantse:
1 de,
t, - —- ey —— (1)
AP T
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Fauarlon (1) Va4 the form nf the tersina' relat{onahin
of a raparitor where:

-[——w LR

{“'Jlff'

=

Whit. the mjtua!l tnductanes {9 Fixed by ehelen ar
partienlar =arhine, thr mament of (nertia  ean he
aupmenteil hy addirion of a Flvwhnel and tin fleld
rurrent ean he decrenacd from {te =atnd value to zere.
It aonears from Y. (4) that a wide rapee of onluea of
enpacitanen  are avallakle hw using fisld control. In
fart the varfatien {a Umited tn abhout an order nf
marnityde by the nffncts of romancnen, watuyratien, and
armature roartion.  Fauatinn (), while {doallzed and
afmpliariec atii' dppepitratea the haale retattonghip
and reaacn fer yaline eommitator Jde mach-nea {n prland
nnwnr syppting,

Trarairnt Tearq
A aarinn of tpata hayen henn performed n twn tepe

ARD tracting matnrn ta moyaure  thair chararroriaties
and Find  sha lmitq of thpir nperatien. A elrenle

ai{milar tn that mhown 1n Fla. 2 waa ewploved dur'ee
the teat. Twn ctraction motnrs conatituted the
rloctromechanical capacitor, and a previonaly  teated
540 k1  super:onducting coail wAn usarl as  the
{ndurtnr. %

A merien of teats were performed to determine the
range of validity of Fq. (4). Three sffects limit the
unrfulnens of thisn saimple relationahip: remsnence,
aaturation. and armature reaction. These rffects can
be accounted for hr recasatine Fq. (4) in terus of the
terminal <wvaltage per unit speed as a function of a
reduced field current which {s yet to be defined:

c = —1 T

T
Ikere ]

The functirn K {a the oprn cireutt vanltape per unit
rarationnl apesd  and Aceountas fnr remancnce and
saturatior. The jeduced field current Tra 1A the
actual field current adiusted for the efferts of
Armature reaction.

The open cireuft voltape per unit rotational
anpred can he nhtafined froam the open circult saturatlon
curve, Fig. 5, hv dividing the voltage at 2500 rpm by
261.8 s~ L. Nore that Eq. (1) te valid ta about 1.2 kV
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on thia f{pure. Remanencn, the *lux which remaine
when tha Flald current 18 ast to zern, I8 {lluatrated
by the three experimental noints which 1{e nn the
voltage axis. Remanence {8 a hyatereais effect and an
fa a functinn of the prior history af the machine.
fecaune of thia offece, the terminal vnltag= doem not
go to zern with the fFinald current hut remains at ahout
00 v, Aence the maxiwum value of attainahle
capacitance is limited.

The open cir~uit saturation curve flattensa out as
field current is increased as a result nf aaturation
of portions nf the {ron magnetic efrenit. Thiaq limits
the samallest value of capacitauce which can be
ohtainnd.

As its name {mpliea, the open f’rcuit saturation
curves applies to a machine vhose terninals are oren
circuited. Tf areature current flown, this
relationship is altered. For armature currenta up te
tha pated value, the alteration 1s alipht. When
currentn in excean of this value flow, the magnetic
field produced by the armature current hepine to
inereane the magnetic field in some portiona of the
field poles and decrrmane it 1in othera. Fleld
distortion lowera t'i¢ terminal voltage. The effect 1a
nontinear and rot amenahle to calculation. Accepted
nractice {A to generate a family nf curves much as the
curve of Fig. S with armature current as a parameter.
The gpeperation of aaturation curves under load
requirea napecifalized equiprent, and the resulta mav
not apply tn transient conditiona mo an alternative
appraach to the prohlem was deviaed.

It was assumed that the oben eircuit saturation
curve could he applied ro all operating conditions 1if
the fleld current were replaced hy nome auitable
function of the fisld and Armature currentn.
Experimental svidance fndicates that a suitahls
functic: conld he defined:

Tg, = T¢ - at} (%)

O‘!.‘?.‘HA

IF! L] If - h (7)

1, ? 2.5 kA

whers tha values af a and h are 6 x 1075 A~ and 44 A
reanectively. In Faa. (6) and (7) 1, {m the peak
armature current reached during the ?lrst cvele.
Tauationn (A) and (7) have not been defined For
Ateadv-atate aperation, neyerthelmsa they appear tn
predict performance In clore agreement with the arant
data In ths literaturas,

The 1ine marked "theors" on Fi{R. A& represents a
pradictinn of the capacitarce of nne tyne A2 traction
mator plattnd as a function of reduced fleld current.
This 1ine wan Arawn Ffror the apen circult saturation
curvnr, thae knewm value of 1 and Fq, (5). The
experimentnl points repressnt the result of a numher
of osr{llatorv teata uninp a clrcuit simtlar to cthat
of Fig. 2. The data was ohtainad hy measuring the
period of onar{llation and {m plotted apainat the
raduced field eurrent defined {n Fas. (A) and (7).
Armiture currenta reached durine these teata ranged
from a few hundred to 9 kA. Thia scheme nllawn

CAPACITANCE (F)

20 80 20 160 200 240
REDUCED FIELD CURRENT (A)

Fig. b
Capacitance of one type 362 motor as a function of
reduced Firl.! current.

prediction of the capacitance of a traction motor with
sufficiant accuracy for design of the 20 MJ teat
Facllity.

The lant aignificant circuit parameter which vas
determined by this seriea of experiments wvas the
internal {nJuctance of the armature circuit. This
parameter (1.,) wvan measursd as a function of field
current and {8 shown {n Fig. 7- The measurement was
made at 20 Hz and Zero 1rmature current- As the field
current in increased the armaturs inducrtance decreanes
as a result of nsaturation of the iron wmagnetic
circuit. The effect of arsature current on this
inductance {8 measured by ecomparing the armature
current following a wswitching tranifent with the
fnitial coil current. The enerps losn during the
suitching transtent {m chiefly determined by the
armature inductance. The vrelationnhip betwern the
armature and eoll curroant 'c ia:

O - = s ——

AT 20H:z

MOTOR #| o
2 MOTOR®#2 O

INDUCTANCE (mH)

= o
FIELD CURRENT (A)

Fig. 7
Armature {indurtance of one tvpe 362 mntor an 2
function of Fleld enrreat, meadured hs (nductance
bridee at 20 N1z,
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whare 1. 13 the coill inductance.
the arec vnitage of the switch 1{s assumed to he a
consatant- In many tests the coil and armature
inductances were comparahle and the current reductinn
predicted by Fg. (A) waa significant. Plgure 8 is a
comparison of obseryed and predicted values of
armature current hased on Eq. (R) and Fig. 7. The
evident agreement 1is a strong indication that the
armature inductance 18 a function of the field current
alone.

In deriving FEq. (B)

Vhile tests were run to 5 kA, it was found that
severe arcing at the commitator occurred ahove 3 kA.
This 1{s undoubtedly the consequence of saturation of
the interpolea wvhich prevents completion of
commutation while the commitator segment {8 undar the
brush. The rang> of aparkless commutation mny be
extended hy the ume of a more resistive brush hut this
has not yrt heen confirmed experimentally.

Conclusion

Tractien motors have heen operated in parallel to
form a power sunpnly with the same chara . teristics a3 a
capacitor hark. The maximum current per machine
without damgge to the ~ommutater 18 3 kA. A simple
acheme for characterizing the machines has her-
formilared and verified hy teat. on this hasgis it is
concluded that a number of traction motors can he
comhined to form a large pulsed power supply.
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