
FABRICATION OF A COMPENSATED PULSED ALTERNATOR
FOR A RAPID FIRE RAILGUN SYSTEM

By:

M. D. Werst
B. G. Brinkman

M. L. Spann

Center for Electromechanics
The University of Texas at Austin

PRC, Mail Code R7000
Austin, TX  78712
(512) 471-4496

Third Symposium on Electromagnetic Launch Technology, Austin, TX, April 20-24, 1986.

 IEEE Transactions on Magnetics, vol. 22, no. 6, November 1986, pp 1812-1816

PR 43-

 

©1986 IEEE. 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 this work 
 in other works must be obtained from the IEEE. 



1812 IEEE  TRANSACTIONS  ON MAGNETICS, VOL. MAG-22, NO. 6 ,  NOVEMBER 1986 

FABRICATION OF A COMPENSATED  PULSED  ALTERNATOR  FOR A 
RAPID FIRE RAILGUN SYSTEM 

n. D. Werst, W. G. Brinkman, and M. L. Spann 

Abstract - This paper presents  a  detailed  descrip- 
t i o n   o f   f a b r i c a t i o n   o f   t h e  compensated pulsed  al ter-  
nator  (compulsator)  for a rap id - f i r e   ra i l gun  system. 
Presented  are  fabrication  techniques and assembly pro- 
cesses  developed s p e c i f i c a l l y   f o r  a large  pulsed power 
generator,  including  stator  lamination assembly and 
armature and f i e l d  winding  fabrication  techniques. 
The horizontal  shaft,   six  pole  compulsator  design 
incorpora tes   a   ro ta t ing   f ie ld  and passive compen- 
sation. When completed, the  compulsator will generate 
a 2-kV open-circuit   voltage and supply 944-kA, 2.45-111s 
pulses  to   the 3-m rai lgun.  Since  high energy  per u n i t  
volume ra t ios   a re   des i rab le   in   pu lsed power genera- 
tors, emphasis i s   p u t  on reducing  weight and volume. 
Consideration  for  these  areas  are  evident  throughout 
the machine. 

INTRODUCTION 

The compensated pulsed  al ternator i s  a  pulsed 
power supply'designed t o   d r i v e  a rap id - f i r e   ra i l gun  
system. Eighty-g  pro ject i les  will be  accelerated  from 
2 t o  3 km/s a t  60  Hz. This   type  o f  energy  storage and 
conversion system represents an a t t r a c t i v e   a l t e r n a t i v e  
to  convent ional   capaci tor  banks and the homopolar- 
inductor-switch  configuration. The compulsator o r i g i -  
n a l l y  conceived a t  CEM-UT i n  1977, has evolved  through 
several  generations  of  design,  fabrication, and 
tes t ing  [l]. 

This paper focuses on the   fabr ica t ion   o f   the  
passively compensated pulsed power supply with emphasis 
on c r i t i c a l  elements o f   the  machine: the  laminated 
s t a t o r ,   a i r  gap armature  winding,  rotat ing  f ie ld 
supply and the compensating sh ie ld .  A sectional  view 
of  the  compulsator i s  shown i n   F i g .  1 wi th   the machine 
parameters l i s t e d   i n  Table 1. 

Table 1. Machine parameters 

Mechanical 

Rotor  radius 0.40 m 
Outer rad ius  o f  machine 0.60 m 
Length o f  machine 1.52 m 
Total mass 11,000 kg 
Polar moment o f   i n e r t i a  318 J-s2 
Rotor speed 4700  rpm 
I n e r t i a l  energy 38  MJ 
Bearings Hydrostat ic 

E l e c t r i c a l  

Peak  open c i r cu i t   vo l tage  2 kV 
Peak c u r r e n t   i n   r a i l g u n  944 kA 
Number of   poles 6 
Pulse  width 2.54 ms 
F ie l t i   cur ren t  1000 A 

. F ie ld   vo l tage 500 V 

The 1-MA peak current  pulse  suggests  the  substan- 
t i a l  stresses  induced  throughout  the  structure. The 
armature  winding  transfers  a 4.070106 N*m (3,000,000 
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f t / lb)   d ischarge  torque  to  the  stator  laminat ions 
through  a  f iberglass  reinforced epoxy bond.  Epoxy 
bonds a r e   s i m i l a r l y   r e l i e d  on i n  the  laminated  stator 
laminations and i n  the  f ield  winding  encapsulat ion. 
An epoxy tes t ing  program was developed, f i r s t   t o  
fu r ther  improve the mechanical proper t ies  o f   the 
cur ren t ly  used vacuum impregnation,  epoxy-resin 
system, and secondly t o  develop  surface  preparations 
to   op t im ize  adhesion. 

STATOR  FABRICATION 

Lamination/Stator Tube Assembly 

Tradit ional ly,  large  generator  lamination 
assemblies  are  bolted  stacks,  thus  requir ing  addi- 
t ional  lamination  area  for  clamping. Due t o  weight 
and volume considerations,  the  compulsator  lamination 
assembly was done by  epoxying  the  laminations  together 
and bonding  the  ent i re  stack  into  the  stator tube. 
The laminations  are M-19 s tee l   w i th  a C-5 chromate 
conversion  coating. The laminations were degreased 
and then  stacked  into  2 in. t h i c k  packs w i t h  a t h i n  
epoxy layer   app l ied   to  each lamination. The  5.08 cm 
(2  in . )   s tack was then clamped between clamping  plates 
t o   o b t a i n  a 689  kPa (100 psi)   interface  pressure and 
then  cured. 

The next  step was t o  bond the   en t i re  101.6 cm (40 
in.) stack  together as wel l  as bond the  stack  inside 
the  stator  tube. A temporary steel  inner  tube and 
endplates were fabr ica ted   to   ob ta in  a vacuum i n   t h e  
volume between the two concentr ic  cyl inders  (Fig.  2 ) .  
The  5.08 cm (2  in.)   stacks were lowered one-by-one 
into  the  tube assembly w i th  epoxy and f iberg lass  re in-  
forcement added w i t h  each stack. 

F ina l l y ,  a top   p la te  was mounted and the   en t i re  
lamination  stack clamped. A vacuum  was then  applied 
t o  remove trapped  air .  The  vacuum  was maintained 
throughout  the  low  temperature phase of   the  cure  cycle 
whi le  the epoxy was a t   i t s  lowest  viscosity. The 
inner  tube and endplates were then machined out. 

Armature  Winding 

The compulsator a i r  gap armature  winding i s  wound 
i n  the  bore  of  the  stator  laminations.  After  etching 
the  laminations, an elaborate  surface  preparation  pru- 
cess  (developed  during  the epoxy tes t ing  program) was 
done on the  lamination  bore and a  cleanroom atmosphere 
was maintained  throughout  the  winding  operation. 

The armature  winding i s  composed o f   s i x  separate 
lap  windings  of  7  x 7 x 16 #24 AWG copper L i t z   w i re .  
Each winding makes up one-half  of two adjacent  poles 
(Fig.   3) .  A lap  winding  requires  the  least amount o f  
space for  the  endturns. Only 31% of   the   to ta l   leng th  
o f  armature  wire, and  23% o f   t he   s ta to r   l eng th   i s  
occupied  by  the  endturns. A summary of  the  armature 
winding  insulat ion system i s  shown i n  Table 2. 
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C U T S l l E  F INISH ,-INSIDE START TERMINAL 

I 

LAMINATIONS 

BRUSH MECHANISM 

I I 

Fig. 1. Sectional  view of compulsator. 

Table 2. Armature  Winding Insu la t ion  Summary. 

Winding Insu la t ion   D ie lec t r i c *   Insu la t ion**  
Location  Thickness  Strength  Stress 

Ground Plane 50 m i l s  400 VPM 40 VPM 
Turn-to-turn 28 mi ls  400 VPM 18 VPM 
Endturns 56 m i l s  400 VPM 9 VPM 

* Based on d i e l e c t r i c   t e s t s  - Epoxy tes t i ng  program 
*.k Determined by d iv id ing  maximum vo l tage  po ten t ia l   a t  

loca t ion  by insulat ion  th ickness. 

I n   add i t i on   t o   t he  above insulat ion,  each 24 AWG 
wire i s  coated with heavy  armored polythermaleze 2000. 

Fig. 2. Assembly of laminat ion  s tacks  in to   s ta tor  
tube. 

Fig. 3. 3-D view of two adjacent  armature  windings. 
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The armature  endturns  are  anchored i n  G-10 r ings 
a t  each end of  the  lamination  stack. The 6-10 r ings 
consist   of   several  2.54 cm and 3.18 cm ( 1 . 0  and 1 . 2 5  
in.)  rings  laminated  together  to  form two sub-stacks. 
Two sub-stacks were requ i red   to   s imp l i f y   the   task   o f  
m i l l i n g   t h e   s l o t s  on the I D  o f   the   r ings  and  upon 
completion,  they  are  epoxied and doweled together. 
The goal  of  the  endturn  slot  design was t o  mill out as 
l i t t l e  G-10 as possib le   to   mainta in   the  s t ructura l  
r ig id i ty   o f   the   sur round ing  G-10 and e l iminate  vo l tage 
tracking  paths.  Extensive CNC mill work was required 
t o  achieve  the  design and yet much o f   t he   f i ne r   de ta i l  
was done by hand because of the  inaccessible  loca- 
t ions. 

The laminated 14.0 cm (5.5 i n . )   t h i ck  G-10 r ings 
are  inser ted  in to  each end of   the  s ta tor .  The r i ngs  
are  centered and aligned end-to-end. Each o f   t he   s i x  
ax ia l  G-10 winding  spacers  are  bolted  at each  end o f  
the   s ta to r   to   a  G-10 r ing,  These laminated G-10 spa- 
cers  are  preformed on a mandrel so the  radius matches 
the  armature  windings.  Figure 4 shows the  s ta tor  
during  the  armature  winding  process. 

Fig. 4 .  Armature winding i n  progress. 

Winding  proceeds by   bo l t ing   the  crimped  lugs  of 
two lengths  of L i t z  w i re   to   the i r   respec t ive   " ins ide  
s ta r t "   te rmina l   s lo ts .  The " i ns ide   s ta r t "   t e rm ina l   i s  
wrapped with  f iberglass  tape and i n s e r t e d   i n t o   i t s  
s lo t   in   the   endturn   r ings .   S ix ty  degree  segments o f  
1.27 cm ( 0 . 5  i n . )  6-10 p l a t e   i s  used t o  clamp the end- 
turns  axially.  Adjacent  windings  are wound together 
since  the  "outside  f inish"  connections  are  crimped and 
bolted  simultaneously.  After each pair   of   windings 
are completed, a   cy l i nd r i ca l  60' mandrel i s  placed 
over each winding and clamped t o   t h e   s t a t o r .  A t  t h i s  
po in t ,   the   s ta to r   i s   ro ta ted  120° t o  the  next  pair  of 
windings.. 

The purpose o f  the  armature mandrel i s  t o  compress 
the  winding  to  ensure  that  the  bore  f inishes  at  the 
proper  radial  dimension and i s  centered i n   t h e  lamina- 
t i o n  bore. The mandrel must also  provide  a vacuum 
seal   for   the epoxy vacuum impregnation of the  windings 
and be  removable. Ends o f   the   s ta to r  assembly are 
sealed by  aluminum endplates  which have prov is ions   to  
seal   the  three  pair   of   extending  terminals.  

ROTOR FABRICATION 

The compulsator e n t a i l s  a r o t a t i n g  500-kW D.C. 
f i e l d   c o i l ,  wound onto  a   so l id   sa l ient   po le  ro tor .  
Six 12.7 cm ( 5  in . )  deep, 2.5 cm ( 1  i n . )  wide s l o t s  
were m i l l ed   i n to   t he   ro to r   t o   con ta in   t he   co i l .  The 
r o t o r   i s  shown i n  Fig. 5 and weighs  approximately 44.5 
kN (10,000 l b ) .  Rotor  mater ia l   is  4340 s tee l ,  har-  
dened t o  HRC 35. T h i s   c o i l   i s  unique i n   t h a t  it i s  
wound on a so l id   sa l ien t   po le   ro to r   ra ther  than  a 
segmented ro to r ,  making the  winding  process more 
d i f f i c u l t  because the   en t i re   ro to r  must  be handled. 
High  stresses i n  the  rotor  during  operation  el iminated 
the   poss ib i l i t y   o f  segmentation. 

Fig.  5. Field  winding i n  progress. 

The compulsator f i e ld   co i l   cons i s t s   o f   a   s i x   po le  
ser ies  lap  winding  wi th 68 turns  per 'po le.  Each pole 
incorporates  a 4 x 17 conductor  cross  sect ion  of   sol id 
copper wire 0.582 cm x 0.582 cm square (0.229 i n .   x  
0.229 in.  square). As i n   t h e  armature,  the f i e l d  , 

winding  also uses a  lap wound conf igura t ion   to  reduce 
endturn  area. The conductor i s  insu lated  wi th   a  
coating  of  a  modif ied  polyester base w i th  an overcoat 
of  polyamide-imide. I n   add i t i on ,   t he   w i re   i s  wrapped 
wi th   a   "ha l f - lap wrap" o f  0.013 cm ( 0 . 0 0 5  i n . )   d ry  
f iberg lass   tape.   A f te r   the   co i l   i s  wound onto  the 
ro to r ,  it i s  vacuum impregnated w i th  epoxy using  the 
sh ie ld  and temporary aluminum endplates as a vacuum 
mold. The development o f   t h e   f i e l d  Minding  technique 
began with  the  winding  of  the ARFC ro to r  which  con- 
s is ted  o f   a   four   po le  ser ies  wind ing and a 4 x 4 con- 
ductor  cross  section. [ 2 ]  

An explanation  of  the  winding  procedure i s  as 
follows:  Six  separate  windings, connected i n   s e r i e s  
make  up the  s ix   po le  f ie ld .   Ser ies  connect ion  o f   the 
s i x   po les   i s   des i rab le   t o  reduce t h e   v a r i a t i o n   i n  
e x c i t a t i o n   f l u x  per  pole, and therefore  the magnitude 
o f   c i r cu la t i ng   cu r ren ts   i n   t he  armature  winding. Each 
o f  the  six  windings  consist o f  34 turns o f  the copper 
conductor  positioned i n  a 2 x 17 matr ix.  The inner 1.7 
turns  are wound onto  the  ro tor   f i rs t ,   beginn ing  a t   the 
base of   the end s l o t  and  wound counterclockwise, 
r a d i a l l y  outward.  Likewise,  the  outer 17 turns  begin 
at   the base o f   the  end s lo t ,   but   are wound clockwise. 
The ends of the  inner and outer  winding  are  joined  at 
the  rotor  surface,  thus  the  proper  current  f low  along 
each p o l e   i s  achieved. 
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The six  windings  are connected in   ser ies  through  a  
c i rcumferent ia l   t rough  at   the base o f   the  end s l o t .  
Brush r ings  are mounted f lush   w i th   the  end of   the 
ro to r  and brazed to   t he i r   co r respond ing   f i e ld   co i l  
terminal.  Since  the  series  winding  propogates i n   c i r -  
cumferential manner around the  rotor,  a  conductor  loop 
opposing the  winding  loop was added t o  compensate the 
r e s u l t i n g   f i e l d .  

Due t o   t h e  symmetry o f  t h i s  winding,  only 14 
brazed jo in ts   are  requi red.   S ix   o f   these  jo in ts ,  
jo in ing   the   inner  and outer  conductors a t  the  ro tor  
surface, must be done i n  place  wi th  insulat ion  adja- 
cen t   t o   t he   j o in t .  It i s   f o r   t h i s  reason tha t  a 
resistance  brazing  technique was modi f ied  to  f i t  the 
needs o f   t h e   f i e l d   c o i l  conductors. The o r i g i n a l   u n i t  
uses an AC transformer and p l i e r - l i k e   g r i p s   w i t h   c a r -  
bon contacts. An arc  welder  replaced  the AC trans- 
former and heavier  welding  cables  enabled'the use o f  
higher  currents and therefore  a  quicker  braze  with no 
flame.  Siltemp Thermal Bar r ie r   i s   p laced over  the  dry 
f iberglass  tape  adjacent  to  the  brazed  jo int   to  pro- 
tect  the  tape  from  the  heat.  Using  this equipment, 
exce l len t   s i l ver  brazed j o i n t s  were made w i th in  10 
seconds using 430 A. 

Shield Assembly 

The e n t i r e  concept of  passive compensation fo r   the  
compulsator r e l i e s  on the  rotat ing  conduct ive  shield.  
A 7050 aluminum a l l o y   r i n g   f o r g i n g  was chosen as the 
mater ia l .  The aluminum sh ie ld  has to  wi thstand  the 
discharge  torque  of  the  generator as we l l  as the  rota- 
t ional  stresses. The assembly o f   the   sh ie ld  was done 
by  a  thermal  shrink f i t .  To prevent  contamination  of 
the   sur face   p repara t ion   in   the   f ie ld   co i l   s lo ts , '   the  
ro to r  remained a t  room temperature  while  the  shield 
was heated. 

Pr ior   to   the  shr ink,   prec ise measurements were 
made of   the  shield 's  inner  d iamefer  to ensure tha t  
runout  of  the  bore was wi th in   the  to lerance necessary 
for  the  thermal  shrink. The  maximum dev ia t ion  from  a 
round  bore was 0.23 mm (0.009 in . ) .   Th is   dev iat ion 
was i n   t h e   d i r e c t i o n   t o  decrease the  bore  from  the 
nominal  dimension.  Therefore,  the amount o f   in te r face  
i s   s l i gh t l y   g rea te r   t han   t he  nominal amount i n  these 
areas. A summary of the  shrink f i t  parameters i s  as 
fo l lows: 

Nominal Radial  Interference 0.69 mm (0.027 in.) 
Delta T 149'C (300'F) 
Radial Assembly Clearance 0.81 mm (0.032 in.)  

The rotor   sur face was coated  with epoxy p r i o r   t o  
the  shr ink fit. The epoxy acts as a  lubr icant  dur ing 
assembly, and once cured,  increases  the  coeff icient  of 
f r i c t i o n  between the  shield and ro to r .  Surface  pre- 
parat ion  o f   the  sh ie ld   bore  invo lved  gr i t   b last ing 
w i th  aluminum oxide and a  thorough r i n s i n g   w i t h   t r i c h -  
loroethylene. 

The shr ink f i t  process  took  approximately  2 min. 
beginning  with  the  opening of the oven  doors. The 
crane used fo r   ra i s ing  and lowering  the  shield had a 
v e r t i c a l   l i f t / l o w e r   r a t e   o f  1 f t /s .   F igure 6 shows 
the  shrink f i t  i n  progress. Once the  sh ie ld  was i n  
place,  the  rotor/shield assembly was ro l l ed   i n to   t he ,  
oven to   cure  the epoxy at   the  in ter face.  The e f f e c t  
o f   heat ing   the   sh ie ld   to  191OC (375OF) caused some 
decrease of   the  mater ia l   propert ies.  It i s  estimated 
tha t   t he   o r i g ina l   t ens i l e / y ie ld   s t reng th   ra t i o   o f  
70160 k  ps i  (7050-T74 a l l o y )  was reduced by 10 t o  15 
k psi .  These reduced strength  values  are  wel l   wi th in 
design  requirements. 

Fig. 6. Shrink f i t  o f  aluminum sh ie ld   in   p rogress .  

Vacuum Impregnation  of  Rotor 

With  the  shield assembly  complete,  the V . I .  o f   the  
f i e l d   c o i l  was the  next  step. Aluminum endplates had 
been fabr icated  to   seal   the ends of   the  rotor.   O-r ing 
seals  against  the  shield and rotor  face  enabled  the 
r o t o r   t o  be pu l l ed  down t o  20 microns o f  Hg. Although 
the vacuum impregnation  process i s  performed a t  2 T o r  
greater, a high-vacuum q u a l i t y  chamber i s  necessary 
for  a  void-free  encapsulat ion. 

Once the i n i t i a l  vacuum t e s t i n g  was completed, the 
endplates were removed so tha t  a l l  v o i d s   i n   t h e   f i e l d  
c o i l   c o u l d  be f i l l e d   w i t h   f i b e r g l a s s   c l o t h  and a mold 
release  could be applied  to  the  endplates. The V . I .  
process  took  place  with  the  rotor i n  a near v e r t i c a l  
pos i t ion  ins ide  the CEM oven  as shown i n   F i g .  7. 

Fig. 7. Rotor i n   p o s j t i o n   f o r  V . I .  
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Approximately  3  gal  of epoxy was requ i red   to  encap- 
su la te   the   f ie ld   co i l   w ind ing .  Upon completion  of  the 
epoxy cure  cycle and removal of  the  rotor  endplates, 
the   ro to r  was then  ready  for  f inal  machining. 

CONCLUSION 

Fabrication  of  the  compulsator i s  90% complete. 
F ina l  assembly and i n i t i a l   t e s t i n g   i s  expected t o  
begin  before  the  publ icat ion  of  this  paper.  This 
paper has presented  a few o f   the   fabr ica t ion   tasks  
requ i red   t o  assemble  a ro ta t i ng  machine o f   t h i s  
ca l i be r .  The development of   fabr icat ion  techniques 
for  pulsed power generators i s  an ongoing e f f o r t   o f  
CEM-UT engineers to   prov ide  the EML community w i t h  
state-of- the-art  power supplies. 
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